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Preface

Despite major scientific efforts over more than half a century infectious diseases and
cancer remain important threats to human health. The increasing resistance against
chemotherapeutics currently in medical use presents a new challenge to develop
additional strategies for treatment of these diseases.

The unique carbohydrate signatures at the cell surface of infectious pathogens,
bacteria, viruses, fungi and parasites, or aberrant cancer cells and their exposed
location at the cell surface render carbohydrates ideal targets for vaccination and the
development of therapeutic or diagnostic antibodies.

Recent advances in the identification, structural analysis and chemical synthesis
of protective epitopes and an improved understanding of carbohydrate – protein
interactions have paved the way for numerous efforts currently under way to exploit
anticarbohydrate antibodies for the treatment of human infectious and non-infectious
diseases such as cancer. Moreover, anticarbohydrate antibodies play an important
role in xenotransplantation and may be used as diagnostic tools in inherited diseases.
For the development of advanced diagnostics as well as therapies an in-depth
understanding of the antigenic and immunogenic properties of carbohydrates is a
prerequisite.

The book Anticarbohydrate Antibodies – from molecular basis to clinical
application – provides an account of the current methodological approaches for the
identification of carbohydrate epitopes in saccharides, glycopeptides and glyco-
lipids, and their presentation and recognition by antibodies at atomic resolution.

Contributions written by experts in the field outline how anticarbohydrate anti-
bodies may be used for the diagnosis of, e.g., inherited and infectious diseases and
how novel vaccination strategies may be derived from this knowledge, including the
reverse engineering of protective antibodies and the development of mimetic pep-
tides. Thus, major carbohydrate epitopes from biomedically important pathogens
such as Bacillus anthracis, Vibrio cholerae, Shigella flexneri, Neisseria meningi-
tidis, group B Streptococcus, Escherichia coli, Chlamydiae, Candida albicans, and
human immunodeficiency virus have been thoroughly defined. These studies have
been aided by x-ray diffraction data, nuclear magnetic resonance spectroscopy,
oligosaccharide synthesis and isolation of native glycan fragments, respectively,
providing an insight into the immunological recognition of carbohydrates in general
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and a basis for rational-vaccine design including the options for fully synthetic
vaccines in the future for a number of diseases.

A substantial part of the volume addresses antibody-dependent features of xeno-
transplantation, tumor biology and the prospects of carbohydrate-based tumor
therapies, including strategies to enhance the inherently weak carbohydrate-protein
binding interactions by peptide mimetics. In addition, increasing evidence of the
importance of the peptide portion towards glycopeptide recognition and antigenicity
has been demonstrated.

The controversial discussion on the impact of cross-reactive IgE antibodies
directed against insect and plant N-glycans and their contribution to allergic res-
ponses has been summarized and extended with recent data on allergenic O-glycan
and a-Gal epitopes.

The valuable application of well-defined epitopes and antibody specificity is
reflected in chapters focused on diagnostic applications using modern glycoarray
technology for detection and evaluation of tumor-associated antibodies as well as on
specific diagnosis of mucolipidosis.

The book concludes with insightful coverage of relevant techniques to generate
valid binding and structural data by surface plasmon resonance and NMR spectros-
copy, supported by the increasing power of modern modeling approaches.

Long neglected due to the tremendous success of antibiotics and due to the
particular immunological properties of carbohydrates, being T-cell independent
antigens and often only weakly bound by antibodies, characteristics which have
prevented their introduction into the clinics apart from a few successful examples so
far, the recent launch of a large number of clinical trials and examples summarized in
this book show that carbohydrates and anticarbohydrate antibodies are on the way to
play a major role in future medicine.

Paul Kosma
Sven Müller-Loennies
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Multidisciplinary Approaches to Study
O-Antigen: Antibody Recognition in
Support of the Development of Synthetic
Carbohydrate-Based Enteric Vaccines

1

François-Xavier Theillet, Pierre Chassagne, Muriel Delepierre,
Armelle Phalipon, and Laurence A. Mulard

1.1 Introduction

Enteric infections, including bacterium-induced diarrhoeal diseases, represent a

major health burden worldwide. In developed countries, infectious diarrhoea

contributes primarily to morbidity. It remains the second leading cause of death

in children below 5 years of age living in the developing world (Cheng et al. 2005;

You et al. 2010). It is anticipated that improved living conditions will contribute to

diminish the transmission of enteric pathogens and lower the incidence of enteric

diseases. In the meantime, the introduction of vaccines could play an active part in
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reducing the vulnerability of the target populations to the predominant enteric

pathogens. Along this line, Shigella, ETEC, cholera, and typhoid fever were

identified by WHO since the early 1990s as the highest bacterial disease priorities

for the development of new or improved enteric vaccines. Substantial progress was

made (Levine 2006). In this context, polysaccharide-based parenteral vaccines have

been investigated with some success. The licensure of the purified capsular Vi

polysaccharide against typhoid fever was an important achievement, especially

since recent evidence of herd protection conferred by the vaccine has highlighted

the benefit of large-scale use in endemic countries (Khan et al. 2010). Moreover,

encouraging investigational studies on a Vi polysaccharide–protein conjugate vac-

cine, which could be introduced into the infant immunization schedule, were

reported (Canh et al. 2004; Cui et al. 2010).

Gram-negative bacteria lacking a capsular polysaccharide (CP) are the most

frequent causes of the above mentioned enteric infections. Lipopolysaccharide

(LPS), the most abundant component of their cell wall, is a major factor of

virulence (Reeves 1995). This three component molecule (Fig. 1.1) comprises

(1) the lipid A, anchored in the outer leaflet of the membrane, (2) the core, a

short oligosaccharide (OS) showing limited structural diversity among members of

a given species, and (3) the O-antigen (O-Ag), a polysaccharide built of repeating

units (RUs), the diversity of which provides major determinants for classification

into serogroups and serotypes (Raetz and Whitfield 2002). Evidence suggests that

LPS, and in particular the O-Ag, is a dominant target of the host’s protective

immunity, and as such a strategic element in enterobacterial vaccine development

(Nagy and Pal 2008). However, in contrast to CP antigens, the lipid A-mediated LPS

toxicity precludes immunization with purified LPS. Masking toxicity by means of

liposomal preparations has been attempted (Dijkstra et al. 1987). Thus far, protein

conjugates of detoxified LPS (dLPS), issued from lipid A removal by mild acid

hydrolysis, have emerged as a promising concept. It was hypothesized that O-Ag

specific serum IgG antibodies (Abs) could confer protective immunity to diseases

caused by homologous enterobacterial pathogens by inactivating the inoculum

(Robbins et al. 1992, 1995). A number of such dLPS-based conjugates have evolved

towards successful pre-clinical and clinical trials (Nagy and Pal 2008).

In the past decades however, the use of glycoconjugate immunogens derived

from enterobacterial O-Ag fragments, as pioneered by Svenson and Lindberg

(Svenson et al. 1979; Svenson and Lindberg 1981), has been the subject of intensive

investigations. In line with the ground-breaking demonstration that disaccharides of

synthetic origin could act as surrogates of the native Streptococcus pneumoniae
type 3 CP (Goebel 1939), it was postulated that protein conjugates of well-defined

synthetic OSs shorter than the native O-Ag might serve as potent immunogens able

to elicit high titers of anti-O-Ag IgG Abs. In theory, OSs corresponding to the

pertinent epitopes, anticipated to reach a maximum of 6–7 residues based on early

work of Kabat and others (Kabat 1960; Mage and Kabat 1963), could be as

immunogenic as the parent O-Ag following covalent linkage to an appropriate

carrier. As successfully exemplified with QuimiHib® (Verez-Bencomo et al.

2004), the strategy may provide an answer to induce long-term immunity to

2 F.-X. Theillet et al.



enterobacterial infections in a wide spectrum of individuals, including in the

pediatric population at risk.

The synthetic OS-based conjugate approach offers several advantages over that

involving dLPS. On one hand, product homogeneity ensures hapten integrity and

facilitates reproducibility and analytical issues. On the other hand, risks and

limitations associated to bacterial cell cultures, LPS extraction and absolute require-

ment for detoxification are avoided.Nevertheless, several parameters are thought to be

critical for a successful approach (Fig. 1.1). Major ones include (1) the carrier, which

brings in the required T-helper arm, (2) the composition and length of the OS hapten,

and (3) the density of the hapten i.e. the molar OS:protein ratio, and mode of

attachment of the former onto the carrier. Although those factors were shown to be

interdependent to some extent, the choice of the OS hapten often serves as starting

point. Detailed information on the Ab:LPS mode of recognition may aid in the

identification of the appropriate carbohydrate components, which can then be turned

Fig. 1.1 LPS structure and general strategy towards synthetic OS-based vaccines. Top: Charac-
terization of immunodominant epitopes. Bottom: Selection of promising glycoconjugate

immunogens (RU, repeating units, NMR nuclear magnetic resonance, X-ray X-ray crystallogra-

phy, MD molecular dynamics)
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into effective, protective immunogens. With recent technological advances in

glycochemistry, major contributions towards new developments in the field of

carbohydrate-based vaccines were thus often combined with molecular studies

towards a deeper understanding of O-Ag:Ab recognition. The rational is that immuni-

zationwith a haptenmimicking the natural target of protection, i.e. recognized by a set

of protective Abs, could elicit sera with similar recognition and protection abilities.

This chapter will report on promising multidisciplinary approaches aimed at

developing synthetic OS-based vaccines against diseases caused by selected entero-

bacterial pathogens including Vibrio cholerae O1, Shigella dysenteriae type 1

(SD1), and Shigella flexneri (SF). Whenever appropriate, most recent achievements

in the field of dLPS conjugates and peptide mimics will also be highlighted.

1.2 Vibrio cholerae

1.2.1 LPSs as the Targets of Protection

V. cholerae is the causative agent of cholera, a highly contagious diarrhoeal disease,
often occurring as devastating outbreaks (Sack et al. 2004). O-Ag composition

allowed the classification of vibrios into some 200 serogroups (Chatterjee and

Chaudhuri 2003), two of which – serogroup O1 and the emergent serogroup

O139 – account for the vast majority of epidemic cholera. Recovery from disease

confers serogroup-specific immunity against subsequent infections, and the pres-

ence of anti-V. cholerae LPS Abs is generally considered to be a marker for

immunity to cholera (Provenzano et al. 2006). Two whole-cell vaccines are in

use today, although their efficacy varies among recipients. In the search for an

improved vaccine that would induce long-term immunity for those at risk, better

defined immunogens could emerge from the use of glycoconjugates encompassing

multiple copies of dLPS (Boutonnier et al. 2001; Paulovicova et al. 2006;

Grandjean et al. 2009) or synthetic O-Ag fragments thereof (Chernyak et al.

2002; Kovac 2006; Wade et al. 2006).

V. cholerae O139 bears both a CP and a LPS. Interestingly, the O-Ag moiety of

the LPS is made of a single RU, which is identical to that of the CP (Chatterjee and

Chaudhuri 2003). Both dLPS and CP conjugates were shown to induce vibriocide IgG

Abs in mice (Kossaczka et al. 2000; Boutonnier et al. 2001). Nevertheless, in the

absence of any comprehensivemolecular data on the protective epitopes – the smallest

structural elements that fill a protective Ab binding site –, the most promising vaccine

strategy against V. cholerae O139 infection remains to be identified.

In contrast, extensive studies have been performed on the more established

V. cholerae serotype O1. As a general trend, pathogenic strains of V. cholerae O1

belong to two related serotypes, Ogawa and Inaba, which are equally prevalent in the

field. The corresponding O-Ags both consist of 12–18 a-(1!2)-linked 4-amino-4,6-

dideoxy-D-mannopyranose (D-perosamine), in which the amino group is acylated

with 3-deoxy-L-glycero-tetronic acid (Fig. 1.2). Their structures differ by their

terminal residue. The presence of an end-chain residue bearing a 2-O-methyl group

4 F.-X. Theillet et al.



is characteristic of the Ogawa O-Ag, whereas a N-(3-deoxy-L-glycero-tetronyl)-D-
perosamine is present at the nonreducing terminus of the Inaba O-Ag (Hisatsune et al.

1993; Chatterjee and Chaudhuri 2003). The two O-Ags were shown to have similar

conformational behaviour (Gonzalez et al. 1999). Field experiments have

demonstrated that a killed whole-cell Inaba vaccine protected against both serotypes.

On the contrary, Ogawa vaccines protected against cholera caused by the homolo-

gous serotype only (Provenzano et al. 2006). Interestingly, sera resulting from

immunization with either Ogawa or Inaba synthetic OS-conjugates could cross-

react with both serotypes (Meeks et al. 2004; Saksena et al. 2005). However, Inaba

synthetic OS-conjugates were less prone to induce a potent anti-LPS vibriocidal Ab

response than their Ogawa counterparts (Meeks et al. 2004; Wade et al. 2006),

although related dLPS conjugates were found efficient (Gupta et al. 1992; Grandjean

et al. 2009). Put together, these data show the need to elicit a good immune response

against the Inaba serotype, which probably calls for a better understanding of the

different recognitions of Ogawa and Inaba O-Ags by protective Abs.

1.2.2 Immune Recognition of Ogawa and Inaba LPSs

1.2.2.1 On the Antigenic Determinants
Rabbit and mouse antisera allowed to distinguish three antigenic determinants

(A, B, and C) present in Ogawa or Inaba LPSs. One of these determinants, i.e.

motif A, is expressed substantially by both serotypes. In addition, Ogawa LPS

displays the C epitope, but to a lesser extent than Inaba LPS, whereas the latter lacks

the B epitope (Chatterjee and Chaudhuri 2006). Murine mAbs representative of the

three classes of V. cholerae O1 dLPS-epitope specificity have been isolated

(Gustafsson and Holme 1985; Sciortino et al. 1985; Adams et al. 1988; Ito and

Yokota 1988; Bougoudogo et al. 1995; Iredell et al. 1998). This allowed localiza-

tion of the A, B, and C epitopes, and in some cases, identification of their molecular

structure, respectively.

Fig. 1.2 Left: Structure of the O-Ags of V. cholerae serotypes Inaba (R ¼ H) and Ogawa

(R ¼ Me). Right: Structure of an Ogawa hexasaccharide–bovine serum albumin (BSA) conjugate

(Chernyak et al. 2002)
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Immunochemical Investigation Towards Ogawa and Inaba
Common Antigenic Motifs
On the whole, immunoelectrophoresis and agglutination tests demonstrated thatmotif

A occurs as multiple copies in the O-Ag (Gustafsson and Holme 1985; Iredell et al.

1998), which is consistent with epitopes defined by one or more intrachain residues.

Motif C is present as a single determinant recognized by mAb I-24-2, an IgG3 of

low vibriocidal potency. Its exact localization was found ambiguous, despite two

independent studies relying on LPS:I-24-2 ELISA inhibition, which led to conver-

gent hypotheses. On one hand, the data issued from synthetic O-Ag fragments and

core analogues indicated a partial specificity for the core (Wang et al. 1998;

Villeneuve et al. 1999). On the other hand, experiments carried out with purified

core and various dLPS fragments strongly suggested recognition of a motif sitting

at the junction between the O-Ag component and the core moiety (Wang et al.

1998; Villeneuve et al. 1999). Despite the lack of any irrefutable validation, the

latter hypothesis also agrees with additional data from the former study indicating

moderate inhibition of LPS:mAb recognition by Inaba O-Ag monosaccharide. To

resolve this ambiguity, the crystal structure of IgG1 F22-30, a mAb of related

specificity (Grandjean et al. 2009), was solved at a 2.5 Å resolution (pdb code:

2UYL) (Ahmed et al. 2008). Attempted docking of various monosaccharides in the

paratope predicted a preferred anchoring of the perosamine residue and its tetronic

acid side chain in the putative binding pocket, displayed in what otherwise appeared

as a rather shallow surface. Nevertheless, in the absence of any bound ligand in the

crystal structure, information about the LPS:mAb recognition mode remains elu-

sive (Ahmed et al. 2008).

Ogawa O-Ag Specificity Derived from Structural Analysis
and Immunochemistry
Motif B was identified as the end-chain residue of the Ogawa O-Ag by fluorescence

titration of two closely related murine vibriocidal mAbs (IgG1 S-20-4 and IgG1

A-20-6) with synthetic segments of V. cholerae O1 O-Ags, ranging from mono- to

hexasaccharides. Interestingly, 90% of the maximal contribution to mAb binding

resided in the single 2-O-methylated terminal monosaccharide, known to discrimi-

nate between the Ogawa and Inaba O-Ags. The hydrogen bonding network

involved in O-Ag:mAb recognition was revealed using deoxy and deoxyfluoro

analogues of the evoked residue (Wang et al. 1998; Liao et al. 2002). In particular,

the contribution of the C-3 and C-20 hydroxyl groups was set to light, while the

crucial role played by the methoxy group was confirmed (Wang et al. 1998).

Observations made in the course of the above mentioned study were subsequently

supported by crystallographic data on the complex formed between Fab S-20-4 and

the nonreducing end mono- and disaccharides of Ogawa O-Ag (Villeneuve et al.

2000, pdb codes: 1F4W, 1F4X, 1F4Y). A cavity defined by the CDRs L3, H1 and

H3, ligates the terminal residue through six hydrogen bonds, and accommodates the

Ogawa-specific 2-O-methyl group, in a somewhat flexible hydrophobic pocket

(Fig. 1.3). The downstream residue is involved in only one hydrogen bond with the

mAb paratope. Although the total buried surface at the Ab-disaccharide interface is
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only 550 Å2, the corresponding Ab binding constant equals to 1.2 � 106 M�1. Since

ligand elongation does not increase affinity further, this showed that the O-Ag end-

chain residue is a major antigenic determinant for the Ogawa serotype, obviously

taking part in the B motif. The following model of the mAb S-20-4:Ogawa O-Ag

complex was proposed: the polysaccharide in a linear extended conformation,

matching the absence of O-Ag folding set to light by circular dichroism (Bystricky

et al. 1998), was attached to the mAb paratope by its endchain disaccharide and

protruded without any further contacts (Villeneuve et al. 2000).

1.2.2.2 On the Search for Potent Synthetic OS-Based Immunogens
Considering the potential antigenic and/or immunogenic cross-reactivity between

Ogawa and Inaba serotypes, the design of a glycoconjugate vaccine against

V. cholerae O1 infection can be challenged according to at least two strategies,

focusing either on serotype-specific epitopes or on shared epitopes. With the

information gained from the LPS:mAb recognition studies described above, both

avenues of inquiry were pursued.

Vibrio cholerae O1 Serotype Ogawa
Knowledge of the minimal OS length required to induce a vibriocidal response is a

major step forward in the development of a synthetic carbohydrate-based cholera

vaccine. As demonstrated for at least three vibriocidal mAbs, two IgGs and an IgA,

the Ogawa-specific antigenic determinant encompasses the O-Ag nonreducing

Fig. 1.3 Structure of Fab S-20-4 in complex with fragments of V. cholerae Ogawa O-Ag. Left:
View of the interaction between S-20-4 and the synthetic non-reducing end disaccharide in the

crystal structure of the complex (pdb code: 1F4Y). Contacting or buried Ab atoms are in deep blue.

The terminalO-methylated residue and the inner O-Ag residue are represented with green and yellow

carbons, respectively. Right: Model of the interaction between S-20-4 and an extended Ogawa-

specific O-Ag segment, according toAlzari and collaborators (Villeneuve et al. 2000). For the sake of

visibility, inner residues of the extension are alternatively represented with cyan and black carbons.

The dihedral angles of the glycosidic linkages are set to the value adopted in the crystal
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terminus, and is fully exposed within the outermost disaccharide. Potent Ogawa

glycoimmunogens were expected to be in reach, possibly by use of haptens as short

as a disaccharide. Along this line, numerous protein conjugates of synthetic Ogawa

O-Ag fragments ranging from mono- to hexasaccharides were synthesized (Kovac

2006) and evaluated for their immunogenicity in mice. Mono- to pentasaccharide

conjugates were mostly ineffective at inducing vibriocidal sera, although they were

immunogenic and even induced protective Abs in a few animals (Saksena et al.

2005). The hexasaccharide conjugates (Fig. 1.2), in contrast, were identified as

potent immunogens able to induce vibriocidal Abs, whose potency was correlated

to protection (Chernyak et al. 2002).

The discrepancy in the reported data cannot be explained by relying exclusively

on the present knowledge of the fine specificity of interactions controlling mAb

recognition of antigenic motif B. However, the use of different hapten-to-protein

linkers seems to contribute towards an explanation since the mode of attachment

was subsequently shown to influence the induction of vibriocidal Abs (Saksena

et al. 2006). Additional complexity arose from the observation that, independently

of the hapten length, several Ogawa OS conjugate-induced sera cross-reacted with

Inaba LPS (Saksena et al. 2005). In spite of the fact that glycoconjugates derived

from the end chain monosaccharide of the Ogawa O-Ag were likely to boost the

immune response against Ogawa bacteria (Wade et al. 2006), these results question

the immunodominance of the 2-O-methylated acylated perosamine in synthetic OS-

based immunogens. Overall, available data for this system suggest the unreliability

of isolated structural and/or antigenicity data on predicting protective efficacy, as

measured by the vibriocidal activity of the immune sera.

Vibrio cholerae O1 Serotype Inaba
In the absence of any conclusive data on the nature of an immunodominant Inaba

protective epitope, that is an epitope recognized by vibriocidal Abs, it was

hypothesized that similarly with Abs specific for the Ogawa B epitope, Abs to the

terminal residues of Inaba O-Ag would be protective. Accordingly, BSA-

conjugates of Inaba di-, tetra- and hexasaccharides were synthesized (Kovac

2006), and shown to be immunogenic in mice (Meeks et al. 2004). However, in

contrast to the Ogawa hexasaccharide immunogens (Chernyak et al. 2002), all

Inaba synthetic OS conjugates failed to induce Abs, which were vibriocidal

in vitro or protective in the infant mouse assay (Meeks et al. 2004). Changing

BSA for rEPA confirmed the initial data (Wade et al. 2006). It was suggested that

the induced Abs did not bind with enough affinity or specificity to Inaba LPS when

expressed on the bacterial cell surface. Alternatively, these results also raised

concerns on the protective nature of Inaba O-Ag terminal segments or on the

conjugate delivery (Meeks et al. 2004; Wade et al. 2006), and promoted subsequent

analyses on the mAb gene family usage in relation to protective capacity (Wade and

Wade 2008).

Interestingly, original studies with hydrazine-treated Inaba LPS conjugates had

demonstrated some potential, since the conjugates were shown to induce vibriocidal

Abs against both Ogawa and Inaba serotypes in mice (Gupta et al. 1992), and even in
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human (Gupta et al. 1998). The latter study, however, called for further improvements

since the vibriocidal activitywasmostly correlated to the induction of IgMAbs. Along

this line, chemically defined glycoconjugate immunogens prepared from acid-

detoxified Inaba LPS were reinvestigated by taking advantage of the presence of a

unique D-glucosamine core residue suitable for site-specific conjugation (Grandjean

et al. 2009). The preserved integrity of the Ogawa/Inaba common motif C, which

supposedly engages residues from both the core and the O-Ag (see above), was

ascertained prior to any immunization. In support of the presumed role of this shared

epitope as the target of functional Abs, the conjugate-elicited sera had similar

vibriocidal activity for the homologous (Inaba) and heterologous (Ogawa) serotypes

(Grandjean et al. 2009). Nevertheless, as with hydrazine-treated Inaba LPS

conjugates, a deficiency in the switch from a T-independent to a T-dependent immune

response was outlined. Considered as a whole, these unpredictable outcomes raise

concerns on the intrinsic properties of the Inaba glycoimmunogens, and underscore

the challenge faced in the development of an efficient bivalentV. choleraeO1vaccine.

1.2.2.3 On the Quality of the Anti-LPS Ab Response
As a whole, the above results suggest that selected antigenicity data, possibly

supported by X-ray analysis, may provide important knowledge of the minimal

structural elements required for the design of efficient V. choleraeO1 glycoconjugate
immunogens. In this perspective, delineating the exact molecular features of antigenic

motifs C and A, as well as the protective capacity of Abs directed against the latter,

may contribute to a better understanding of the available immunogenicity data and

improve vaccine design. However, in the Ogawa context, data also underline that

although informative and contributive to vaccine design, fine knowledge of the

structural characteristics of LPS:Ab recognition may not be predictive of the immu-

nogenic potency of the ensuing glycoconjugates. As stated in the introduction to this

chapter, besides the carbohydrate hapten component and carrier, numerous factors

govern the quality of the induced immune response and as such, require optimization.

Investigations on additional parameters, such as the necessary presence of strong

immunomodulators (Paulovicova et al. 2010), the importance of hapten density for

triggering the activation of appropriate B-cell receptors (Paulovicova et al. 2006), or

the input of the prime-boost strategy (Wade et al. 2006), would be useful.

1.3 Shigella the Causing Agent of Bacillary Dysentery

1.3.1 On the Shigella O-Ag Targets

1.3.1.1 Need for a Pediatric Vaccine Against Prevalent Serotypes
Shigellosis, also known as bacillary dysentery, stands as one of the big five

diarrhoeal diseases. It represents a significant public health burden, which causes

high morbidity and mortality, particularly in the 1 to 5-years old population living

in low development index countries (Kotloff et al. 1999; Kosek et al. 2003). This

mucosal infection, which occurs only in humans, is recognized as a major cause of
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malnutrition and impairs childhood development, in endemic areas (Petri et al.

2008; Moore et al. 2010). The infection originates through contacts with Shigella, a
Gram-negative enteroinvasive bacterium. The species Shigella is divided into four

groups, namely, S. flexneri (SF), S. sonnei, S. dysenteriae (SD) and S. boydii, which
are subdivided into some 50 serotypes and subserotypes according to the structure

of their O-Ag RU (Simmons and Romanowska 1987; Liu et al. 2008). Several
serotypes trigger infection, and the prevalence of antibiotic-resistant strains is

markedly on the rise (Kosek et al. 2010). Of utmost concern, SD1 sets off

devastating epidemics, whereas S. sonnei and SF – most of the 15 known serotypes

– account for endemic infections. While SF is prevalent in developing countries, S.
sonnei causes occasional outbreaks in developed countries and tends to gain

importance in emerging countries. Despite the persisting need for a vaccine and

the breadth of candidate vaccines that have undergone and/or reached clinical trials,

no convincing viable vaccine is available so far (Levine et al. 2007; Kweon 2008;

Kaminski and Oaks 2009). Promising results have emerged, but important issues

indicative of the difficulty in selecting an optimal strategy remain unanswered

(Phalipon et al. 2008).

1.3.1.2 dLPS Conjugates as Advanced Investigational Shigella Vaccines
The strong indication that Shigella O-Ags are major targets of the host’s humoral

protective immune response against bacillary dysentery (Cohen et al. 1991) has

been exploited advantageously (Levine et al. 2007; Kweon 2008; Kaminski and

Oaks 2009). Prime investigations on dLPS conjugates capable of inducing anti-LPS

IgG-mediated protection (Robbins et al. 1992) focused on the most prevalent

serotypes, namely SD1, SF serotype 2a (SF2a), and S. sonnei. Candidate vaccines
against SF2a and S. sonnei were shown to have excellent safety records and to be

immunogenic in adults. Subsequently, immunogenicity in 1 to 4-year-old children,

the age group at greatest risk for shigellosis, was also demonstrated (Passwell et al.

2003). Of particular merit is the finding that a S. sonnei conjugate provided

protection in young adult volunteers (Cohen et al. 1997) and more importantly, in

the 3 to 4 years old (Passwell et al. 2010). A further support to the concept resides in

the evidence that anti-LPS Abs from individuals immunized with a Shigella
conjugate vaccine have anti-invasive activity (Chowers et al. 2007). Interestingly,

in line with the alternative discussed below, the most recent tendency is towards the

search for neoglycoprotein type immunogens stemming from dLPS haptens encom-

passing 1 to 4 O-Ag RUs only (Robbins et al. 2009; Kubler-Kielb et al. 2010).

1.3.1.3 Towards Better Standardized Shigella Glycoconjugate Vaccines
In the search for well-defined Shigella conjugate vaccines, a molecular oriented

approach involving synthetic O-Ag fragments was initiated in the 1980s. The most

advanced studies paved the way to novel promising candidate vaccines against SD1

(Pozsgay et al. 2003) and SF2a infections (Mulard and Phalipon 2008). Extensive

analysis of serotype-specific O-Ag:Ab recognition permitted the identification of

immunodominant epitopes exposed on the O-Ags, prior to any immunogenicity study.
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1.3.2 SD1: Knowledge and Hopes from Synthetic O-Ag Fragments

1.3.2.1 Molecular Modeling in Support to Immunochemistry
to Uncover a SD1 Immunodominant Epitope

Investigation of the molecular recognition of SD1 O-Ag by murine mIgM 3707 E9

involved intact O-Ag, a linear polymer with a tetrasaccharide biological RU

(A1B1C1D1, Fig. 1.4) (Dmitriev et al. 1976; Liu et al. 2008) and 26 synthetic

mono- to octasaccharide fragments or analogues thereof (Pavliak et al. 1993).

Affinity measurements using ligand-induced protein fluorescence change showed

that mIgM 3707 E9 recognizes intrachain epitopes and that a-D-galactopyranose
(C1) is the only residue that exhibits detectable Ab binding by itself. Upon further

analysis, it was found that the mAb displays fine specificity for the a-L-Rhap-
(1!2)-a-D-Galp sequence (B1C1), showing submillimolar affinity (Miller et al.

1998). Deoxy- and deoxyfluoro analogues of the latter further demonstrated that

mIgM 3707 E9 recognition was mediated by hydrophobic interactions with the B1

moiety in complement to strong hydrogen bonds involving all three C1 hydroxyl

groups (Coxon et al. 1997; Miller et al. 1998). Moreover, it was shown that

extension of this immunodominant disaccharide by flanking residues did not influ-

ence binding significantly and that any concomitant decrease in affinity could be

restored upon further elongation (Pavliak et al. 1993).

A similar pattern of recognition was reported for IgG 5338 H4 (Miller et al.

1996), produced by immunizing mice with a dLPS-tetanus toxoid conjugate. In

contrast, none of the SD1 di- and trisaccharides significantly inhibited the binding

of IgMs 5286 F2 and 5297 Cl, although both Abs showed fine specificity for the

entire O-Ag RUs overlapping at the B1C1D1 segment where D1 is a N-acetyl-a-D-
glucosamine residue (Miller et al. 1996). Moreover, inhibition studies that engaged

additional mouse and rat mIgMs generated against LPS expressed in E. coli K-12/
SD1 hybrids brought to light three closely related patterns of specificity. SD1 LPS:

Ab recognition was inhibited by partially overlapping di- or trisaccharide segments

of the RU, all of which comprised an a-D-galactopyranosyl and/or an a-L-
rhamnopyranosyl residue (C1 or B1) (Falt and Lindberg 1994).

Fig. 1.4 Structure of the RU

of the SD1 O-Ag: A1B1C1D1

(Dmitriev et al. 1976)
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Investigations on the conformational properties of selected O-Ag sequences by use

ofNMRspectroscopy (Pozsgay et al. 1998;Coxon et al. 2000) and extensivemolecular

modeling computations (Nyholm et al. 2001) pointed to a peculiar behaviour of the a-
D-Galp-(1!3)-a-D-GlcpNAc (C1-D1) linkage, which adopts two favoured confor-

mations. For pentasaccharide A1B1C1D1A10 and larger O-Ag fragments, a hairpin

conformation predominates (Nyholm et al. 2001). Modeling of the [A1B1C1D1]4
hexadecasaccharide in its “all hairpin” fixed conformation put forward a helix-type

arrangement, whereby the D-galactopyranosyl residues protrude radially with some

exposure of the adjacent L-rhamnose (B1) and N-acetyl-D-glucosamine residues.

The ensuing docking of the pentasaccharide hairpin conformer in the homology

modeled mIgM 3703 E9 binding site was in full agreement with the binding data

previously obtained for themodifiedB1C1 disaccharides (Miller et al. 1998). This set of

immunochemical and modeling data strengthened the former NMR-based obser-

vations suggesting that pentasaccharide A1B1C1D1A10 is the shortest fragment that

shows the conformational features of the natural O-Ag (Pozsgay et al. 1993). It was

hypothesized that the preferred conformation adopted within this O-Ag segment is

involved in Ab recognition and possibly also in inducing a strong anti-O-Ag Ab

response (Nyholm et al. 2001).

1.3.2.2 Synthetic OS-Protein Conjugates are more Potent Immunogens
than Their dLPS-Protein Counterparts

Amajor initiative towards the use of synthetic SD1O-Ag fragments as optimized haptens

in the design of original glycovaccines against the homologous infection emerged at

the edge of the above summarized study on SD1 O-Ag:Ab recognition. The first out-

standing report on the immunogenicity of synthetic SD1 carbohydrate–protein conju-

gates involved haptens ranging from 1 to 4 frame-shifted RUs, whose nonreducing

end residue was B1 (Pozsgay et al. 1999) (Fig. 1.5). The reasoning for hapten selection

favoured the synthetic accessibility of the OS targets. Indeed, while a convergent

strategy was designed to reach oligomers equipped with a spacer at their reducing

end, the best outcome for building block condensation was anticipated to take place

for the construction of the A1-B1 glycosidic linkage (Pozsgay et al. 2003). In support

of the hypothesis stemming from the modeling data (see above), the tetrasac-

charide–HSA conjugates did not evoke statistically significant levels of anti-LPS

IgG Abs. In contrast, all conjugates of the di-, tri- and tetramers – 2, 3, and 4 RUs,

respectively – elicited a better anti-LPS IgG Ab response than that achieved by

a lattice type dLPS-HSA (Pozsgay et al. 1999). Moreover, the use of synthetic

haptens demonstrated that OS length and OS density are two correlated variables

that govern the immunogenicity of the conjugates. A subsequent study was

performed in an attempt to define the role of the nonreducing end residues in

dictating the immunogenicity of neoglycoproteins made up of short OSs (Pozsgay

et al. 2007). Analysis of the anti-LPS IgG titers induced by conjugates, which

comprised synthetic hexa- to tridecasaccharides differing by their nonreducing

terminus and/or length, provided convincing evidence that the impact of the terminus

could prevail over that of the length in this range of SD1 OS length, and therefore

underscored a new variable prone to control neoglycoprotein immunogenicity.
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In agreement with the Ab binding experiments (Pavliak et al. 1993; Falt and Lindberg

1994; Miller et al. 1996) and molecular modeling studies (Nyholm et al. 2001),

conjugates with galactose-terminated haptens, among which a heptasaccharide

(Fig. 1.5), were identified as potent immunogens (Pozsgay et al. 2007). The potency

of haptens with a nonreducing D1 terminus was also substantiated.

Interestingly, competitive inhibition of the hyperimmune anti-SD1 serum binding

to homologous LPS by the same hexa- to tridecasaccharides suggested the absence of

correlation between binding inhibition potency, structural characteristics, and immu-

nogenicity for this range of SD1 OSs (Pozsgay et al. 2007). Without questioning the

relevance of the former in vitro antigenicity data or modeling investigations, these

new results outline the extreme complexity of understanding and possibly governing

the parameters involved in immunogenicity and its in vivo context.

1.3.3 S. flexneri: A Fabulous System Thanks to O-Ag Large
Antigenic Diversity but High Chemical Similarity

1.3.3.1 a-D-Glucosylation and O-Acetylation as Sources of Serotype
and Serogroup Specificity

Interest in the structure and biology of SF O-Ags was already manifest in the 1960s

(Simmons 1971) and has since remained very active. Over the years, numerous

studies contributed to solve the antigenic determinants responsible for SF type and

group factors and thus, to provide the molecular basis of serological specificity and

Fig. 1.5 Potent synthetic OS-based conjugates against SD1 infection. Bottom: First generation
showing a hexadecasaccharide hapten linked to human serum albumin (HSA) (Pozsgay et al.

1999). Top: Second generation showing a heptasaccharide hapten linked to BSA (Pozsgay et al.

2007)
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cross-reactivity (Simmons and Romanowska 1987). It is generally acknowledged

that all SFs – except SF6 – O-Ags consist of a common backbone made of

multiple 2-a-L-Rhap-(1!2)-a-L-Rhap-(1!3)-a-L-Rhap-(1!3)-b-D-GlcpNAc-1!
tetrasaccharide repeats (A2B2C2D2, Fig. 1.6), whose a-D-glucosylation (E2) and/or

O-acetylation at selected positions govern classification into serotypes and subtypes
(Simmons and Romanowska 1987; Allison and Verma 2000).

As could be anticipated from their chemical structure, some O-Ags share basic

type and/or group motifs, a feature which is indicative of serological cross-

reactivity. Indeed, early studies demonstrated that polyclonal rabbit sera collected

for diagnostic purposes could react with a large variety of SF LPSs (Ewing and

Carpenter 1966; Carlin and Lindberg 1983). A subsequent report on MASF B,

a mIgM isolated by immunizing BALB/c mice with SFY, the only SF strain that

lacks O-Ag substitutions (Fig. 1.6), and shown to recognize all SF strains in

addition to SD1, provided strong evidence of the presence of a group determinant

common to all SF O-Ags. This peculiar epitope was thought to be as small

as a disaccharide since MASF B bound to an a-L-Rhap-(1!2)-a-L-Rhap-BSA
conjugate as well as to BSA conjugates encompassing larger OS haptens (Carlin

and Lindberg 1987a). On a more general basis, group- or type-specific mAbs,

whether of seric (IgM, IgG) or mucosal origin (sIgA), could be produced provided

that an appropriate immunization and selection protocol was set up (Fukazawa

et al. 1969; Carlin and Lindberg 1983, 1986c, 1987b; Carlin et al. 1986b; Hartman

et al. 1996). Protective mAbs specific for the immunizing strain were also isolated

(Phalipon et al. 1995, 2006).

1.3.3.2 Potential for Inducing Cross-Protective Abs: Insights Gained
from Molecular Dynamics Simulations

The above observations are consistent with the fact that early reports on SF cross-

protection, induced in patients having recovered from natural infection or

volunteers immunized with one particular SF serotype, are scarce (Karnell et al.

1995; van de Verg et al. 1996). The topic remains understudied (Formal et al. 1966),

Fig. 1.6 Basic structures of the SF O-Ags accounting for distinct serotypes and subserotypes

(Simmons and Romanowska 1987; Levine et al. 2007). The non stoichiometric O-acetylation
patterns are not indicated
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although the absence of cross-reactivity between species has been documented

(Mel et al. 1965; Formal et al. 1966, 1991; Rasolofo-Razanamparany et al. 2001).

An interesting outcome of a recent clinical trial was the cross-protection against

non-vaccine SF types found to be stimulated in 1 to 4 year-old children receiving

a SF2a dLPS-rEPA conjugate (Passwell et al. 2010). Although the modest number

of events impaired any statistical significance, this first hint on the ability of dLPS

conjugates at inducing SF cross-protective sera in young children is a step forward

to a conjugate vaccine, which would provide multiple serotype coverage in the

targeted population by use of few LPSs. In a previous study, it was postulated that

immunizing with type 2a, 3a and 6 SF O-Ags could protect against almost every SF

serotypes (Noriega et al. 1999).

A recent report on the preferred conformations adopted by 12 SF O-Ags, as

predicted by NMR-supported molecular dynamics simulations, revealed the

fundamentals of the influence of stoichiometric backbone substitutions on O-Ag

conformation and consequently, Ab recognition (Theillet et al. 2011b). It was

found that except for SF1a and SF1b, a given serotype defining O-Ag backbone

alteration, a-D-glucosylation and/or O-acetylation, does not induce new backbone

conformations but only restrains the preexisting ones i.e. those reached for the

glycosidic linkages in the SFY O-Ag. Hence, Abs against epitopes made of backbone

residues arranged in shared favoured conformations, thus binding most SF O-Ag,

are likely to exist. The identification of MASF B (Carlin and Lindberg 1987a)

substantiated these predictions. Detailed calculations supported the original assump-

tion that certain structural domains of the SF O-Ags would remain the same and

accessible irrespective of the presence of substituents on the linear polysaccharide

(Carlin and Lindberg 1983). The study further demonstrated that a-D-glucosylation or
O-acetylation do not affect the backbone conformational behaviour beyond the

nonreducing glycosidic linkage adjacent to the site of substitution and do not

influence the impact of any other occurring backbone modification (Theillet et al.

2011b). Data also showed that individual O-Ag substitutions induce branching

pattern-specific conformations, which occur steadily along the polysaccharide chain

and to a lesser extent in the terminal RU. This observation called attention to the

immunodominant contributions of the serotype-specific epitopes, which necessarily

comprise more than three backbone residues. Alternatively, the data provided strong

indications that broader cross-reactive Abs may be induced, although to a lesser

extent, against epitopes located in unsubstituted backbone segments, which adopt

favoured conformations shared amongst several SF O-Ags. Obviously, the study

provides a conformation-based rational for the cross-protection occasionally

observed following natural infection or immunization with experimental vaccines

and encourages further efforts towards a carbohydrate-based broad coverage SF

vaccine (Theillet et al. 2011b).

Although conformational analysis may come in support, recourse to chemically

defined OSs representing restricted O-Ag segments is mandatory to map the fine

specificity of Ab-binding to the natural polymer. Similarly with V. cholerae O1 and
SD1, major contributions to current knowledge on SF O-Ag:Ab recognition

involved large panels of synthetic serotype-specific OSs and analogues thereof,
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combined to a diversity of state-of-the-art techniques. The latter has evolved over

the past three decades to include solved crystal structures of selected OS:Ab

complexes.

1.3.3.3 Multidisciplinary Approaches to Identify SF5a
Immunodominant Epitopes: On the
a-D-Glcp-(1!3)-a-L-Rhap Branching Pattern

Investigation on the Seric Immune Response
The a-D-Glcp-(1!3)-a-L-Rhap branching pattern is the most frequently encoun-

tered antigenic factor in SF O-Ags (Figs. 1.6 and 1.7). When rhamnose A2 is

involved (E2A2), the O-Ags carry the group 7,8 factor as in SFX, SF2b, SF3a,

and SF5b. Alternatively, if glucosylation occurs at residue B2 (E2B2) as in SF5a and

SF5b, the type V factor is expressed (Backinowsky et al. 1985; Simmons and

Romanowska 1987). A study aimed at generating mAbs toward the antigenic

determinants of SF variants X, Y, and 5b (Carlin et al. 1986a) showed that all

SF5b-induced mAbs bound SF5b and SF5a O-Ags to the same extent, thereby

exhibiting typical group V binding characteristics. Additional data also suggested

that a-D-(1!3)-glucosylation at rhamnose A2 did not interfere with binding (Carlin

and Lindberg 1987b). Along the same lines, immunization with SFX strains

generated Abs which reacted with SF3a O-Ag as well as with SFX O-Ag. While

emphasizing the supremacy of the group 7,8 antigenic marker in this immuniza-

tion context, the fact that some mAbs – but not all – could also bind SF2b and

SF5b O-Ags indicated a broad range of fine specificity in the induced sera (Carlin

et al. 1986a).

In another study (Clement et al. 2003), epitope mapping of IgG C20, a protective

mAb generated against SF5a bacteria, used 20 synthetic mono- to pentasaccharides

representative of frame-shifted SFY and/or SF5a O-Ag fragments. Inhibition

ELISA against SF5a LPS showed that the E2B2 moiety was essential for recognition

and that contributions from both the C2 and D20 residues adjacent to the branched

A2(E2)B2 trisaccharide were required for binding in the submillimolar range. The

binding of IgG C20 was highest for D20A2(E2)B2C2 (Fig. 1.7), which suggested

recognition of an intra-chain epitope. NMR and molecular modeling indicating

that among the four possible type-specific pentasaccharides, D20A2(E2)B2C2 was

the sequence which best adopted the O-Ag conformation, strengthened the

conclusions derived from the binding data.

Investigation on the Mucosal Immune Response: The Input of Secretory IgAs
Keeping in mind that a serotype-specific mucosal Ab response is induced by

Shigella (Islam et al. 1995; Rasolofo-Razanamparany et al. 2001), the study

described above was extended to two protective secretory IgAs, namely IgA C5

and IgA I3 (Clement et al. 2006). Using the same set of synthetic SF5a OSs,

inhibition ELISA against the cognate LPS indicated a pattern of recognition closely

resembling that of IgG C20. Once more, D20A2(E2)B2C2 was the sequence best

recognized by the two mAbs. In both cases however, the measured IC50 for
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D20A2(E) 2B2C2 was close to 25 mM, strongly suggesting that the sIgAs recognized

the O-Ag with a much lower affinity than IgG C20 (IC50 � 40 mM) (Clement et al.

2003). In this range of affinity, trNOE- and STD-NMR experiments were used as

the techniques of choice in addressing the fine specificity of O-Ag:Ab recognition,

while avoiding the need for modified synthetic OSs. Whereas the former provided

evidence that the bound conformation of D20A2(E2)B2C2 did not differ from that

adopted when free in solution, the latter indicated that binding of D20A2(E2)B2C2 to

the IgAs was mostly driven by glucose E2 and that rhamnose B2 played a major

role. Moreover, all rhamnose methyl groups were shown to be in close contact with

the Ab paratope, which denoted hydrophobic-mediated interactions (Fig. 1.7). In

conformity with NMR data, the docking of the B20C20D20A2(E2)B2C2D2A200

nonasaccharide and a four RU O-Ag segment in the homology-modeled Fab I3

led to putative pictures of the O-Ag:Ab complex whereby the glucose E2 served as

an anchor (Clement et al. 2006). They also put forward the key contribution of chain

elongation in governing the O-Ag binding mode. This independent observation

fully corroborates the more recent assumption that SF mAbs selected for serotype

specificity bind fragments large enough to exclude cross-reactivity, i.e. comprising

more than three backbone residues (Theillet et al. 2011b).

Is Short OS Antigenicity Predictive of Their Immunogenicity?
In the absence of larger serotype-specific O-Ag fragments, these data converged to

surmise that D20A2(E2)B2C2 (Fig. 1.7) is likely to induce SF5a O-Ag-specific Abs in

the context of a conjugate vaccine. Selected conjugates were thus synthesized and

their immunogenicity was evaluated in mice. The low IgG Ab titer against the SF5a

O-Ag (A. Phalipon and L. Mulard, unpublished data) was suggestive of chain

elongation playing a key role in this system as already hypothesized from the low

Fig. 1.7 Left: Structure of the RU of SF5a O-Ag (A2(E2)B2C2D2), also showing the recently

revealed O-acetylation pattern (Perepelov et al. 2010). Right: Frame-shifted pentasaccharide

hapten – D20A2(E2)B2C2 – with highlights on alkyl protons interacting with IgA C5 and IgA I3,

based on measured STD-NMR intensities (Clement et al. 2006). For the sake of visibility, alkyl

proton contributions are reported on their bound carbons
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binding affinity and the modeling data. These results also strengthen the idea that

the identification of said “immunodominant protective epitopes” is only one step on

the way to an OS-based vaccine, but that antigenicity data obtained for short O-Ag

fragments may not necessarily warrant potent immunogenicity of the cognate

conjugates.

1.3.3.4 Multidisciplinary Approaches Towards Potent SFY O-Ag Mimics

Combined Immunochemical, Physicochemical, Conformational and
Structural Analysis to Identify SFY Immunodominant Epitopes
SFY displays the simplest of the SF O-Ags (Figs. 1.6 and 1.8). The polysaccharide

expresses the group 3,4 antigen, which happens to be found on several other O-Ags

(Carlin and Lindberg 1987a; Simmons and Romanowska 1987). Hence, OS haptens

directing the immune response towards the corresponding epitope could pave the

way to a broad serotype-coverage vaccine. Immunization of mice or rats with whole

heat-killed SFY bacteria generated numerous mAbs, whose propensity to bind

various O-Ag structural domains was probed by use of defined OSs and synthetic

OS–BSA conjugates in addition to a variety of SF LPSs. Attempts to elucidate the

exact nature of the epitope associated to group 3,4 were somewhat unsuccessful

since the isolated anti-SFY mAbs showed diverse patterns of SF LPS specificity

(Carlin et al. 1986a; Carlin and Lindberg 1987a). Mapping the combining site of

five of those mAbs – the MASF Y1 to Y4 IgGs and the MASF Y5 IgM – with

chemically defined OSs ranging from di- to dodecasaccharides, by use of the

ELISA and Farr inhibition assays, suggested their classification into roughly two

families, recognizing endchain or intrachain epitopes, respectively (Carlin et al.

1987b). In brief, MASF Y3 and Y4 bound a rather small combining site that adjusts

to the O-Ag terminus. Further inspection by use of modified OSs demonstrated that

the twoAbs recognize different epitopes.On the other hand, the bindings ofMASFY1,

Y2 and Y5 to SFY O-Ag were best inhibited by the [C2D2A2B2]3 dodecasaccharide,

Fig. 1.8 Left: Structure of the RU of the SFY O-Ag (A2B2C2D2). Right: Structure of the B2C2*D2

trisaccharide deoxygenated at position 2 of residue C2 (Vyas et al. 2002)
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although the minimal OS size necessary for inhibition varied from one Ab to another.

Groove type combining site Abs recognizing intrachain antigenic determinants were

hypothesized. In agreement with the observed differences in epitope size, LPS cross-

reactivities were at variance. In particular, MASF Y2, which accommodates epitopes

larger than an octasaccharide had a specificity restricted to SFY. Overall, in addition to

emphasizing the contributions of well-characterized OSs in probing the fine specificity

ofO-Ag:Ab complementarity, these findings revealed the complexity of the SFYO-Ag

antigenic repertoire (Carlin et al. 1987b). They also substantiated the more recent

understanding that Abs recognizing large epitopes were more likely to discriminate

between different serotypes (Theillet et al. 2011b).

Additional knowledge of the molecular recognition of the SFY O-Ag by homol-

ogous Abs was inferred from the mapping of the combining site of IgM GC-4 and

IgG SYA/J6 by use of synthetic SFY OSs and analogues thereof. The affinity for the

Abs was measured by EIA (Bundle 1989; Hanna and Bundle 1993). Both Abs

showed similar trends with B2C2D2 being the essential recognition element (Hanna

and Bundle 1993). New insights from the crystallographic analysis of the SYA/J6

Fab domain, and its complexes with pentasaccharide A2B2C2D2A20 and trisaccha-

ride B2C2*D2 missing the 2C2-OH (Fig. 1.8) were consistent with previous reports.

In combination with titration microcalorimetry experiments involving SYA/J6 in

interaction with the above mentioned pentasaccharide, A2B2C2D2, and a set of

B2C2D2 trisaccharides modified at specific sites, they revealed relatively weak

hydrogen bonds to individual hydroxyls with the exception of the 4D2-OH, as

well as significant contributions from the acetamide, and more generally from

van der Waals and nonpolar interactions (Vyas et al. 2002). In agreement with

former studies (Hanna and Bundle 1993), deoxygenation at position 2C2 of the

trisaccharide improved binding as a consequence of a better burying fit of the ligand

and more favourable hydrophobic interactions than those involving the non deoxy-

genated pentasaccharide. Indeed, in contrast to B2C2*D2, NMR and modeling

studies of the O-Ag fragments in the free form (Bock et al. 1982; Kreis et al.

1997) suggested that A2B2C2D2A20 binding to SYA/J6 entailed changes in the

pentasaccharide conformation, which essentially took place at the C2-D2 and D2-

A20 linkages. As a direct consequence, residue C2 is completely buried into a deep

pocket, and the partially solvent-exposed residue D2 was evidenced as being crucial

for recognition. Rhamnoses A2 and A20 are the most exposed residues. They also

contribute to binding through contacts at the edges of the combining site, albeit to a

lesser extent. Overall, interaction with the A2B2C2D2A20 pentasaccharide (Ka ¼ 2.5

� 105 M�1) takes place in a large groove, approximately 25 Å long, 10 Å deep,

and 12 Å wide. The groove runs parallel to the VH–VL interface and encompasses a

deep pocket in the bottom. A plausible model of the bound O-Ag was built by

elongating the pentasaccharide in both directions, using the crystal conformations

for the glycosidic linkages that match the preferred conformation of the free SFY

O-Ag (Kreis et al. 1997; Theillet et al. 2011b). As revealed from the portrayed

[A2B2C2D2]3 dodecamer:Ab complex, this model provided further indications that

SYA/J6 is likely to recognize intrachain segments fitted into the combining site via
the A2B2C2D2A20 epitope (Fig. 1.9) (Vyas et al. 2002).
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On the Search for Functional Mimics of SFY O-Ag
The knowledge gained on the SFY O-Ag:SYA/J6 system was subsequently

exploited in the design of potent high affinity ligands. Two strategies were

investigated. On one hand, intramolecular tethering paired with functional group

replacement was employed in the design of analogues of B2C2D2, which was shown

to induce anti-LPS IgG Abs in mice when used as its BSA conjugate (Bundle et al.

2005). By pre-organizing the trisaccharide into its SYA/J6-bound conformation

through the introduction of a b-alanyl linker between C-1B2 and the acetamide in D2

(Fig. 1.10), a nice 15-fold increase in binding was observed (McGavin et al. 2005).

However, contrary to expectations from crystallographic and thermodynamic data

(Vyas et al. 2002), combining monochlorination or monodeoxygenation at 2C2 with

tethering (Fig. 1.10) did not yield any substantial affinity enhancement. This result

indicated the absence of strong additive free energy gains and suggested the need

for a more detailed computational model (McGavin and Bundle 2005).

An alternative strategy focused on the identification of peptide mimotopes to

replace OS haptens. Along this line, octapeptide MDWNMHAA was identified

upon screening of phage-displayed libraries with SYA/J6. Interestingly, compari-

son of the peptide crystal structure in complex with the Fab fragment of SYA/J6 to

that of A2B2C2D2A20 suggested that mimicry was functional rather than structural

(Vyas et al. 2003; Borrelli et al. 2008). Unfortunately, the peptide was poorly

immunogenic (Borrelli et al. 2008). In line with the above strategy dealing with

constrained OSs, it was hypothesized that predisposition of Ab-bound epitopes in

the free peptide would lead to a more rapid cross-reactive anti-PS response.

Accordingly, taking advantage of the available structural and molecular modeling

Fig. 1.9 Structure of Fab SYA/J6 in complex with fragments of the SFY O-Ag. Right: View of

the interaction between SYA/J6 and pentasaccharide A2B2C2D2A20 in the crystal structure of the

complex (pdb code: 1M7I). Contacting or buried atoms of the Ab are in deep blue. Residues B2 and

C2 are represented with green carbons, residue D2 with yellow carbons and residues A2 and A20

with white carbons. Left: Model of the interaction of SYA/J6 with an O-Ag segment extended at

both sides of the pentasaccharide (Vyas et al. 2002). For the sake of visibility, residues of the

extension are alternatively represented with cyan and black carbons. This extension was built with

dihedral angles set to the values adopted by the corresponding glycosidic linkages in the crystal
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data, a chimeric glycopeptide whereby the NMHAA portion was replaced by the

a-linked A2B2C2, was designed to ensure appropriate fit of rhamnose C2 in the deep

pocket within the SYA/J6 combining site and prevent major entropic loss upon

binding. However, competitive inhibition ELISA studies demonstrated that the

chimeric glycopeptide did not inhibit SYA/J6 binding to SFY LPS (Hossany

et al. 2009).

Altogether, the outcome of these various attempts provided additional evidences

to the tremendous complexity of the network of parameters governing O-Ag

functional mimicry. Despite notable progress emerging from structural and compu-

tational knowledge, there is still a long way to go in the search for a potent surrogate

of SFY LPS.

1.3.3.5 Towards Potent SF2a Glycovaccines: The
a-D-Glcp-(1!4)-a-L-Rhap Branching Pattern

Combined Immunochemical and Physicochemical Analysis to
Identify SF2a Immunodominant Epitopes
SF2a remains the most prevalent SF serotype worldwide. Its O-Ag has the charac-

teristic a-D-Glcp-(1!4)-a-L-Rhap (E2C2) branching pattern common with the

SF2b O-Ag, resulting in a basic pentasaccharide RU (A2B2(E2)C2D2, Fig. 1.11)

(Simmons and Romanowska 1987). In a study dedicated to SF2a mAbs, upon i.p.

immunization of mice with heat-killed SF2a bacteria, 15 hydridomas were obtained.

None of the clones recognized the SF2b O-Ag and nine reacted exclusively with the

Fig. 1.10 Structures of selected SFY O-Ag analogues. Right: Set of tethered B2C2D2 trisaccha-

ride analogues (McGavin et al. 2005). Left: Chimeric glycopeptide comprising the rhamnose

trisaccharide A2B2C2 a-linked to a MDW tripeptide aglycone (Hossany et al. 2009)
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SF2a O-Ag. This observation suggested a highly discrete specificity of recognition,

which was confirmed following mice immunization with SF2b heat-killed bacteria

(Carlin and Lindberg 1983). An independent analysis of the binding specificity of four

mAbs generated followingmucosal immunization ofmicewith SF2a virulent bacteria

supported those findings. All Abs cross-reacted with LPS expressing the group 3,4

antigen, but none of them recognized the SF2ba LPS. Although the Abs showed

a variety of antigenic specificities, this suggested that the response to the 3,4 group

antigen was the most prevalent one (Hartman et al. 1996).

In a more recent study, appropriate combinations of the various strategies

exemplified above were successfully adapted to characterize the recognition pattern

of five mAbs representing all IgG subtypes. All five mAbs were shown to protect

passively against SF2a in a murine model of pulmonary infection, mimicking the

disease-induced inflammation (Phalipon et al. 2006). Analogously to the above

Fig. 1.11 Top: Structure of the basic RU of the SF2a O-Ag (A2B2(E2)C2D2), also showing the

recently disclosed O-acetylation pattern (Kubler-Kielb et al. 2007; Perepelov et al. 2009). Bottom:
Structure of the first synthetic OS-based SF2a vaccine candidate (Phalipon et al. 2009)
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described systems, mapping of the mIgG combining sites took advantage of a panel

of 22 synthetic OSs representing frame-shifted di- to pentasaccharides and selected

larger fragments occurring in the O-Ag (Phalipon et al. 2006, 2009; Mulard and

Phalipon 2008). The finding that E2C2D2 was the sole trisaccharide recognized at

a submillimolar concentration and that larger OSs lacking the E2C2D2 sequence did

not show any binding whereas E2C2D2A20 did, revealed the crucial contributions to
Ab recognition of both the a-(1!4)-glucosyl residue (E2) and the neighbouring

N-acetylglucosamine (D2). Monoclonal IgG F22-4, which was the only mAb

showing measurable affinity for E2C2D2, E2C2D2A20, and E2C2D2A20B20, exemplified

a first category of Abs. Being at variance with the other four IgGs, this Ab VH germline

gene resembles that of SYA/J6, which is specific for SFY O-Ag (cf. Sect. 1.3.3.4)

(Phalipon et al. 2006). Similar binding of F22-4 to the three ligands suggested a minor

– if any – contribution of residues A20 and B20 to recognition. In contrast, addition of

rhamnose B2 improved the binding free energy DG by �2 kcal�mol�1, on average.

The key role of residue B2 in Ab recognition was more general, since B2(E2)C2D2

was also recognized by IgG D15-7 and IgG E4-1. However, the minimal sequences

necessary for recognition by IgG A2-1 and IgG C1-7 was the B2(E2)C2D2

tetrasaccharide flanked by residue A2/A20 at either end (Phalipon et al. 2006). Analysis

of the length-dependent OS:Ab recognition using larger OSs highlighted a favourable

input of an endchain D200A2 moiety to all Ab bindings except F22-4 (Table 1.1), thus

constricting Ab classification into two major families. Overall, the B2(E2)C2D2 frag-

ment was seen as an immunodominant “protective” determinant, where OS elongation

correlated with an increase in mAb binding. Themajor improvement in IC50, observed

when going from a one RU ligand to its dimer, was turned into a moderate or even

absent positive contribution when the latter was elongated into the corresponding

trimer (Table 1.1) (Phalipon et al. 2009). It is suggested that for all Abs, optimal O-Ag

antigenic mimicry was reached within this range of OS length. Additional support to

this assumption emerged from the appreciation that the recognition of O-Ag fragments

by human sera from patients naturally infected with SF2a was either similar or

increasing with the number of RUs in this range of OS length. This finding also

demonstrated that O-Ag epitopes recognized by human sera are, to some extent,

present in haptens corresponding to a small number of RUs (Phalipon et al. 2009).

Table 1.1 Recognition of the synthetic deca- and pentadecasaccharides ([A2B2(E2)C2D2]2
and [A2B2(E2)C2D2]3, respectively) by SF2a-specific protective mIgGs and comparison to avail-

able data for selected SF2a O-Ag fragmentsa,b

IgG F22-4 IgG D15-7 IgG A2-1 IgG E4-1 IgG C1-7

A2B2(E2)C2D2 21 � 9 490 � 100 378 � 24 287 � 66 734 � 200

B2(E2)C2D2A20B20(E20)C20 0.22 � 0.02 60.8 � 23 15 � 5 12 � 4 242 � 124

[D2A2B2(E2)C2]2 5 � 1.4 12 � 3.6 3 � 1.8 4 � 1.7 19 � 4

[A2B2(E2)C2D2]2 0.7 � 0.6 38 � 6 2.7 � 0.3 17 � 3 52 � 21

[A2B2(E2)C2D2]3 0.32 � 0.07 13 � 2 14 � 4 7 � 4 21 � 9
aMeasurement of IC50 (mM) by inhibition ELISA. SD is indicated
bExtracted from those published (Phalipon et al. 2006, 2009), with corrections
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On the Importance of OS Length for Ab Recognition: Input
from Structural and Conformational Analysis
Crystallographic data were obtained for the complexes of Fab F22-4 bound to a

SF2a synthetic deca- (pdb code: 3BZ4) and pentadecasaccharide (pdb code: 3C6S),

corresponding to two and three biological RUs, respectively (Vulliez-Le Normand

et al. 2008). Out of the 11 residues visible in the electron density map of the

[A2B2(E2)C2D2]3 complex, ten corresponded to two consecutive RUs as in the

decasaccharide. The binding modes of [A2B2(E2)C2D2]2 and [A2B2(E2)C2D2]3 to

F22-4 were almost identical, showing a nonasaccharide epitope – A2B2(E2)

C2D2A20B20(E20)C20 – encompassing six residues in direct interaction with the Ab.

The buried accessible area at the Ab-decasaccharide interface of 1,125 Å2 does not

totally contribute to the 9.6 � 106 M�1 affinity (Theillet et al. 2011a). Ligands are

accommodated in a groove shaped binding site approximately 20 Å long, 8 Å deep,

and 15 Å wide, which is defined by CDR-L1, H1 and H2 on its sides, and CDR-L3

and H3 on its floor. In agreement with the key role of E2C2D2 in F22-4 recognition,

narrowing of the groove at the center of the binding site generates a small cavity and

a deep pocket, which are ideally suited to ligate the N-acetylglucosamine D2 and the

branched glucose E2, respectively (Fig. 1.12). Consistent with the need for at least

two consecutive RUs to reach optimal Ab recognition, both the branched glucose

E20 and rhamnose C2 make intermediate contacts. Residues A2, A20 and B20 also
contribute, albeit to a lesser extent. Interestingly, the bound conformation of the

B2C2D2 segment in the SF2a ligands is similar to that of the same trisaccharide in

Fig. 1.12 Structure of Fab F22-4 in complex with fragments of the SF2a O-Ag. Right: View of

the interaction between F22-4 and decasaccharide [A2B2(E2)C2D2]2 in the crystal structure of the

complex (pdb code: 3BZ4). Contacting or buried atoms of the Ab are in deep blue. Residues

A2, B2, and C2 are represented with green carbons, residues D2 with yellow carbons and residues

E2 with magenta carbons. Left:Model of the interaction of F22-4 with an O-Ag segment extended

at the nonreducing side of the decasaccharide (Vulliez-Le Normand et al. 2008). This extension

was built with dihedral angles set to the values adopted by the corresponding glycosidic linkages in

the crystal. For the sake of visibility, residues of the extension are alternatively represented with

cyan and black carbons
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the SYA/J6:A2B2C2D2A20 complex (Vyas et al. 2002). Similar backbone dihe-

dral angles characterize the two RUs in the F22-4:OS complexes. However, the

E2C2 and E20C20 dihedral angles differ widely from each other, with the former

linkage adopting a high energy non-exoanomeric (anti, anti) conformation

(Vulliez-Le Normand et al. 2008). This conformation was also seen in the free

form albeit to a much lesser extent than the normal exoanomeric conformation

(Theillet et al. 2011b). A more recent investigation on F22-4 in complex with tri-

to hexasaccharides, using STD-NMR combined with MD simulations in explicit

solvent, indicated that interaction was mediated by constant tight binding of

E2C2D2 to the mAb via persistent hydrogen bonds forcing the trisaccharide

segment in the conformation seen in the co-crystal, whereas residues A2, B2,

A20, B20 and D200 show a higher degree of flexibility and do not strongly interact

with the Ab (Theillet et al. 2011a). Corroborating with information generated by

antigenicity and crystallographic data, STD-NMR analysis of F22-4 ligand

recognition also provided strong indications that in contrast to SYA/J6, F22-4

is likely to recognize both intrachain and endchain epitopes on the SF2a O-Ag,

with a preference for the upstream O-Ag terminus (Theillet et al. 2011a).

On a more general basis, NMR investigation of the conformational behaviour of

synthetic SF2a O-Ag fragments in solution suggested a similar environment for 11

of the 13 internal residues within the [A2B2(E2)C2D2]3 pentadecasaccharide and the

corresponding constituents in the de-O-acetylated SF2a O-Ag (Theillet et al.

2011b). Besides providing a possible explanation for the slight increase in Ab

recognition of the pentadecasaccharide over the decasaccharide segment, this

observation ascertained that conformational O-Ag mimicry by synthetic OSs was

feasible, provided that the OSs comprised at least three RUs.

Knowledge Gained from Immunological Studies: En Route Towards a Clinical
Trial for the First SF2a Synthetic OS-Based Vaccine Candidate
To better understand the relationship between antigenicity and immunogenicity,

haptens of potential interest to the design of synthetic SF2a OS-based immunogens

emerged from the available antigenicity data. The reasoning favored the hapten

composition rather than the synthetic access. Ranging from the E2C2D2 trisaccha-

ride to the [A2B2(E2)C2D2]3 pentadecasaccharide, the selected haptens differed

in terms of OS length and endchain residue (Phalipon et al. 2006). All the

corresponding conjugates, except one, were immunogenic in mice even though

they were administered in the absence of an adjuvant. Interestingly, only the

conjugates that contained haptens corresponding to two or three O-Ag RUs,

respectively, induced a significant anti-LPS IgG Ab response (Phalipon et al.

2006). Similar to SD1, Ab titers increased with the number of RUs per hapten

and correlated to hapten density for a given OS length (Phalipon et al. 2009).

The three RU hapten also showed promising immunogenicity when presented

as B,T-bi-epitope liposomal constructs. The latter were proposed as alternatives

to the conventional neoglycoprotein immunogens (Said Hassane et al. 2009).

Independently of the nature of the immunogen, the induced sera demonstrated
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protective capacity, underlining the potency of the pentadecasaccharide hapten

(Phalipon et al. 2009). Moreover, analysis of the recognition profile of the sera

induced in mice by a pentadecasaccharide-tetanus toxoid conjugate (Fig. 1.11)

provided outstanding evidence that the conjugate mimicked LPS presentation at

the bacterial surface and that the immune response was highly specific for the SF2a

O-Ag (Phalipon et al. 2009).

On one hand, NMR and crystallographic data suggested that the synthetic

[A2B2(E2)C2D2]3 pentadecasaccharide is both a structural and conformational

mimic of the natural O-Ag. On the other hand, physicochemical, immunochemical

and in vivo data converged towards the identification of [A2B2(E2)C2D2]3 as an

antigenic and potent immunogenic mimic of that same O-Ag moiety, when

associated to an appropriate carrier containing the required T-helper arm. However,

immunity to carbohydrate antigens is species-specific, and in the absence of

any relevant animal model of shigellosis, promising data in mice are not neces-

sarily predictive of efficiency in humans. In this context, all data converge to the

conclusion that probing the efficacy in human of a selected SF2a synthetic

pentadecasaccharide-based conjugate was mandatory.

Encouraging data emerged in the course of a phase III clinical trial. Although

an insufficient number of episodes prevented any conclusive statement on

efficacy, SF2a dLPS–protein conjugates were found to be safe and immunogenic

in humans, including in 1 to 4 year old children (Passwell et al. 2010). Moreover,

measurable protection against homologous infection was demonstrated in children

above 3 years of age that received a S. sonnei dLPS–protein conjugate vaccine. Efficacy
was age-dependent, suggesting the need for improvement (Passwell et al. 2010).

Future Prospects: The SF2a O-Ag is O-Acetylated
O-Acetylation is another important issue in the field of glycoconjugate vaccines,

whether in regards to tailoring synthetic OS-based conjugates of optimal immuno-

genicity or ensuring consistency of the final vaccine formulations (Szu et al. 1991).

SF2a O-Ag O-acetylation had been noted (Simmons and Romanowska 1987), but

the O-acetylation in a non stoichiometric fashion at two positions of the RU was

only recently disclosed (Kubler-Kielb et al. 2007). Thereafter, the non stoichiomet-

ric O-acetylation of the SF1a, SF1b and SF5a O-Ags was documented (Perepelov

et al. 2009, 2010). Similarities in the O-acetylation pattern at rhamnose A2 of these

four SF O-Ags were obvious (Kubler-Kielb et al. 2007; Perepelov et al. 2009,

2010), suggesting a potential site for Ab cross-reactivity. Interestingly, the same

reasoning was proposed to explain the cross-protection towards SF6, observed in

the field following young children immunization with a SF2a dLPS-protein

investigational vaccine (Passwell et al. 2010). Moreover, concomitant removal

of the LPS O-acetyl groups and ester bound fatty acids resulted in the partial loss

of antigenicity (Kubler-Kielb et al. 2007), suggesting the need for a better

understanding of the contribution of O-acetylation on antigenicity, immunogenicity,

and cross-protection. In an attempt to investigate further, a set of three decasaccharides

made of two consecutive biological RUs, either mono- or di-O-acetylated at the

required positions (Fig. 1.11), were synthesized (Mulard and Gauthier 2010) to
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complement the already available synthetic [A2B2(E2)C2D2]2 decasaccharide (Belot

et al. 2005).

1.3.3.6 On the Road Towards a SF Glycovaccine in the Context
of Multivalency

As already stated, the number and highly variable geographical distribution of SF

serotypes causing shigellosis may hamper the development of a broadly efficient

vaccine (Levine et al. 2007). Based on type and group antigenic determinants

(Fig. 1.6), SF3a, which also predominates in several countries, is an attractive

serotype to include in a broad serotype coverage vaccine comprised of a limited

number of serotypes. In this context, it was included as a major component of

several cocktail vaccine candidates (Levine et al. 2007). In particular, a bivalent

attenuated construct combining SF3a and SF2a provided a high level of cross-

protection among other SF serotypes (Noriega et al. 1999). In line with the above

mentioned studies, investigations on the immunodominant epitopes on SF3a O-Ag

was initiated recently (Boutet and Mulard 2008; Boutet et al. 2009).

Another serotype of interest is SF6, the only serotype whose O-Ag is not built

from the A2B2C2D2 tetrasaccharide backbone (Fig. 1.6). Like SF3a, the develop-

ment of a vaccine against SF6 has been tackled along two lines, including as

a monovalent dLPS-based immunogen. The later study exemplifies a recent ten-

dency towards the search for neoglycoprotein type immunogens stemming from

low molecular weight dLPS haptens, also known as core–OS haptens, as initiated

for S. sonnei (Robbins et al. 2009; Kubler-Kielb et al. 2010), and subsequently

adapted to SD1, SF2a and SF6 (Robbins et al. 2009; Kubler-Kielb et al. 2010).

Similarly with the other Shigella strains, the potential of this strategy was

demonstrated for SF6. In line with previous observations, the immunogenicity of

the SF6 core–OS conjugates did not necessarily match their antigenicity, but was

obviously dependent on the number of O-Ag RUs within the core–OS haptens.

A BSA-conjugate made of haptens comprising an average of seven O-Ag RUs

induced anti-LPS Ab levels similar to that generated by the conventional dLPS

conjugate in mice (Robbins et al. 2009; Kubler-Kielb et al. 2010).

This novel strategy combines the expertise gained on lattice-type dLPS-based

conjugates with the more recent understanding that glycoconjugate immunogens,

made of short synthetic haptens of defined lengths bound at single site to the protein

carrier, may contribute significantly in enhancing the anti-LPS Ab response

(Pozsgay et al. 1999). As such, this attractive alternative to existing methodologies

may find wide applications especially when synthetic haptens are not easily acces-

sible due to O-Ag chemical complexity. In the context of further developments, the

characterization at the molecular level of the epitopes recognized by this new

generation of dLPS conjugate vaccines may help additional tailoring of the

constructs towards improved immunogenicity. The above detailed successful inter-

disciplinary approaches may be extended towards this aim.
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1.3.4 Conclusion and Perspectives: OS-Based Enteric Vaccines:
Dream or Reality?

Polysaccharide vaccines have found widespread use in preventing infections caused

by capsulated bacteria either in the form of purified polysaccharides or conjugates

thereof. Its proven track record has encouraged broader developments to include

conjugate vaccine candidates based on dLPSs instead of capsular polysaccharides.

Some dLPS-based conjugates have been shown to be safe and immunogenic in

healthy volunteers including young children. With regards to enteric infections, the

protective efficacy of a S. sonnei vaccine candidate has been demonstrated.

Complying with the quality control and safety standards requested by the Health

Authorities is a complex challenge, especially if using dLPS antigens of natural

source. However, as illustrated in this chapter, recent advances in glycochemistry

have paved the way to promising well-characterized conjugates derived from

synthetic OS haptens, acting as functional mimics of the natural polysaccharide

antigen. Towards this aim, numerous structural, theroretical, physicochemical and/

or immunochemical investigations on the recognition of synthetic OS by protective

mAbs have revealed key immunodominant components of several O-Ags of

interest. As a whole, available data suggest that the identification of such epitopes,

by use of complementary multidisciplinary approaches, streamlines the efficient

design of experimental conjugate vaccines encompassing synthetic LPS components.

They also underline that the numerous factors that govern the quality of the induced

immune response prevented simple translation of antigenicity data into optimal

immunogenicity. However, they also demonstrate that part of these limitations may

be overcome by taking into account the information derived from structural, confor-

mational and physicochemical analysis.

In contrast to a recent report on S. pneumoniae 14, which suggests that

a synthetic frame-shifted RU of the CP may be a serious candidate for a conjugate

vaccine against homologous infections (Safari et al. 2008), the general trend high-

lighted in this chapter confirms former findings with Salmonella (Lindberg et al.

1983). Thus, conjugates of synthetic OSs composed of at least two RUs – more

advantageously three and six RUs in the case of hetero- and homopolysaccharides,

respectively – were identified as efficient immunogens in mice.

The data in this chapter show that converting synthetic O-Ag fragments into

immunogens able to achieve a potent Ab-mediated, broadly protective, immunity

and a long-lasting memory response in all target populations remains a significant

challenge. As for other novel vaccine strategies, the present developments urge for

a proof-of-concept in humans.

Particularly for Shigella, the considerable diversity amongst the pathogenic

species and the possible emergence of new serotypes (Ye et al. 2010) introduce

a new layer of complexity to the concern. A dominant issue deals with the capacity

to design easy-to-manufacture standardized conjugates, which combine the stron-

gest possible immunogenicity and the highest crossprotective ability with the

mandatory accessibility to the poorest populations.
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Synthetic Oligosaccharide Bacterial
Antigens to Produce Monoclonal
Antibodies for Diagnosis and Treatment
of Disease Using Bacillus anthracis
as a Case Study

2

Matthias A. Oberli, Tim Horlacher, Daniel B. Werz, and
Peter H. Seeberger

2.1 Introduction

Bacillus anthracis is a Gram-positive, spore-forming soil bacterium that is closely

related to Bacillus cereus and Bacillus thuringiensis. Infections with Bacillus
anthracis result in a disease called anthrax (Mock and Fouet 2001; Sylvestre

et al. 2002). Anthrax is primarily an infection of grazing cattle. Ingested spores

germinate within the host to the vegetative form. Vegetative cells multiply, dis-

seminate in the host organism, and kill the host by their virulence factors. Upon

contact with air and depending on other environmental factors, the vegetative cells

start to sporulate to form the dormant, durable spores again. B. anthracis spores are
remarkably resistant to physical stress such as extreme temperatures, radiation,

harsh chemicals, desiccation, and physical damage. These properties allow them to

persist in the soil for decades (Nicholson et al. 2000). Human anthrax infections are

very rare and only occur when humans are closely exposed to infected animals,

tissue from infected animals or when they are directly exposed to B. anthracis
spores (Quinn and Turnbull 1998). Depending on the route of infection, anthrax can

occur in three forms: cutaneous, gastrointestinal or inhalation anthrax.

More than 95% of all naturally occurring B. anthracis infections are cutaneous.
This form of anthrax is associated with handling infected animals or products
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thereof such as meat, wool, or leather (Lucez 2005). The majority of cutaneous

anthrax lesions proceed locally in the area of the exposed tissue. The anthrax lesion

begins as a small papule that quickly enlarges and develops a central vesicle, which

ruptures, leaving an underlying necrotic ulcer. Historically, case-fatality rates for

cutaneous anthrax have been as high as 20% but are now less than 1% with

appropriate antimicrobial treatments (Quinn and Turnbull 1998).

Gastrointestinal anthrax typically occurs after eating raw or undercooked

contaminated meat. This form is very rare and the case-fatality ratio is unknown,

but estimated to range from 25% to 60% (Beatty et al. 2003).

Inhalation anthrax is a systemic infection that is caused by inhalation of

B. anthracis spores and is associated with very high fatality rates. The highly

resistant spores of B. anthracis have been a focus of offensive and defensive

biological warfare research programs worldwide (Rotz et al. 2002). The high

danger of B. anthracis spores used as biological weapons was demonstrated by

the accidental release of spores from a biological weapons factory in the Soviet

Union. This accident killed more than 100 people. The intentional release of

anthrax spores through contaminated letters caused the death of five people out of

11 infected with inhalation anthrax and widespread panic among the American

population in the autumn of 2001. Following this terrorist attack, B. anthracis
research programs with the aim to detect, prevent and cure B. anthracis were

strongly intensified.

Most symptoms of anthrax infections are caused by three B. anthracis protein
toxins (Moayeri and Leppla 2004). These three toxins work in concert to result in

pathogenesis: protective antigen (PA) forms a membrane channel that mediates the

entry of two other toxins, the lethal factor (LF) and the edema factor (EF), into host

cells. EF, an adenyl cyclase, catalyzes the conversion of ATP to cAMP. LF, a

protease, cleaves members of the MEK family and other targets (Moayeri and

Leppla 2004). In this way, the toxins interfere with host cell homeostasis and

facilitate pathogen survival. The toxins cause the shock-induced death of the host

when they are systemically released at the later stages of infection.

The first effective anthrax vaccines using live, attenuated cultures of B. anthracis
were developed in 1880 by Greenfield (Tigertt 1980) and Pasteur in 1881 (Pasteur

1881). Although effective, the virulence of these heat-attenuated vaccines varied. In

1939, Sterne developed a live, attenuated vaccine from an avirulent, non-encapsulated

variant of B. anthracis (Sterne 1939). The Sterne-type vaccine replaced the Pasteur

heat-attenuated formulation and is still used today as the veterinary vaccine of choice.

Due to strong side effects, improved vaccines were developed for human use. While

attenuated bacteria are still used in Russia for vaccination, cell free vaccines were

developed in the USA and the UK. The only licensed human anthrax vaccine in the

United States today is Anthrax Vaccine Adsorbed (AVA), sold as BioThrax (FDA

2005). AVA is a sterile suspension prepared from cell-free filtrates of the non-

encapsulated strain B. anthracis V770-NP1-R. While effective, considerable

adverse effects are observed after AVA vaccination, mild local reactions, including

erythema, edema, and indurations, occur in 20% of the recipients and severe local

reactions are observed in 1% of those receiving the vaccine. Systemic reactions such
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as fever, chills, body aches, or nausea occurred in up to 0.2% of AVA immunizations

(Brachman et al. 1962). Thus, a safer vaccine is highly desirable.

Like several other bacteria, B. anthracis also expresses unique oligosaccharides

on the surface. Such strain-specific oligosaccharides create excellent opportunities

to generate synthetic anti-bacterial vaccines (Seeberger and Werz 2007). By com-

bination of degradation reactions, extensive NMR spectroscopy and mass spec-

trometry, two interesting carbohydrate structures of B. anthracis were elucidated in
recent years. One oligosaccharide antigen, tetrasaccharide 1, that is probably part of
a larger oligosaccharide, was structurally assigned in 2004. This tetrasaccharide is

found on the surface of the exosporium glycoprotein BclA of B. anthracis spores
(Daubenspeck et al. 2004). The BclA tetrasaccharide 1 contains three rhamnose

residues and an unusual, non-reducing terminal sugar, 2-O-methyl-4-(3-hydroxy-3-

methylbutanamido)-4,6-dideoxy-D-glucopyranose, that was named anthrose. This

sugar had not been observed previously in other organisms. Tetrasaccharide 1 as

well as analogues and truncated sequences thereof have become very attractive

targets for the development of a synthetic vaccine and the induction of a highly

specific immune response against Bacillus anthracis. The second interesting carbo-
hydrate structure, which has been elucidated in 2004, is hexasaccharide 2. This
portion is the repeating unit of the major cell wall polysaccharide from B. anthracis
vegetative cells (Choudhury et al. 2006). Composition analyses have shown that the

structure of this hexasaccharide is different from that of even closely related

B. cereus strains. Thus, this saccharide may have a function in determining the

virulence of B. anthracis strains and may become also a component for the

development of a multi-subunit vaccine against anthrax (Fig. 2.1).

2.2 The Anthrax Tetrasaccharide

Several groups started synthetic efforts towards the so-called anthrax tetrasaccharide

right after its structural characterization. The first complete syntheses were published

by Seeberger (Werz and Seeberger 2005) and later Kováč (Saksena et al. 2005, 2006,

2007; Adamo et al. 2005). Other routes leading to the same target structure or the

Fig. 2.1 Anthrax tetrasaccharide 1 released from B. anthracis spores and hexasaccharide 2,
a repeating unit of major cell wall polysaccharide from B. anthracis vegetative cells
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shorter trisaccharide portion have been reported by Boons and Crich (Mehta et al.

2006; Crich and Vinogradova 2007). All these protocols start from the chiral pool

and utilize readily available carbohydrates such as D-fucose, D-galactose and

L-rhamnose as precursors. A completely different route was developed by

O’Doherty who used a series of Pd-catalyzed glycosylations as key reactions for

the preparation of the oligosaccharide chain (Guo and O’Doherty 2007a,b). A

number of enantioselective manipulations are necessary to create the correct ste-

reochemistry starting from 2-acetylfuran. In the following section one synthetic

route to the tetrasaccharide is summarized.

2.2.1 Synthesis of Anthrax Tetrasaccharide 1

The synthesis of the unique monosaccharide anthrose is a key step in all syntheses.

Seeberger’s synthesis of the terminal anthrose started from commercially available

D-fucose (3) (Scheme 2.1). Acetylation of 3, followed by immediate protection of

the anomeric position with p-methoxyphenol (MPOH) and subsequent cleavage of

acetate protecting groups furnished 4. A levulinoyl group proved to be the best

choice to protect the C2 hydroxyl group during installation of the b(1!3) glyco-

sidic linkage in anticipation of its selective removal prior to subsequent

O-2 methylation. Hence, reaction of 4 with 2,2-dimethoxypropane and introduction

of the C2-O-levulinic ester furnished 5. Removal of the isopropylidene and tin-

mediated, selective benzylation of the C3 hydroxyl group afforded 6. Inversion of

the stereocenter at C4 was achieved by reaction of the hydroxyl group with triflic

anhydride to install a triflate that is displaced by sodium azide in an SN2-type

fashion to give 7 (Golik et al. 1991). Removal of the anomeric p-methoxyphenyl

group using wet cerium ammonium nitrate was followed by the formation of the

anthrose trichloroacetimidate 8 using conditions reported by Schmidt.

Scheme 2.1 Synthesis of anthrose building block 8 starting from D-fucose 3
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The rhamnose building block 13, equipped with a robust C2 participating group

to ensure a-selectivity and a readily removable temporary protecting group in the

C3 position, was synthesized as shown in Scheme 2.2. Placement of an anomeric p-
methoxyphenol moiety gave 10 (Sarkar et al. 2003). Formation of the cis-fused
acetal and subsequent benzylation afforded 11. The transformation of the acetal to

the corresponding orthoester and ring-opening resulted in the kinetically preferred

axial acetate in 12. Placement of Fmoc, cleavage of the p-methoxyphenyl glycoside

and reaction with trichloroacetonitrile in the presence of traces of sodium hydride

afforded the trichloroacetimidate building block 13.
The assembly of the anthrax tetrasaccharide n-pentenyl glycoside analogue via a

(2 + 2) approach commenced with the reaction of building block 14 (F€urstner and
M€uller 1999) with 4-pentenol (Scheme 2.3a). At a later stage, the n-pentenyl moiety

can serve as a handle for conjugation to proteins or to glass surfaces for the

preparation of microarrays. Removal of acetate, further glycosylation with 13 and

subsequent removal of the Fmoc protecting group yielded disaccharide 16.
The second disaccharide (Scheme 2.3b) was assembled by glycosylation of 12, an

intermediate in the synthesis of building block 13, with anthrose building block 8.

Scheme 2.2 Synthesis of rhamnose building block 13

Scheme 2.3 Syntheses of disaccharide building blocks 16 (a) and 18 (b)
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The levulinoyl (Lev) protecting group that ensured b-selectivity was replaced by the
final C2 methoxy substituent. Methylation in the presence of acetate was achieved

by the action of MeI/Ag2O in the presence of catalytic amounts of dimethyl sulfide.

The commonly used maneuver to convert the methoxyphenyl glycoside into the

corresponding trichloroacetimidate furnished disaccharide unit 18.
To complete the total synthesis, the two disaccharide units 16 and 18were unified

to afford tetrasaccharide 19. Sodium in liquid ammonia removed all permanent

protecting groups and reduced the azide moiety into an amine, thus achieving global

deprotection. The formation of the amide with 3-hydroxy-3-methylbutyric acid

(Carpino and El-Faham 1995) led to tetrasaccharide 20 including the n-pentenyl
handle. The double bond in the handle on the reducing terminus was utilized to

install a reactive terminal aldehyde moiety via ozonolysis. Covalent attachment

(Raguputhi et al. 1998; Wang et al. 2000) of tetrasaccharide 20 to keyhole limpet

hemocyanine (KLH) carrier protein by reductive amination yielded conjugate 21
that was successfully used as immunogen to producemonoclonal antibodies (mABs)

in mice (Tamborrini et al. 2006) (Scheme 2.4).

2.2.2 Immunology

The tetrasaccharide–KLH conjugate was formulated in ImmunEasyTM adjuvant

(QIAGEN) and this mixture was injected into mice. Following the second booster

immunization, antibodies against tetrasaccharide 1 were detected in the blood of

Scheme 2.4 Completion of the total synthesis and conjugation to a carrier protein
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immunized mice as determined by using carbohydrate microarrays bearing the

tetrasaccharide 1 structure. Spleen cells of immunized mice were fused with

immortalized cell lines to generate hybridoma cell lines. These hybridoma cells

were screened for the production of antibodies against tetrasaccharide 1 and cell lines
eliciting tetrasaccharide 1 binding IgG antibodies were isolated. Finally, three B cell

hybridoma lines producing tetrasaccharide specific monoclonal IgG antibodies

(MTA1-3) were generated. All three mAbs bound native B. anthracis endospores as
determined by an indirect immunofluorescence assay (Tamborrini et al. 2006). By

contrast, endospores of close relatives of B. anthracis including B. cereus, B. subtilis,
and B. thuringiensis strains were not bound by the mAbs MTA1-3.

Independently, other research groups generated anti-anthrax-tetrasaccharide

antibodies using neoglycoconjugates comprised of synthetic tetrasaccharide 1 and

carrier proteins. Kováč et al. as well as Boons et al. produced antibodies in rabbits

with a high specificity for B. anthracis (Kuehn et al. 2009; Mehta et al. 2006).

Such antibodies that are highly specific for B. anthracis spores are excellent

tools to detect B. anthracis. Efforts to exploit these antibodies to generate

B. anthracis spore tests have met with success. Such tests once fully developed

will ensure that spores will be detected more readily in order to allow for faster, life-

saving treatment and to take the necessary measures when B. anthracis spores are
used as biological weapons.

2.2.3 Analysis of Anthrax Carbohydrate–Antibody Interactions

Interactions of antibodies with the anthrax oligosaccharide antigen were biochemi-

cally analyzed in great detail due to the enormous importance and medical potential

of this antigen. A combination of synthetic glycan microarray screening, surface

plasmon resonance (SPR), and Saturation Transfer Difference (STD) NMR were

used to identify crucial antibody-binding positions on the sugar antigen (Oberli

et al. 2010). First, mAbs against a truncated structure, the non reducing terminal

disaccharide 36, (designated MTD1-6) were generated as described above in order

to investigate and compare the importance of the anthrose moiety for immunoge-

nicity in the following biochemical experiments.

A collection of synthetic oligosaccharides related to the BclA tetrasaccharide were

chemically synthesized. The synthetic oligosaccharide analogues and fragments ranged

from mono- to tetrasaccharides related to the original anthrax tetrasaccharide 1. These
synthetic glycans were analyzed for their ability to bind the anti-disaccharide mAbs

(MTD1-6) and the anti-tetrasaccharide mAbs (MTA1-3) (Fig. 2.2).

To uncover which structural elements of the anthrax carbohydrate influence the

selectivity of antibody–carbohydrate interactions, microarray screening was

performed using the generated mAbs (MTA1-3 and MTD1-6) and microarrays

bearing the collection of synthetic anthrax oligosaccharides. The anti-tetrasaccharide

and the anti-disaccharide mAbs exhibited profoundly different binding patterns.

The anti-disaccharide mAbs recognized all synthetic structures with an intact

anthrose moiety (structures 22–27 and 33–37), including anthrose monosaccharide
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34. Similarly, the anti-tetrasaccharide mAbs strongly bound tetrasaccharide

analogues 22 and 23, and the trisaccharide 37. However, the anti-tetrasaccharide

antibodies bound tetrasaccharide analogues 24, 25 and 27 only weakly, and

tetrasaccharide analogues 26 and 28 were not bound at all. Notably, each of these

structures contained amodified terminal anthrose. No antibody, neither anti-disaccharide

nor anti-tetrasaccharide mAbs, recognized mono-, di-, or trirhamnose structures

(29–32). Altogether, these results demonstrate that anthrose is the minimal unit

required for binding anti-disaccharide mAbs. Interestingly, while a terminal

anthrose is absolutely required for oligosaccharide recognition by the anti-

tetrasaccharide mAbs, these mAbs failed to bind the anthrose containing truncated

mono- and disaccharide structures (32–36). Therefore, the anti-tetrasaccharide

mAbs require at least two rhamnose units as well as the terminal anthrose for tight

oligosaccharide binding.

Anthrose, other than most glycans in mammalian systems contains a side chain

appendage other than N-acetylation. Since the anthrose unit is essential for antibody
binding, its distinctive side chain was investigated in greater detail. A drastic trunca-

tion of the chain, produced by reducing 3-hydroxy-3-methylbutyrate to acetate

(Fig. 2.2, 28), resulted in a structure that was not recognized by any of the mAbs

that were tested. However, deleting a methyl group within the side chain, by replacing

3-hydroxy-3-methylbutyrate with 3-hydroxybutyrate (Fig. 2.2, carbohydrates 24
and 25), reduced binding of the anti-tetrasaccharide mAbs dramatically, but had little

effect on binding anti-disaccharide mAbs. Similarly, placement of a trimethylacetyl

moiety (Fig. 2.2, 26), or deletion of a 3-hydroxyl group (Fig. 2.2, 27) only affected

anti-tetrasaccharide mAb binding significantly. Therefore, while the anthrose side

chain must be present on the glycan to bind both classes of mAbs, only the anti-

tetrasaccharidemAbs are affected by altering the specific chemical composition of the

side chain, such as removing the C3 methyl group for instance.

A more detailed analysis of the anthrax carbohydrate–antibody interactions relied

on SPR experiments (Fig. 2.3). These measurements confirmed and underscored the

tight interaction (KD ¼ 9.1 mM) between the anti-tetrasaccharide mAb MTA1 and

the tetrasaccharide 1 antigen used to elicit the immune response. Consistent with the

microarray results, MTA1 did not bind any other synthetic glycan tested with strong

affinity. SPR analysis further demonstrated that the kinetics of the tetrasaccharide

1-MTA1 interaction are fast and are indeed much faster than the binding kinetics of

anti-disaccharide antibodies with any ligand. Notably, the anti-disaccharide mAb

MTD6 showed unusually high affinity (KD ¼ 0.51 mM) to its original disaccharide

antigen (36). Few carbohydrate–antibody interactions with KDs below 1 mM have

been reported, thus making this discovery particularly significant. Interestingly, KD

values were comparable for interactions between MTD6 and two structurally diverse

oligosaccharides, the tetrasaccharide 1 (KD ¼ 3.7 mM) and the anthrose monosac-

charide (KD ¼ 7.2 mM). Given this small difference in KD, we can conclude that the

rhamnose units in the tetrasaccharide contribute little to MTD6 binding.

Themolecular details of anthrax carbohydrate–antibody interactionswere analyzed

using STD NMR to determine individual groups and atoms that are important for

binding. STDNMR is particularly suited to establish differences in binding to different
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ligands (discriminating tightly-bound domains from weakly-bound domains) without

having to assign the resonance of the macromolecular receptor. Unfortunately,

extremely slow dissociation of the MTD6–disaccharide complex prevented further

analysis of this antibody–oligosaccharide pair by STDNMR (Meyer andMeyer 1999;

Meyer and Peters 2003). Such slow kinetics result in very limited transfer of ligands

from the antibody-bound state to the free state, and greatly affect the signal-to-noise

ratio of STD NMR experiments. In addition, the increasing antibody–ligand complex

lifetime in such cases results in intra-ligand spin diffusion that decreases the discrimi-

nation between individual positions of the ligand and prevents detailed mapping.

The complex of MTA1 and tetrasaccharide 1, however, was a good candidate for
further analysis by STD NMR. By assessing antibody binding at a 30:1 ratio of

carbohydrate ligand to protein, it was confirmed that MTA1 tightly binds all four

sugars of the tetrasaccharide (Fig. 2.4), but had little effect on the non-natural linker

at the reducing end of rhamnose D. Strong STD effects indicate that tight-binding

sites were located throughout the entire tetrasaccharide on all four sugars, with

a cluster of tight-binding sites found within the ß-anthrose-(1!3)-rhamnose sub-

structure. Binding was relatively weaker at the opposite end of the molecule, but

STD effects of 12.4% (rhamnose C–H1) and 9.2% (rhamnose D–H2), showed that

Fig. 2.3 Determination of affinity and interaction kinetics by surface plasmon resonance. Disso-

ciation constants as determined by steady-state measurements (dilution series), and interaction

kinetics as determined by fitting individual binding curves (*The sensorgrams of the tetrasaccharide/

MTA1 interaction indicated mass transport-limited association. Kinetic constants could therefore not

be determined reliably by SPR)
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binding in this region is still significant. Looking at STD effects throughout the

structure, it was observed that one face of the trirhamnose chain, (protonsH1–H2–H3),

was boundmore tightly by the antibody than the opposite side (protons H4–H5–H6).

Indeed, for rhamnose B, the combined average STD value for protons H1–H2–H3

was 12.3% and 10% for H4–H5–H6, for rhamnose C the average STD values were

10.6% (H1–H2–H3) and 7.8% (H4–H5–H6), and for rhamnose D the average STD

values were 7.8% (H1–H2–H3) and 3.6% (H4–H5–H6). The H1–H2–H3 face of the

trirhamnose chain is apparently oriented closer to the antibody within the tetrasac-

charide–antibody complex. STD NMR analysis indicated that there is a cluster of

sites that are tightly bound by MTA1 within the anthrose unit. Specifically, on the

Fig. 2.4 Epitope mapping of

the BclA tetrasaccharide

1/MTA1 interaction by STD

NMR spectroscopy. Percent

STD effects are shown for

individual protons of

tetrasaccharide 1. In addition,

strong (>10%), medium

(5–10%) and weak (<5%)

STD effects are indicated by

red, orange, and yellow
spheres of decreasing size.

Positions marked with an

asterisk could not be

determined to high accuracy

due to resonance overlap. The

methyl groups marked with

asterisk were not assigned
stereospecifically. Microarray

data support the assignment

of stronger STD effects to the

pro-S methyl group, as shown

here. The MTA1 antibody

recognizes a complex epitope

comprising of all four

monosaccharide units.

Protons of the anthrose

moiety and the adjacent

rhamnose sugar receive the

strongest saturation transfer

and are thus most tightly

bound by the antibody

(Reprinted with permission

from Oberli et al. (2010).

Copyright# 2010, American

Chemical Society)
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anthrose sugar ring, three protons showed strong STD effects. However, the 2-O-
methyl group is bound less strongly, with an STD effect of 8.2%. This observation

agrees with the microarray data that indicated that this side chain appendage is of

minor importance for recognition by MTA1. The microarray data also indicated that

the anthroseC4 chain, amethylene group, aswell as twomethyl groups appear to have

significant STD values. Interestingly, the two methyl groups have different STD

values (8.4% and 5.6%), indicating that one methyl group is oriented closer to

MTA1 and this group is bound more tightly (8.4%). It is remarkable that this

difference in binding affinity was also detected by microarray screening, where

tetrasaccharide 25, containing a 4-((3S)-3-hydroxy-3-methylbutyrate) side chain,

showed stronger affinity towards anti-tetrasaccharide mAb MTA2 compared to com-

pound 24 which is decorated with a 4-((3R)-3-hydroxy-3-methylbutyrate) side chain.

We therefore conclude that the methyl group presented in the (S)-configured isomer

25 is proximal to the antibody and thus makes a greater contribution to binding.

The power of combining microarray profiling, SPR, and STD NMR was

demonstrated in this study to precisely map the molecular elements of the BclA

tetrasaccharide that participate in tight antibody binding. Understanding which struc-

tural features of the oligosaccharide are most important for this interaction will enable

the design of better carbohydrate-based anthrax vaccines. Furthermore, this approach

ultimately aids elucidating general principles of carbohydrate–antibody interactions,

enabling guided structure-based design of a broad spectrum of carbohydrate-based

antigens and therapeutics thereof.

2.3 The Anthrax Hexasaccharide

In addition to the anthrax carbohydrate present on the surface of spores described

above, the structure of the secondary cell wall polysaccharide of B. anthracis
vegetative cells was elucidated (Choudhury et al. 2006). This capsular polysaccha-

ride of B. anthracis vegetative cells mainly consists of hexasaccharide repeating

units (hexasaccharide 2) and is tethered to the B. anthracis cell surface S-layer

proteins. This structure represents another promising carbohydrate antigen for the

development of vaccines and diagnostics, because the b-linked N-acetyl-
mannosamine is a pattern that does not occur in mammalian carbohydrates and is

therefore presumably a highly immunogenic structure. Following the disclosure of

the structure elucidation data, two research groups reported on efforts towards the

chemical synthesis of the anthrax hexasaccharide. While the Boons group reported

on the synthesis of two trisaccharide fragments (Vasan et al. 2008), we accomplished

the synthesis of the complete hexasaccharide repeating unit (Oberli et al. 2008).

2.3.1 Synthesis of the Hexasaccharide Repeating Unit

The retrosynthetic analysis of the fully protected hexasaccharide 39 (Scheme 2.5)

dissected the target molecule into two terminal a-galactose building blocks 41, 42,
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and two disaccharide parts A and B. For part A, two building blocks 40 and 42 were
identified. The N-acetyl group of the glucosamine of part A was masked as an azide

to ensure a-selectivity in the (2 þ 2) glycosylation. For part B, the trichloroacetyl-
protected glucosamine 43 was to be used already attached to the pentenyl handle

in order to allow for a facile transformation either into an aldehyde or a thiol. The

b-mannosaminic linkage is introduced by inverting the C2-hydroxyl of the glucose

moiety after construction of the b-glucosidic bond with 44.
The synthesis commenced with the union of glucose thioglycoside 44 and glucos-

amine n-pentenyl glucoside 43 to form a b(1!4) glycosidic linkage. The challenging

cis-b-mannosamine linkage was installed by creating the trans-glucosidic bond,

readily prepared with the help of the participating fluorenylmethoxycarbonate

(Fmoc) group in C2. Subsequently, the Fmoc group was cleaved and the C2

stereocenter was inverted by displacement of the triflate via the action of tetrabuty-

lammonium azide to afford the disaccharide 47 that contains the mannosamine motif.

Benzylidene protection of the C4 and C6 hydroxyls of the glucose unit proved to be

essential for the successful inversion. Selective benzylidene ring opening yielded

disaccharide acceptor 48 ready for glycosylation (Scheme 2.6).

Scheme 2.5 Retrosynthetic analysis of a hexasaccharide repeating unit of the capsular polysac-

charide of B. anthracis
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The differentially protected lactosamine building block 49 was prepared from

galactose phosphate 42 and thioglycoside 40 (Scheme 2.7). The pivaloyl group

(Piv) as neighboring-participating group in C2 ensured the selective creation of the

b-linkage. In a subsequent step, the C–S bond was cleaved by the action of

N-bromosuccinimide and water to afford hemiacetal 50. This hemiacetal was

converted into the N-phenyltrifluoroacetimidate 51.
Glycosylation of disaccharide 48 with N-phenyltrifluoroacetimidate 51 in a

mixture of dichloromethane and diethyl ether selectively afforded tetrasaccharide

52 with the corresponding a-glucosaminic linkage (Scheme 2.8). To complete the

synthesis, tetrasaccharide 52 was treated with triethylamine to remove the Fmoc

group. A first glycosylation with perbenzylated N-phenyltrifluoroacetimidate 41
yielded a pentasaccharide (not shown). Further removal of the levulinoyl ester

protecting group by action of hydrazine monohydrate and subsequent glycosylation

with the same building block 41 afforded the hexasaccharide 53. This step-by-step
procedure proved superior to a double glycosidation of the tetrasaccharide for the

installation ofa-galactosidic linkages. Complete deprotection and the transformation of

azide moieties into amines were achieved by the action of sodium in liquid ammonia.

To reveal NHAc groups – and also to allow for a more facile purification – the

completely deprotected carbohydrate was acetylated with a mixture of acetic anhy-

dride, pyridine and DMAP. Final saponification of the completely acetylated structure

removed all ester protecting groups leading to target compound 38. Further functiona-
lization of the n-pentenyl moiety allowed for attachment to a carrier protein to yield

a neoglycoconjugate that can be readily used in immunization studies.

Scheme 2.7 Synthesis of disaccharide building block 51

Scheme 2.6 Synthesis of disaccharide 48
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2.3.2 Immunology

The immunogenicity of the B. anthracis cell wall polysaccharide and synthetic

carbohydrate antigens were investigated (Vasan et al. 2008). Isolated B. anthracis
cell wall polysaccharide was coupled to KLH as carrier protein. Rabbits were

immunized with this polysaccharide–KLH conjugate or live- or irradiated

B. anthracis spores. As determined by ELISA, all immunized rabbits elicited IgG

antibodies that recognized the isolated polysaccharide, thereby indicating that the

polysaccharide structure is also present on the spores. Furthermore, sera from all

types of immunized rabbits recognized the synthetic trisaccharide fragments, albeit

to a different extent. Whereas both trisaccharides were bound equally well by sera

from rabbit immunized with polysaccharide–KLH and irradiated spores, one of the

two trisaccharides was bound much better than the other by sera from rabbits that

Scheme 2.8 Assembly of the pentenyl hexasaccharide 38
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were immunized with live spores. The different recognition of the trisaccharides

presumably results from different presentation of the antigens on the polysaccharide

chains. Most interesting is the observation that spores can elicit anti-polysaccharide

antibodies that also recognize the small synthetic trisaccharides. This observation

suggests that not only vegetative cells but also B. anthracis spores express the

polysaccharide. This finding implies that a subunit vaccine based on the polysaccha-

ride may provide immunity towards vegetative cells as well as spores.

2.4 Conclusion and Outlook

Two carbohydrate structures that were identified on the surface of Bacillus
anthracis are the focus of this account. The first one, tetrasaccharide 1, is attached
to the major glycoprotein BclA that is present on the exosporium of B. anthracis
spores. Several groups have reported the chemical synthesis of this target structure

and related tri- and pentasaccharide. The second structure, hexasaccharide 2, is a
hexasaccharide repeating unit of the major cell wall capsular polysaccharide of

vegetative cells. Again, chemical syntheses of the hexasaccharide and its substructures

served as targets of challenging total syntheses, but also provided synthetic antigens to

investigate potential vaccine candidates and can be exploited as tools to create

diagnostic antibodies.

The history of these two B. anthracis antigens illustrates how fast and efficient

today’s glycoscientists can work. After the terror attack in the US in 2001 where

several people died after the exposure to B. anthracis spores, research efforts with

respect to the underlying mechanisms of this horrible disease and with respect to

structure elucidation of relevant target molecules were intensified. Immediately,

after disclosure of the oligosaccharide structure, several groups started their syn-

thetic approaches. As soon as the target was assembled by chemical means,

conjugation to carrier proteins and immunization studies were performed yielding

mAbs able to detect spores. In the meantime, it has been shown that the anti-

tetrasaccharide antibodies are not completely selective (Tamborrini et al. 2009), a

view that has been confirmed by an analysis of the corresponding anthrose gene

cluster that has also been found in a few B. cereus strains (Dong et al. 2008). Even

though few B. cereus strains show cross-reactivity a detection system based on

these antibodies is currently under development in Switzerland. The potential of

these oligosaccharides as part of a multi-component vaccine is still valid and

challenge studies with anthrax tetra- and hexasaccharide structures are ongoing.
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Saksena R, Adamo R, Kováč P (2006) Synthesis of the tetrasaccharide side chain of the major

glycoprotein of the Bacillus anthracis exosporium. Bioorg Med Chem Lett 16:615–617
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The Role of Sialic Acid in the Formation
of Protective Conformational Bacterial
Polysaccharide Epitopes

3

Harold J. Jennings

3.1 Introduction

The capsular polysaccharides of human pathogenic bacteria are strong virulence

factors and their use as human vaccines are well established (Jennings 1983). Some

bacteria have acquired the ability to incorporate sialic acid into their capsules which

further enables them to evade the human immune system. For example, the

presence of sialic acid enhances the ability of bacteria to mimic human sialylated

antigens, which are ubiquitous on normal human cells, giving them the ability to

downregulate the human immune system. This deficiency can be overcome how-

ever, by using aggressive immunization schedules, by conjugation of the polysac-

charide before immunization, or by further modification of the polysaccharide prior

to conjugation, but in many cases as detailed in this review, the protective immune

response is then mediated through unique length-dependent epitopes (Jennings et al.

1984). This is because the immune system preferentially selects these extended

epitopes to produce high affinity protective antibodies, thus avoiding the possible

and problematic induction of auto-antibodies against shorter self antigens. This

phenomenon is extensively exhibited by the capsular polysaccharides of group

B Neisseria meningitidis and group B Streptococcus and the definition of their

extended respective protective epitopes is the subject of this review.
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3.2 Group B Neisseria meningitidis

3.2.1 Structure of the Group B Meningococcal Polysaccharide

The structure of the group B meningococcal polysaccharide (GBMP) consists of

approximately 40 kD chains of a(2! 8) polysialic acid (Bhattacharjee et al. 1975),

which for the sake of brevity is designated PSA in the text. Other pathogenic

bacteria also produce polysialic acid capsules which are a(2! 8)-linked in E.
coli K1 (Orskov et al. 1979), a(2! 9)-linked in group C N. meningitidis (GCMP)

(Bhattacharjee et al. 1975), and alternate a(2! 8), a(2! 9)-linked in E. coli K92
(Egan et al. 1977). However when freshly isolated from the culture medium many

of these polysaccharides retain, as in the case of the homologous a(2! 9)-linked

GCMP capsule (Gotschlich et al. 1981), a terminal glycosidic hydrophobic phos-

pholipid residue. The GBMP also has a terminal lipid residue which contains the

same components as that of the GCMP (Gotschlich et al. 1981), but its structure is

less well defined. Although small, this lipid component has a profound effect on the

physical and immune properties of the GBMP. Thus as in the case of the GCMP, it

not only causes the individual chains to aggregate, but unique to the GBMP, this

aggregation also results in the formation of a potentially important protective

epitope on the surface of group B meningococci and E. coli K1 (see Sect. 3.3.2).

3.2.2 Immunology of GBMP

Group B Neisseria meningitidis is the most prevalent cause of meningococcal

meningitis, being responsible for over 60% of all cases in developed countries

(Peltola 1998), and E. coli K1, which also has a PSA capsule, is the leading cause

of neonatal meningitis (Orskov et al. 1979). However, even in its aggregated

form PSA is poorly immunogenic in both infants and adults and therefore, unlike

the GCMP, cannot be used as a vaccine (Wyle et al. 1972). The reason for its poor

immunogenicity is because PSA is recognized as self by the human immune

system, which therefore suppresses the production of antibodies having this speci-

ficity. PSA was first identified in human cells attached to neural cell adhesion

molecules (Finne et al. 1983), and has been identified as a universal mammalian

developmental antigen (Troy 1992), which is also expressed on a number

of important human tumors (Roth et al. 1993) including small cell lung cancer

(Krug et al. 2004).

Although the conjugation of PSA to protein carriers resulted in enhancement of

PSA-specific antibody levels, including some antibodies of the IgG isotype,

these levels were low and no bactericidal activity associated with these antibodies

was reported (Jennings et al. 1981a). Interestingly a similar result was obtained

with protein conjugates of the capsular polysaccharide of E. coli K92. The K92

polysaccharide is composed of alternate a(2!8)- and a(2!9)-linked sialic

acid residues which make it a potential vaccine against both groups B and C

meningococci. However, conjugates of the K92 polysaccharide only produce
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a strong and bactericidal antibody response against group C meningococci

(Devi et al. 1991; Pon et al. 2002). The above results indicate that the immune

system is reluctant to produce antibodies to the a(2!8) sialic acid linkage and that

it is unlikely that protein conjugates of the GBMP will be useful as vaccines against

meningitis caused by group B meningococci.

Fortunately, despite its poor immunogenicity, PSA-specific antibodies can be

produced under special circumstances. Hyper-immunization of a horse with E. coli
K1 produced high levels of PSA-specific IgM antibodies (Orskov et al. 1979), and

murine monoclonal antibodies (mAb) with the same specificity, some of which

have been shown to be protective, have been produced using similar immunization

protocols (Frosch et al. 1985; Rougon et al. 1986), human transformed cell lines

producing protective PSA-specific antibodies have been described (Raff et al.

1988), and a human macroglobulin (IgM NOV) having the same specificity has

been reported (Kabat et al. 1986). All the above antibodies were of the IgM isotype,

with the exception of mAb 735, which was produced in an autoimmune New

Zealand black mouse and was of the IgG isotype (Frosch et al. 1985). However,

none of the aggressive immunization procedures described above would be accept-

able as routine human vaccination protocols.

3.2.3 Extended Helical Epitope of PSA

The presence of a length dependent epitope in PSA was first demonstrated by

inhibition experiments, in which the binding of PSA to a polyclonal IgM horse

serum (H46) was inhibited by PSA oligomers (NeuNAc)n, where n ¼ 1–17

(Jennings et al. 1984, 1985). These experiments indicated that, because they did

not maximize, the inhibition curves of PSA were unconventional, and the epitope

was therefore considered to be conformational in nature, because it was estimated

from the data that the minimum size of oligomer that had the closest resemblance

to PSA was ten sialic acid residues. This observation was also confirmed in other

studies (Finne and M€akel€a 1985; Hayrinen et al. 1989) and is also consistent with

NMR studies (Michon et al. 1987) which demonstrated that the conformation of

the linkages of PSA and its shorter oligomers were very different. In contrast,

similar experiments on the GCMP using rabbit polyclonal antisera, produced

more conventional inhibition curves, which maximized rapidly, indicating that

five a(2 ! 9)-linked residues were sufficient to inhibit its binding to the rabbit

antiserum (Jennings et al. 1985). This result is consistent with the proposal made

from classic serological studies on linear glucans (Kabat 1976), that the upper limit

in size for most antibody combining sites is six glucose units. Because antibodies

specific for PSA require an unusually long segment for binding to occur, it has been

hypothesized that they recognize an extended helical form of PSA. Support for this

hypothesis is based on the identification of a common length dependent epitope

responsible for the binding of both PSA and poly(A) to the human macroglobulin

IgMNOV (Kabat et al. 1988), and the known propensity of poly(A) to form helices

of n ¼ 8–10 monomer units. Although PSA and poly(A) share no common
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structural features, both polymers were able to precipitate an equal quantity of

IgMNOV, and this was attributed to them sharing a common epitope, composed of

a similar helical arrangement of negative charges.

Further support for the extended helical nature of the PSA epitope was obtained

from potential energy calculations and NMR data (Brisson et al. 1992), which

showed that although PSA exists predominantly in the random coil form, it can

readily adopt extended helical conformations in which n ¼ 9. This study also

established that the stability of the extended helical conformation is dependent on

its carboxylate groups, which interestingly is consistent with immunological stud-

ies, in which it was demonstrated that reduction of the carboxylate groups of PSA

prevented it from binding to PSA-specific antibodies (Brisson et al. 1992). Further-

more it was established that binding to IgMNOV was not diminished by

substituting the N-acetyl groups of PSA by larger N-propionyl groups (Kabat

et al. 1988). Models of the PSA helical epitope where n ¼ 9 obtained from the

above data, and of the equivalent n ¼ 9 epitope of poly(A), generated from X-ray

data (Brisson et al. 1992), are shown in Fig. 3.1a, and illustrate that even though

they share no common structural features, the negative charges of both extended

helical forms of the linear polymers are superimposable.

To obtain unequivocal evidence for the existence of the extended helical epitope,

attempts were made to co-crystallize an a(2!8)-linked oligomer (n ¼ 10) of PSA

with a Fab fragment obtained from PSA-specific mAb 735, but unfortunately they

were not successful. However convincing evidence was obtained when, in the

absence of hapten, the Fab fragment was crystallized and subjected to X-ray

diffraction analysis (Evans et al. 1995). The binding site consisted of a very long

groove, which was bimodal in that it underwent a striking reversal in shape and

charge distribution along the interface between heavy and light chains, which

Fig. 3.1 (a) Models of the n ¼ 9 helices of PSA and polyA. (b) Stereoview of the fit of the

n ¼ 10 helical model of PSA to the binding surface of Fab 735
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accounted for the binding of both the carboxylate and N-acetyl groups to the

binding site. This is consistent with the immunological properties of mAb 735,

being different from those of IgMNOV (Kabat et al. 1988), because unlike

IgMNOV, substitution of the N-acetyl groups of PSA by N-propionyl groups

negated its binding to mAb 735 (see Table 3.3 in Sect. 3.3.1). With only minor

adjustments, the extended helix proposed by Brisson et al. (1992), when modeled

into the binding site, had a shape and charge distribution which was complementary

to the Fab from mAb 735 as shown in Fig. 3.1b. At least eight a(2!8)-linked sialic

acid residues are accommodated in the site, the helical twist of PSA positioning the

appropriate functional groups for binding to the bimodal site.

From reported binding studies on different PSA-specific antibodies, all are

specific for an extended helical epitope (Jennings et al. 1984, 1985; Finne and

M€akel€a 1985; Kabat et al. 1988; Hayrinen et al. 1989). Because conformational

studies indicate that this epitope is only a minor contributor to the total number of

possible epitopes formed by PSA (Brisson et al. 1992), the dominance of antibodies

specific for the less populous epitope must be the result of immunological selection.

The reluctance of the immune system to produce antibodies associated with the

more populous random coil form of PSA probably occurs because the shorter

a(2!8)-linked oligomers of PSA are conformationally similar to structures

identified in sialylated human tissue antigens (Finne et al. 1983). Thus the produc-

tion of antibodies which cross-react with these latter antigens is even more strin-

gently avoided than those induced to the extended helical form of PSA.

3.3 N-Propionylated PSA Conjugate Vaccine

The failure of PSA–protein conjugates to provide satisfactory levels of protective

antibody against group B meningococci prompted interest in the chemical modifi-

cation of PSA prior to its conjugation. One modification that has shown some

success was to replace the N-acetyl of the sialic acid residues by N-propionyl (NPr)
groups. Fragments of NPrPSA (10–11 kD), previously treated with sodium

metaperiodate to introduce terminal aldehyde groups, were then conjugated to

tetanus toxoid by reductive amination (Jennings et al. 1986). The NPrPSA conju-

gate, when administered to mice with Freunds’ complete adjuvant, induced high

titers of NPrPSA-specific antibodies which were bactericidal for group B

meningococci and passively protective against both group B meningococci and

E. coli K1 (Jennings et al. 1986, 1987; Ashton et al. 1989). The NPrPSA conjugate

was also able to induce much higher levels of cross-reactive PSA antibodies relative

to the native PSA conjugate but unfortunately these antibodies were not bactericidal

for group B meningococci (Jennings et al. 1987).

While group B meningococci were able to absorb out the bactericidal activity

from mouse anti-NPrPSA–TT sera (Ashton et al. 1989), surprisingly none of the

bactericidal activity could be removed when PSAwas used as adsorbent (Table 3.1).

Thus it was demonstrated that NPrPSA-specific antibodies consist of two distinct

populations, one of which (minor population) cross-reacts with PSA and is not
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protective, whereas the larger population of antibodies, which do not cross-react

with PSA, surprisingly contain all the bactericidal activity (Jennings et al. 1987,

1989). This evidence indicates that NPrPSA mimics a different epitope on the

surface of group B meningococci and E. coli K1 than is presented by PSA alone.

These studies suggest that an NPrPSA–protein conjugate would be an excellent

vaccine candidate against group B N. meningitidis, for which there is currently no

efficacious vaccine available, and this has been confirmed in recent pre-clinical

studies with these conjugates in mice (Jennings et al. 1986) and primates (Fusco

et al. 1997). However preliminary human trials using the NPrPSA–TT conjugate

were disappointing because, although found to be safe and immunogenic in human

adults, the antisera that it induced lacked bactericidal activity against group B

meningococci (Bruge et al. 2004). This was probably because only a mild adjuvant

(aluminium hydroxide) was used (Jennings 1997), and support for this explanation

was obtained in a recent human trial against small cell lung cancer using an NPrPSA-

KLH vaccine in combination with a stronger saponin (QS-21) adjuvant. The desired

goal of the trial was to use the induced cross-reactive PSA-specific IgM antibodies

to eliminate any residual PSA-expressing small cell lung cancer cells remaining

after other radiation and/or surgical treatments (Krug et al. 2004). However, in an

assessment of the same patient antisera for protection against N. meningitidis, it was
shown that the majority of the vaccinees (five out of six), none of whom had

bactericidal activity in their preimmune sera, produced antisera which were highly

bactericidal for group B meningococci (Table 3.2). The antisera contained antibodies

specific for NPrPSA (IgG and IgM) and crossreactive with PSA (IgM), and by

analogy with the previously described results of using an NPrPSA–TT conjugate

vaccine in mice (Jennings et al. 1987) shown in Table 3.1, it is probable that only the

NPrPSA-specific antibodies are bactericidal for group B meningococci.

Currently there is no fully efficacious vaccine against meningitis caused by

group B meningococci and E. coli K1, and the evidence described above would

suggest that an NPrPSA–protein conjugate would be a promising candidate.

However, although the above study also demonstrates that this type of vaccine

will also induce a subset of PSA-specific human antibodies that bind in vitro to

polysialylated human brain glycopeptides (Hayrinen et al. 1995), there is evidence

to suggest that they do not bind in vivo (Saukkonen et al. 1986). Furthermore, when

pregnant cynomolgus monkeys were hyperimmunized with an adjuvanted

NPrPSA–TT conjugate, the induced antibodies, that were bactericidal for group B

meningococci and were maintained during the whole gestation period, were shown

Table 3.1 Bactericidal titers of anti-NPrPSA serum absorbed with PSA

Serum Radioactive antigen binding assay

PSA NPrPSA Bactericidal titer

Anti-NPrPSA (unabsorbed) 50a 77 512

Anti-NPrPSA (absorbed with PSA)b 0 73 512

Control 0 0 <4
aPercentage of binding to 3H-labeled antigens
b500 ml of serum absorbed with 250 ml of 1 mg ml�1 PSA (10–11 kDa) for 4 days at 4�C
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to have no harmful consequences on the development of the organs and nervous

system of fetuses and sucklings (Bruge et al. 1996).

3.3.1 Extended Helical Epitope of NPrPSA

On the evidence that NPrPSA mimics a protective epitope distinct from PSA on the

surface of group B meningococci (Jennings et al. 1989) it must be regarded as a

potential vaccine candidate, and it is therefore important to define both the epitope

mimic and the mimicked bacterial surface epitope. These epitopes were characterized

more fully by producing a series of NPrPSA-specific mAbs, by immunizing Balb/c

mice with NPrPSA–TT, which were then screened by a number of PSA antigens (Pon

et al. 1997). On the basis of these properties the mAbs could be divided into two

distinct types, as represented by the predominant type mAb 13D9, which binds only

extended NPrPSA epitopes, and is bactericidal, and the minor type non-bactericidal

mAb 6B9, which binds shorter fragments of NPrPSA as shown in Table 3.3. The

inability of mAb 6B9 to be bactericidal for group B meningococci can be explained

Table 3.3 Biological activity of monoclonal antibodies to NPrPSA
Vaccine Clone Isotype NPrPSA (Neu5Pr)4 PSA GBMPa Epitope

size

Bactericidal

activity

(Neu5Pr)4�TT 11 G1 IgG2a + + + + Short �
NPrPSA–TT 13D9 IgG2a + � � + Extended +

6B9 IgG2a + + � � Short �
Group B

meningococci

735 IgG2a � � + + Extended +

aContains aggregated PSA

Table 3.2 Bactericidal activity of sera from patients vaccinated with NPrPSA–KLH/QS-21

against group B meningococcus

Patient Week Bactericidal activity: antisera dilution able to give

80% killing 50% killing

1 1 200 500

4 >10,000 >10,000

10 3,000 >10,000

2 1 – 200

4 >10,000 >10,000

3 1 – 200

4 100 200

4 1 – 200

4 2,500 7,000

5 1 – 200

4 1,500 4,500

6 1 – 200

4 2,000 >10,000
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by its failure to bind to PSA or aggregated PSA. However it is interesting to note mAb

11 G1, produced by a vaccine consisting of a short fragment of NPrPSA conjugated

to tetanus toxoid (NeuNPr)4–TT, reacted with PSA, aggregated PSA and NPrPSA but

was still not bactericidal. This is probably because it binds exclusively to the terminal

non-reducing end of both NPrPSA and PSA, as demonstrated by more recent surface

plasmon resonance studies (MacKenzie and Jennings 2003).

That mAb 735 is bactericidal for group B meningococci is consistent with the

observation that it binds to PSA and not to NPrPSA, while mAb 13D9 is more unusual

in that it only binds to NPrPSA, but is still able to provide bactericidal protection in

mice challenged with group B meningococci. This it achieves by mimicking a unique

PSA-associated intermolecular epitope, which is only found in aggregated PSA.

Interestingly inspection of Table 3.3 indicates that both protective mAbs 735 and

13D9 are immunospecific, in terms of binding only to extended fragments of PSA

and NPrPSA respectively, and in previous inhibition experiments (Jennings et al.

1989), a similar length-dependency had also been observed in the binding of

NPrPSA to a polyclonal anti-mouse NPrPSA–TT serum. This length-dependency

is also consistent with NMR spectroscopic and molecular modeling data (Baumann

et al. 1993) that show that the replacement of the N-acetyl groups of PSA by

N-propionyl groups, do not result in major changes of its conformation, and similar

to its PSA counterpart, are consistent with the protective extended NPrPSA epitope

being situated on an inner helical (n ~ 9) segment of NPrPSA. The precise size of

the extended NPrPSA epitope was confirmed by surface plasmon resonance, where

the binding of a series of protein conjugated NPrPSA oligomers (n ¼ 7–11) to

a high concentration of mAb 13D9 were studied (MacKenzie and Jennings 2003).

As shown in Fig. 3.2a oligomers n ¼ 7 and 8 did not bind, whereas oligomer n ¼ 9

Fig. 3.2 (a) Sensorgrams showing Fab 13D9 binding capacities of NPrPSA monomeric units

n ¼ 7–11. (b) Stereoview of the fit of the n ¼ 10 helical model of NPrPSA to the binding surface

of Fab 13D9
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and above bound equally well. The increase in binding is consistent with a mini-

mum size of n ¼ 9 for the protective epitope, and the sudden increase in binding

from n ¼ 8 to n ¼ 9 and above is consistent with the formation of a conformational

epitope.

The critical importance of the carboxylate group to the stability of the extended

helical epitope of both PSA and NPrPSA can be ascertained from NMR spectro-

scopic studies and potential energy calculations on the carboxyl reduced PSA

(Baumann et al. 1993), which indicate that because the extended helical epitope

is not stabilized in the reduced polymer it should exhibit conventional immunolog-

ical properties. This proved to be true, when it was demonstrated that in contrast to

PSA, much smaller (n ~ 5) reduced oligomers were required to inhibit the binding

of reduced PSA to its homologous antiserum. Another structural feature that is

critical to the stability of the extended helical epitopes of PSA and NPrPSA is

that they require the presence of contiguous a(2!8)-linked residues. Although

conjugates of the N-propionylated K92 polysaccharide, which consist of alter-

nating a(2!8) and a(2!9) sialic acid residues, were able to induce antibodies

that cross react with NPrPSA, they were bactericidal for group C but not group B

meningococci. NMR and molecular modeling of the NPrK92 polysaccharide

have shown that it cannot form the extended helices required to mimic the

bactericidal epitope because of the innate flexibility of its a(2!9)-linkages (Pon

et al. 2002).

Confirmation of the existence of this extended helical conformation was

obtained by X-ray crystallographic analysis of the crystallized Fab fragment of

mAb 13D9 (Patenaude et al. 1998). The binding site, consisting of an unusually

long groove was similar to that found for the binding of the Fab fragment of mAb

735 to PSA (Fig. 3.2b), even though mAbs 13D9 and 735 are immunospecific for

their homologous antigens, NPrPSA and PSA respectively. An extended helix of

NPrPSA modeled into the binding site had a shape and charge distribution comple-

mentary to the Fab of mAb 13D9, as shown in Fig. 3.2b. At least eight contiguous

a(2!8)-linked NPr-sialic acid residues are accommodated in the site, the helical

twist of the residues being necessary to position the appropriate functional groups

for binding to the site.

3.3.2 Mimicked Protective Capsular Epitope

That PSA is a component of the mimicked protective capsular epitope can be deduced

from the fact that both group B meningococci and E. coli K1, which both have PSA

capsules, were able to absorb out the bactericidal antibodies from an NPrPSA-specific

mouse antiserum (Ashton et al. 1989). In addition, the fact that mAb 13D9 reacts only

with PSA in its aggregated form (Table 3.3), confirms the role of PSAs’ terminal

phospholipid group in the protective epitope. Although the mimicked protective

epitope has not yet been fully defined, it has been identified in the capsular layers

of both group B meningococci and E. coli K1 by electron microscopy using mAb

13D9 and a gold-labeled anti-mouse IgG antibody (Pon et al. 1997), and there is
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convincing evidence to suggest that it is formed by the interaction of the helical

epitopes of PSA with the long hydrophobic chains of its phospholipid component in

its native form (Jennings et al. 1989). When a mouse anti-NPrPSA–TT serum was

passed through affinity columns in which PSA was linked to the solid support by

either long or short aliphatic spacer arms, only the former was able to remove the

bactericidal antibodies (Jennings et al. 1989). This implies that the long hydrophobic

spacer is functional in binding NPrPSA-specific bactericidal antibodies, and that

because of its attachment to a solid support, is able to intermingle with PSA, thus

forming a mimic of the intermolecular epitope.

3.4 Group B Streptococcus

3.4.1 Structure of the Group B Streptococcus (GBS) Polysaccharides

Group B streptococci are Gram-positive organisms which based on their capsular

polysaccharides, are classified into nine different serotypes, of which types Ia, Ib, II,

III and type V, constitute the major disease isolates (Pon and Jennings 2008). The

structures of the group B streptococcal polysaccharides (GBSP), including that of

type 7, are shown in Table 3.4.

The structures of the GBSP are unique in that they all have one terminal sialic

acid residue per repeating unit, and are composed of sequences of the same

constituent sugars, except that they differ in some linkages. Some strain specific

O-acetylation of terminal sialic acid has been reported (Lewis et al. 2004), but

because of base treatment during purification of the GBSP (Wessels et al. 1990),

none of the conjugate vaccines discussed below contained O-acetylated GBSP (see

Sect. 3.4.2). Of even more interest is the high degree of homology that the GBSP

have with the oligosaccharides of human glycoproteins (Jennings et al. 1984), and

in fact this structural mimicry probably acts as a virulence factor by enabling

the bacteria to evade the human immune mechanism. Certainly experiments have

confirmed that even the presence of terminal sialic acid alone is able to suppress

activation of the alternate complement pathway (Edwards et al. 1982), a potent

protective mechanism when levels of type-specific polysaccharide antibodies

are low.

3.4.2 Immunology of GBSP

Group B Streptococcus (GBS) has become the leading cause of neonatal sepsis and

meningitis, which is associated with significant morbidity and mortality (Baker and

Kasper 1985), and it was envisioned that infant protection against invasive group B

streptococci may be afforded by using their capsular polysaccharides as vaccines in

child-bearing women. Thus the protective IgG antibodies induced in the mother

would be transferred across the placenta to the neonate. However a significant flaw

in this strategy was identified when it was found that a significant number of women
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did not respond to the polysaccharide vaccines (Baker and Kasper 1985), and

therefore a method to enhance the polysaccharide immune response was needed.

This was achieved by linking the de-O-acetylated GBSP to protein carriers

to form conjugate vaccines (Paoletti et al. 1994). With the exception of type V

(Guttormsen et al. 2008), the conjugates of GBSP types Ia, Ib, II and III were able to

Table 3.4 Structures of the capsular polysaccharides of Group B Streptococcus

Type Structurea,b

Ia →4) βD-Glcp (1→4) βD-Galp (1→
3
↑
1

αD-NeupNAc (2→3) βD-Galp (1→4) βD-GlcpNAc

Ib →4) βD-Glcp (1→4) βD-Galp (1→

↑
3

1
αD-NeupNAc (2→3) βD-Galp (1→3) βD-GlcpNAc

II →4) βD-GlcpNAc(1→3)βD-Galp(1→4)βD-Glcp(1→3)βD-Glcp(1→2)βD-Galp-(1→
6 3
↑ ↑
1 2

βD-Galp αD-NeupNAc

III →4) βD-Glcp (1→6) βD-GlcpNAc (1→3) βD-Galp (1→
4
↑
1

αD-NeupNAc (2→3) βD-Galp

V →4) αD-Glcp (1→4) βD-Galp (1→4) βD-Glcp (1→
3

↑ ↑
1 1

αD-NeupNAc (2→3) βD-Galp (1→4) βD-GlcpNAc 

6

βD-Glcp

VII →4) αD-Glcp (1→4) βD-Galp (1→4) βD-Glcp (1→

↑
6

1
αD-NeupNAc (2→3) βD-Galp (1→4) βD-GlcpNAc

aIndividual references can be found in Pon and Jennings (2008)
bStrain-specific O-acetylation of Neu5Ac variably at positions 7, 8, or 9 has been reported (Lewis

et al. 2004)
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induce strong IgG responses that cross the placenta and persist in the newborn for at

least 2 to 3 months, the period of maximum susceptibility (Baker and Kasper 1976).

Surprisingly, despite the fact that the former GBSP conjugates share extensive

structural homology with human tissue antigens, they are still able to induce in

humans strong IgG responses to their respective polysaccharides. This can be

explained in the case of types Ia, II and III GBSP because they are able to form

length-dependent conformational epitopes (Jennings et al. 1984; Paoletti et al.

1992; Schifferle et al. 1985), similar to those formed by the a(2!8)-linked PSA

(see Sect. 3.2.3). Presumably these conformational epitopes are preferentially

selected by the human immune system from a range of alternative conformations

present in the flexible polysaccharide, to avoid binding to the shorter oligosac-

charides found in human tissue antigens (Jennings et al. 1981b; Jennings et al.

1984). By contrast the types Ib (Schifferle et al. 1985) and V (Guttormsen et al.

2008) GBSP, even though they share similar structural homology, do not form

length-dependent epitopes, and in addition the type V GBSP does not even induce

a strong IgG response in humans (see Sect. 3.4.4).

3.4.3 Extended Helical Epitope of GBSPIII

While sialic acid controlled conformational epitopes have been identified in types

Ia, II (Jennings et al. 1984; Schifferle et al. 1985; Paoletti et al. 1992) and III GBSP

(Jennings et al. 1981b), more focused studies aimed at defining these epitopes

have concentrated on the latter. The conformational nature of GBSPIII was first

demonstrated when rabbits immunized with GBSPIII-TT produced two distinct

populations of GBSPIII-specific antibodies (Jennings et al. 1981b). The major

population being dependent on the presence of sialic acid, and the minor population

reacting only with the desialylated GBSPIII, which is incidentally structurally

identical to the capsular polysaccharide of type 14 S. pneumoniae. However in
human antisera it was found that only antibody directed to the native sialylated type

III GBSP correlated highly with protection (Kasper et al. 1979). By using related

chemically modified and overlapping saccharides (Jennings et al. 1981b) to inhibit

the binding of GBSPIII to anti-rabbit GBSPIII sera, it was not possible to define the

epitope responsible for protection, but evidence for its unusual length-dependency,

and its conformational control by non-immunogenic terminal sialic acid residues

was obtained. It was further established that for the binding of integral GBSPIII

repeating units (RU) to the above antisera (Wessels et al. 1987a), 2 RU were

required for even suboptimal binding, but a more precise definition of the protective

epitope had to await the generation of GBSPIII-specific mAbs.

Inhibition and binding affinities of GBSPIII fragments (nRU) to mAbs 1B1

and 1A6, both representative of protective IgG antibodies, using ELISA and

surface plasmon resonance, established that epitope stabilization occurred at

2 RU (decasaccharide), with a small increase from 2 RU to 3 RU, and that further

significant epitope stabilization occurred between 6 RU and 20 RU (Zou et al. 1999).

These data are consistent with the presence of only one conformational epitope from
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2 RU to 7 RU, and this was confirmed when valency effects were eliminated by

binding the 2 RU to 7 RU fragments to the 1B1 Fab fragment in surface plasmon

resonance experiments (Fig. 3.3a). Further increases in binding with fragments larger

than 7 RU were initially attributed to epitope multivalency, but SPR data

demonstrated that further optimization of the epitope was still a factor even at this

length of saccharide (Zou et al. 1999). Contrary to a previously proposed model of

GBSPIII binding (Wessels et al. 1987b) in which the binding of the first antibody

propagates a continuum of helical epitopes, binding kinetics obtained from SPR

studies (Zou et al. 1999), are consistent only with the discontinuous and infrequent

formation of the helical epitope.

Physical evidence of the conformational nature of the GBSPIII protective

epitope was first obtained by comparison of the chemical shifts in the 13C NMR

spectra of GBSPIII and its desialylated core (Jennings et al. 1981b). Substantial

chemical shift differences in the linkage carbons involved in the backbone inter-

chain glucosamine linkages were detected, which are consistent with the hypothesis

that terminal GBSPIII sialic acid residues, situated remote from inner core, can

influence the overall conformation of its polymeric backbone presumably through

sialic acid-backbone interactive forces (Jennings et al. 1981b). This hypothesis

was strengthened when the above 13C NMR experiment was repeated at higher

resolution (Brisson et al. 1997), and even more interchain chemical shift differences

were detected. NMR and molecular dynamics studies (Brisson et al. 1997) on

GBSPIII and/or its fragments, confirmed that GBSPIII is capable of forming

extended helices (Fig. 3.3b), and that the interaction of terminal sialic acid with

its interchain residues is probably a factor in defining its protective conformational

epitope. Thus like PSA (see Sect. 3.2.3), GBSPIII exists primarily as a random coil

but can spontaneously form infrequent protective extended helices. Unfortunately

Fig. 3.3 (a) Sensorgrams showing the Fab 1B1 binding capacities of 2, 6, 7, and 20 repeating unit

of type IIIGBSP. (b) Extended helix of 4 repeating units of type III GBSP
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the acquisition of confirmatory evidence in support of this extended helical epitope

has been thwarted by the failure of the Fab 1B1 to crystallize. However, a model

of the Fab 1B1 has been constructed from its peptide sequence (Kadirvelraj et al.

2006), demonstrating that it has a long grooved binding site which can accommo-

date 3 RU of the GBSPIII extended helical epitope.

3.4.4 GBSP Epitopes Independent of Sialic Acid Control

Despite the close structural resemblance of GBSPIb to GBSPIa (Table 3.4), differing

only in one side chain linkage, the protective antibodies induced by their conjugates

are uniquely type-specific. Furthermore, while terminal sialic acid residues are

critical to the formation of the protective epitope in GBSPIa, they do not have the

same role in GBSPIb (Schifferle et al. 1985). By analogy with GBSPIII, one could

invoke the explanation that only in the former the sialic acid residue is capable of

interacting with its backbone to form an extended helical epitope, but evidence is

still required to substantiate this. Immunological studies show that for GBSPIb its

specificity is not dependent on its terminal sialic acid residues but is dependent on

a readily accessible highly immunogenic inner epitope centered on the unique Gal

(1!3)GlcNAc linkage in its linear side chain (Schifferle et al. 1985).

Like GBSPIb, the human immunological response to GBSPV conjugates

(Guttormsen et al. 2008) indicates that terminal sialic acid residues are not critical

to the formation of its protective antibodies, and that therefore it does not form

sialic acid-controlled extended helical epitopes. This was confirmed when GBSPV

was subjected to 13C NMR spectroscopic analysis (Guttormsen et al. 2008), which

demonstrated that, in contrast to GBSPIII (Jennings et al. 1984; Brisson et al. 1997),

on removal of terminal sialic acid, the only significant chemical shift displacements

were restricted to its neighbouring galactopyranose residue (Fig. 3.4), which is

consistent with the absence of a conformational epitope. Interestingly, the 13C

NMR spectrum of GBSPVII (Kogan et al. 1995), which has an identical structure

to GBSPV, except that GBSPV has an additional branched glucopyranose residue

(Fig. 3.4), showed that on removal of terminal sialic acid, chemical shift

displacements of substantial magnitude were detected in its inner chain, indicative

of the presence of a sialic acid-controlled conformational epitope. This evidence

strongly suggests that the additional glucopyranose residue in GBPSV prevents the

sialic acid residue from interacting with its inner residues and thus from forming

a conformational epitope similar to GBSPVII.

When injected into humans and macaques, the GBSPV conjugate exhibited

another unique property in that it induced a predominant IgM response to GBSPV

whereas in contrast, the Ia, Ib, II and III GBSP conjugates, induced in humans the

IgG response necessary for protection (Paoletti and Kasper 2003). However a

desialylated GBSPV conjugate was able to induce the required IgG response in

macaques and their antibodies were completely cross-reactive with those induced by

the native GBSPV conjugate (Guttormsen et al. 2008). This evidence identifies the

desialylated GBSPV conjugate as the preferred vaccine against GBSV infections,
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and also implicates sialic acid, or perhaps the entire branched trisaccharide

(NeuNAc(2!3)Gal(1!4)GlcNAc), in modulating the macaques immune system.

Of interest is the fact that GBSPIa also contains the same branched trisaccharide, but

its conjugates are able to induce protective IgG antibodies in humans. This result is

consistent with the hypothesis that in the protective conformational epitope of

GBSPIa, the sialic acid interacts with its inner residues, perhaps preferentially

shielding it from the immune downregulating mechanism.

3.5 Concluding Remarks

Because of the ubiquity of sialic acid in human tissue antigens, the ability of

bacteria to incorporate sialic acid into their surface molecules endows them with

another powerful tool to evade the human immune system by mimicking human

antigen structures. Examples of this phenomenon are found in the capsular

polysaccharides of group B Neisseria meningitidis and group B Streptococcus as
described in this review, however this phenomenon extends to other pathogens as

well. The human immune system has adapted to this problem by invoking a unique

immune response whereby high affinity protective IgG antibodies are produced

exclusively to length-dependent conformational epitopes found on the invasive

pathogen, but which are poorly expressed in human tissues. In the case of the

a(2!8)-linked polysialic acid capsule of group B N. meningitidis and E. coli K1,
which is a structural homolog of a human neonatal development antigen, induced

Fig. 3.4 Significant 13C

NMR chemical shift

displacements (>0.2 ppm)

caused by removal of

terminal sialic acid from

GBSPV and GBSPVII
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immune responses are weak, and even when they are enhanced by chemical

modification of the PSA capsule, only antibodies to length-dependent epitopes

are protective. There is evidence to suggest that these conformational epitopes are

more ordered and helical in nature as opposed to the random coil orientations found

in shorter mimicked human tissue antigens. Similar sialic acid driven, length-

dependent helical epitopes have now been found and described in the protective

human immune response to many group B streptococcal polysaccharides. These

studies identify the important ability of the human immune system to distinguish

polysaccharides through protective recognition of their extended conformations,

and lay the groundwork for further elucidation of new immune related conforma-

tional dependencies.
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Antibody Recognition of Chlamydia LPS:
Structural Insights of Inherited Immune
Responses

4

Ryan J. Blackler, Sven M€uller-Loennies, Lore Brade, Paul Kosma,
Helmut Brade, and Stephen V. Evans

The atomic coordinates and structure factors for all structures discussed have been depo-

sited in the Protein Data Bank, Research Collaboratory for Structural Bioinformatics,

Rutgers University, New Brunswick NJ (http://www.rcsb.org). See Table 4.1.

4.1 Overview

The increasing utility of carbohydrate-specific antibodies in diagnostic and thera-

peutic medicine, in disease bio-marker identification, and in carbohydrate-based

vaccine design has underlined the need to understand these important interactions

at the molecular level (Holmgren et al. 1984; Hakomori 1984, 1989; Fung et al.

1990; Cygler et al. 1991; Casadevall et al. 1992; MacLean et al. 1992, 1993; Bundle

et al. 1994; Pirofski et al. 1995; Fukuda 1996; Mari et al. 1999; van Ree 2000;

Hemmer et al. 2001; Kudryashov et al. 2001; Foetisch et al. 2003; Ebo et al. 2004;

Lo-Man et al. 2004; Manimala et al. 2005; M€uller-Loennies et al. 2006; Ni et al.
2006; Vliegenthart 2006; de Geus et al. 2009; Hecht et al. 2009; Astronomo and

Burton 2010; Avci and Kasper 2010; Collot et al. 2010). One of the premiere

methods to study the specific recognition of carbohydrates by antibodies is through

crystal structure determination via X-ray diffraction; however, this requires rela-

tively large quantities of pure proteins and antigens. As well, crystallization of the
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relevant complexes is often hindered by the relatively low affinity of antibodies for

carbohydrate antigens, which is generally much weaker than for proteins or

peptides, and so there are limited structural data available.

A major antigenic feature on the surface of Gram-negative bacteria is lipopoly-

saccharide (LPS), and it is not surprising that the bulk of reported structural studies

of antibody recognition of carbohydrates correspond to antibodies specific for and

in complex with antigens based on carbohydrate structures found in LPS. Together

with accurate assays of avidity to a range of antigens, these structures reveal not

only specific mechanisms of recognition, but insight into how the immune system

Table 4.1 PDB codes for antibody structures

Antibody Antigen PDB code

S25-2 Unliganded 1Q9K, 1Q9L

Kdo 3T4Y

Kdo(2!8)Kdo(2!4)Kdo 3SY0

Kdo(2!4)Kdo 3T77

Kdo(2!8)Kdo 3T65

Kdo(2!4)Kdo(2!4)Kdo 2R2B

Ko 2R2H

Ko(2!4)Kdo 2R23

7-epi-Kdo 2R2E

Kdo(2!4)KdoC1red 2R1Y

3,4-Dehydro-3,4,5-trideoxy-Kdo(2!8)Kdo 2R1W

5-Deoxy-4-epi-2,3-dehydro-Kdo(4!8)Kdo 2R1X, 3BPC

S67-27 Ko 3IJH

Kdo(2!8)Kdo 3IJY

Kdo(2!8)-7-O-Me-Kdo 3IKC

Kdo(2!4)Kdo(2!6)GlcN4P(1!6)GlcN1P 3IJS

S73-2 Kdo 3HZM

Kdo(2!4)Kdo 3HZK

Kdo(2!4)Kdo(2!4)Kdo 3HZY

Kdo(2!8)Kdo(2!4)Kdo 3HZV

S54-10 Kdo(2!4)Kdo(2!4)Kdo 3I02

S25-39 Unliganded 3OKM

Kdo 3OKD

Ko 3OKE

Kdo(2!4)Kdo 3OKK

Kdo(2!8)Kdo 3OKL

Kdo(2!4)Kdo(2!4)Kdo 3OKN

Kdo(2!8)Kdo(2!4)Kdo 3OKO

S45-18 Unliganded 1Q9O

Kdo(2!4)Kdo(2!4)Kdo(2!6)GlcN4P(1!6)GlcN1P 1Q9W

S64-4 Kdo 3PHQ

Kdo(2!4)Kdo(2!4)Kdo(2!6)GlcN4P(1!6)GlcN1P 3PHO
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has evolved to balance the ability to recognize common pathogens (i.e. inherited

immunity) with the need to adapt to new ones.

4.2 The Antibody Response to Carbohydrate Antigens

The diversity of the antibody response arises from V(D)J recombination in devel-

oping B-cells, in which a limited number of germline immunoglobulin (Ig) gene

segments are rearranged and expressed to yield mature B-cells bearing Ig surface

receptors (Fig. 4.1) (for a review see Alt and Baltimore 1982; Bonilla and Oettgen

2010; Chaudhuri and Alt 2004; Cook and Tomlinson 1995; Dudley et al. 2005;

Foote and Milstein 1994; Gearhart 1982; Jacob et al. 1991; James et al. 2003; Kindt

et al. 2007; Levinson 1992; Li et al. 2004; Manis et al. 2002; Muramatsu et al. 2000;

Oettinger et al. 1990; Tonegawa 1983). Each circulating B-cell undergoes a single

variable region Ig rearrangement, with the result that all B-cell receptors (BCR) of

that cell are identical and so have the same specificity. Any B-cells that recognize

self-antigens normally undergo apoptosis (Han et al. 1995; Janeway et al. 2001;

Melamed and Nemazee 1997; Tsubata et al. 1993), and the remainder is therefore

primed to recognize foreign antigens.

Circulating B-cells are normally dormant, but can be activated upon stimulation

by cognate non-self antigen and co-stimulation by T-helper cells. Activated B-cells

migrate to peripheral lymphoid organs where they undergo somatic hypermutation

(SHM) of their Ig locus to produce slightly mutated daughter cells of altered

affinity. Successive rounds of selection and clonal expansion of mutant daughter

cells that bind antigen (a process known as affinity maturation) produces B-cells

that display antibody receptors with significantly increased affinity for the stimu-

lating antigen (Alt and Baltimore 1982; Cook and Tomlinson 1995; Gearhart 1982;

Oettinger et al. 1990; Tonegawa 1983). Additional utility of the antibody response

is generated during this process through class-switching to replace the heavy chain

constant region of some B-cells to alter their effector functions and/or produce

soluble circulating antibodies (Chaudhuri and Alt 2004; Li et al. 2004; Muramatsu

et al. 2000).

In special circumstances, B-cell activation can occur without co-stimulation of

T-helper cells upon stimulation by thymus-independent (TI) antigens. TI antigens,

including the bacterial cell-wall components LPS and capsular polysaccharides

or polymeric protein antigens (Bonilla and Oettgen 2010; Kindt et al. 2007;

Mond et al. 1995a, b; Snapper and Mond 1996; Stein 1992; Vos et al. 2000),

activate B-cells either by the cross-linking of BCRs or through concomitant stimu-

lation of the BCR and the Myeloid differentiation factor-2 (MD2)/Toll-like Recep-

tor 4 (TLR-4) receptor complex (Fig. 4.2). However, the overall humoral response

to TI antigens is typically weaker than that to thymus-dependent (TD) antigens,

with no generation of memory cells, affinity maturation or class-switching.

The majority of carbohydrate antigens are TI, and therefore do not by themselves

induce significant affinity maturation (Mond et al. 1995b; Snapper and Mond 1996;

Vos et al. 2000). As there is a limited number of germline gene segments available
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Fig. 4.1 Antibodies are generated in developing B-cells by V(D)J recombination of germline

immunoglobulin gene segments (a). This recombined DNA is transcribed to RNA and processed

and spliced with C gene segments to yield mRNA, which is translated to yield complete antibody

heavy chain (b) or light chain (c), which is generated by the VJ recombination of a unique set of

gene segments. The heavy and light chains are then assembled (in various orders and locations

depending on the immunoglobulin class) to yield intact antibody which are directed to their final

locations. An IgG molecule (d) is composed of two heavy chains and two light chains and is the

most abundant type of serum Ig
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for the generation of antibodies to all potential antigens, evolutionary pressure

would select for those gene segments that both protect against common pathogens

and remain able to respond to novel threats.

Despite the large number of possible antibodies generated by combinatorial

diversity through SHM (Table 4.2), the number of potential antigens the immune

system may encounter has been postulated to be much larger (Sherwood 2010).

Given that every antibody produced by affinity maturation to a foreign molecule

must descend from a germline antibody, germline antibodies in general would be

expected to display significant cross-reactivity or polyspecificity (Foote and

Milstein 1994; James et al. 2003; James and Tawfik 2003; Levinson 1992; Manivel

et al. 2000, 2002; Marchalonis et al. 2001; Nguyen et al. 2003; Pinilla et al. 1999).

The general inability of carbohydrate antigens to stimulate T-cell help would

indicate that some portion of the germline antibody response would have evolved

toward immediate recognition of carbohydrate epitopes from common pathogens.

This means that carbohydrate antigens could be useful probes for the characteriza-

tion of antibody cross-reactivity and polyspecificity in the germline response.

4.3 The Specificity of Anti-Carbohydrate Antibodies

Proteoglycans, glycolipids and glycoproteins are the most prominent types of cell-

surface molecule (Bucior and Burger 2004; Tauber et al. 2001), as they are integral

to cell-signaling, cell trafficking (Kansas et al. 1993; Ley et al. 1991), cell adhesion

Fig. 4.2 B-cell activation, proliferation and differentiation occur in response to antigen and may

occur in a T-cell independent (TI) or T-cell dependant (TD) manner. Most responses are TD and

involve the processing and presentation of antigen by B-cells to T-cells and require direct contact

between the two. Some antigens however, such as LPS or capsular polysaccharide, may activate

B-cells in a TI manner through the cross-linking of the BCR or through both interaction with the

BCR and complex formation of TLR-4 and MD-2 with acylated LPS
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(Jiménez et al. 2005; Kaltner and Stierstorfer 2000; Misevic and Burger 1993), cell

differentiation (Cao et al. 2001; Panjwani et al. 1995; Yoshida-Noro et al. 1999),

embryogenesis (Haslam et al. 2002; Schachter et al. 2002), spermatogenesis

(Fenderson et al. 1984; Fukuda and Akama 2004; Scully et al. 1987), angiogenesis

(Iivanainen et al. 2003; Kannagi et al. 2004; Madri and Pratt 1986), and fertilization

(Ahuja 1982; Brandley and Schnaar 1986; Glabe et al. 1982). Each of these

glycoconjugates is generated by glycosylation pathways of varying complexity

involving one or more glycosyltransferases (Joziasse 1992; Paulson and Colley

1989; Zhao et al. 2008), and the breakdown of any of these pathways can lead to

a disruption of cellular homeostasis. One mechanism credited with the prevention

of associated disease is B-cell surveillance of these cell surface oligosaccharides

and elimination of abnormal cells (Cohen 2007; Hakomori 1984, 1989; Hecht et al.

2009; Lang et al. 2007; Lutz 2007; Vliegenthart 2006; Vollmers and Br€andlein
2007).

Neoplastic transformation often results in breakdown of the regulation of

glycosylation pathways, which in turn can lead to advanced transformation

and metastasis through manipulation of receptor activation, cell adhesion or cell

motility (Freire et al. 2006). Some of these aberrant glycosylations are known

tumor-associated-antigens (TAA) and have been well-studied for a variety of

Table 4.2 The diversity of the antibody response in humans and mice is generated by the

recombination of a limited number of germline gene segments to produce a much larger number

of unique antibodies than the germline could code for individually. This diversity is further

increased by events such as somatic mutation and class-switch recombination but still does not

appear great enough to match the number of possible antigens the immune system may encounter,

suggesting additional means of generating diversity such as antibody cross-reactivity and

polyspecificity

Human Mouse

Heavy chain

V gene families 7 15

V gene segments 37 101

D gene segments 23 9

Potential reading frames 6 6

J gene segments 6 4

H chain combinations 30,636 32,724

k light chain

V gene families 5 18

V gene segments 35 93

J gene segments 5 3

k light chain combinations 175 372

l light chain

V gene families 11 3

V gene segments 35 3

J gene segments 4 2

l light chain combinations 140 8

Combined variable region diversity 9.6 � 106 1.2 � 107
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cancers (Fukuda 1996; Fung et al. 1990; Hakomori 1984, 1989, 1991, 2001;

Lo-Man et al. 2004; Ramsland et al. 2004). Human antibodies are known to be

capable of recognizing many of these unusual TAAs, and there is a substantial

research focus in the generation of TAA-conjugate vaccines to stimulate immune

responses to various cancers (Buskas et al. 2009; Danishefsky and Allen 2000;

Ouerfelli et al. 2005; Roy 2004; Slovin et al. 2005).

The prevalence of carbohydrate structures on the surfaces of healthy cells leads

to a degree of immune tolerance, and infectious agents can sometimes use these

same structures to mask their antigenic surface proteins to evade immune surveil-

lance (Benz and Schmidt 2002; Bhavsar et al. 2007; Sansonetti 2002; Schmidt et al.

2003). However, many antibodies to carbohydrate antigens are remarkably specific

and a significant protective response against most pathogenic bacteria is still

achieved through the generation of antibodies to LPS or capsular polysaccharide

(Astronomo and Burton 2010; Berry et al. 2005; Casadevall et al. 1992; Cordero

et al. 2011; Pirofski et al. 1995; Raetz 1990; Raetz and Dowhan 1990; Raetz

and Whitfield 2002; Shaw et al. 1995).

The ability of antibodies to distinguish between closely-related antigens is

exemplified in some transfusion mismatches of the human ABO(H) blood group.

The antibody response to the foreign blood group antigen is often so severe as to

result in fatality (Storry and Olsson 2009), yet the human A and B blood group

trisaccharide antigens are nearly identical (Fig. 4.3) (Kabat 1956) and differ only in

the substitution of a hydroxyl group for an acetamido group on the terminal sugar

(i.e. the substitution of galactosyl for N-acetylgalactosaminyl). It is this potential

to distinguish between closely related antigens that drives the development of

carbohydrate-specific antibodies in diagnostic medicine (Holmgren et al. 1984;

Manimala et al. 2005; Schellekens et al. 2000; van Ree 2000).

Although many antibodies do display high-specificity, others are known to

display cross-reactivity, where antibodies raised against one antigen are able to

Fig. 4.3 A and B blood group trisaccharides (a) aGalNAc(1!3)[aFuc(1!2)]Gal and (b) aGal
(1!3)[aFuc(1!2)]Gal differ only in the substitution of a hydroxyl group for an acetamido group

on the terminal sugar, yet a transfusion mismatch is potentially fatal due to the specificity of the

antibody response to these antigens
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bind to chemically-related antigens or, more rarely, polyspecificity, where anti-

bodies raised against one antigen are able to bind antigens that are not related.

This can pose serious problems, as the cross-reactivity of some antibodies is

associated with certain autoimmune disorders that are triggered when antibodies are

developed against infectious organisms that display an immunogen with structural

similarities to self-antigens (Albert and Inman 1999; Narayanan 2000; Oldstone

2005).

Cross-reactivity and polyspecificity are postulated to take a key role in the

expansion of the potential of the humoral immune system to recognize a variety

of antigens (Foote and Milstein 1994; James et al. 2003; Manivel et al. 2002;

Marchalonis et al. 2001) and, as we shall see, are intimately associated with the

success of the antibody response to carbohydrates.

4.4 Structural Studies with Immunoglobulin Fragments

Many fundamentals of antibody structure and function were elucidated in early

studies by Rodney Porter and Gerald Edelman, for which they shared the Nobel

Prize in medicine in 1972 (Edelman 1991; Porter 1991; Steiner and Fleishman

2008). Following in the footsteps of Petermann and Landsteiner, who discovered

that an intact immunoglobulin is not required for antigen specificity (Landsteiner

1990; Petermann 1946; Petermann and Pappenheimer 1941; Rothen and Landsteiner

1942), Porter’s work on the digestion of IgG with papain revealed the multivalent

nature of the immunoglobulin and established the existence of the fragments that

were ‘antigen binding’ (Fab) and ‘crystallizable’ (Fc) (Fig. 4.1d) (Ceppellini et al.
1964). Edelman discovered that antibodies were composed of multiple chains cross-

linked by disulfide bridges (Edelman 1959; Edelman and Poulik 1961). Further

research established the ‘four peptide chain structure’ (two light chains and two

heavy chains) of the IgG (Fleischman et al. 1963) and a more precise mapping

of disulfide bridges (O’Donnell et al. 1970). In a landmark paper, Kabat showed

that immunoglobulins as a group possessed six regions of hyper-variable sequence

(three on the light chain and three on the heavy chain), which he hypothesized to lie at

the basis of individual antibody specificity (Kabat et al. 1977).

The first antibody Fab crystal structures verified this model of the immunoglo-

bulin, and showed that the six hypervariable regions were clustered at the terminus

of each antigen-binding fragment (Poljak et al. 1973). Scores of subsequent crys-

tallographic studies have shown the same fundamental structure (Allcorn and

Martin 2002). The six regions of hypervariable sequence confirmed to be responsi-

ble for antibody specificity are now commonly referred to as ‘complementarity

determining regions’ or CDRs, and named L1, L2, and L3, and H1, H2, and H3,

corresponding to their location on the light and heavy chains, respectively

(Fig. 4.1b–d). In the germline, the light chain V gene codes for CDRs L1, L2 and

part of L3, with the light chain J gene also contributing to CDR L3. The coding of

the heavy chain is more complex. While the heavy chain V gene codes for CDRs H1
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and H2, CDR H3 is coded by the VDJ junction, which provides for an even higher

level of variability that turns out to be key to the recognition of LPS.

The large database of structures of Fabs specific for a variety of antigens has

made possible the characterization and classification of CDR loop conformations,

and there exist methodologies for predicting the approximate conformation of each

CDR based on sequence (Abhinandan and Martin 2008; Al-Lazikani et al. 1997,

2000; Chothia and Lesk 1987; Chothia et al. 1992; Nakouzi and Casadevall 2003;

North et al. 2010; Tomlinson et al. 1995); however, methods to accurately predict

the conformation of the entire antigen combining site have remained elusive (North

et al. 2010).

While the large database of structures of Fabs in complex with proteins and

peptides has allowed the molecular basis of antibody recognition of these antigens

to be extensively characterized and reviewed (Davies and Cohen 1996; Davies et al.

1990; Sheriff et al. 1987; Slootstra et al. 1996; Sundberg and Mariuzza 2002;

Wilson et al. 1991), there has been no corresponding exploration of the structural

basis of antibody recognition of carbohydrate antigens until relatively recently.

4.5 Early Structural Studies of Carbohydrate-Specific
Antibodies

In retrospect, many of the key features of antibody recognition of carbohydrate

antigens were identified in the first structurally-characterized example from

David Bundle’s work, which was antibody Se155-4 in complex with a fragment

of Salmonella O-antigen dodecasaccharide (Cygler et al. 1991). Previously, the

structures of carbohydrate binding proteins such as enzymes and lectins (reviewed

here (Quiocho 1986)) revealed extensive hydrogen bonding networks between

sugar hydroxyl groups and side chains of asparagine, glutamine, arginine, glutamic

and aspartic acid and lysine residues (including coordination by buried water

molecules and some bifurcated hydrogen bonds), with significant contributions

from van der Waals interactions and surface complementarity.

The structure of antibody Se155-4 revealed that the anti-carbohydrate antibodies

could utilize additional strategies. While intricate hydrogen bond networks

remained a significant force mediating the interaction, Se155-4 showed a lack of

binding utilizing amino acid residues with amide or acidic/basic amino acid side

chains, with the possible exception of some histidine residues. Instead, the combin-

ing site was formed almost exclusively by aromatic residues tyrosine, tryptophan,

and phenylalanine, along with histidine (Fig. 4.4), and showed that an antibody can

achieve relatively high affinity for carbohydrate using neutral amino acid hydrogen

bonding partners.

The few crystal structures that appeared in the literature in subsequent years

reinforced this general binding scheme, including antibodies against the Lewis-X

blood-group (van Roon et al. 2004) and Lewis-Y tumor antigens (Ramsland et al.

2004), HIV-1 oligomannoses of GP120 (Calarese et al. 2003, 2005) and Shigella
flexneri serotype Y O-polysaccharides (Vyas et al. 2002). All tended to display
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a binding theme similar to that observed for Se155-4 (Bundle and Young 1992;

Cygler et al. 1991; de Geus et al. 2009; Murase et al. 2009). In time, a few structures

began to appear with some polar side chains contributing hydrogen bonds to the

antigen like those seen in other carbohydrate binding proteins.

Unfortunately, the small number of structures of antibodies in complex with

carbohydrate antigens and the disparate nature of their respective antigens still

precluded a detailed analysis.

4.6 LPS as a Probe of the Antibody Response

Lipopolysaccharide is a highly immunogenic conserved building block of the

Gram-negative outer membrane, and can be exploited as an excellent probe of

the antibody response to TI carbohydrate antigens (Fig. 4.2) (Brabetz et al. 1997;

Kawahara et al. 1987; Klena et al. 1993; Raetz and Whitfield 2002; Rietschel et al.

1994; Schnaitman and Klena 1993). It is present in the order of 106 copies per

bacterium, and is crucial for the structural integrity of the membrane and for

blocking serum components such as the membrane attack complex (Figueroa

and Densen 1991; Kochi et al. 1991; M€uller-Eberhard 1984; Podack and Tschopp

1984). Lipopolysaccharides from Enterobacteria are the prototypical example

of bacterial endotoxin, and are large molecules generally divided into three

components: The lipid A anchor is an acylated glucosamine disaccharide embedded

in the bacterial outer membrane and is the causative agent of septic shock. Attached

to the GlcN disaccharide of lipid A is a short chain of sugars called the core

oligosaccharide, which is subdivided into the inner and outer core and which can

Fig. 4.4 The binding site of mAb Se155-4 (PDB code 1MFD) in complex with Salmonella cell-

surface oligosaccharide fragment was the first structurally-characterized carbohydrate–antibody

complex and revealed many of the key features of antibody recognition of carbohydrate antigens

(Cygler et al. 1991)
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vary significantly between bacterial species (L€uderitz et al. 1982; Raetz 1990;

Raetz and Whitfield 2002). Last is the ‘O-antigen’ or the ‘O-polysaccharide’,

which is a repeating oligosaccharide attached to the outer core that varies among

bacterial strains (Brabetz et al. 1997; Heine et al. 2003; Kawahara et al. 1987; Klena

et al. 1993; L€uderitz et al. 1982; Osborn 1963; Raetz 1990; Raetz and Whitfield

2002; Rietschel et al. 1994; Schnaitman and Klena 1993; Susskind et al. 1995).

Under natural conditions, a functional outer membrane in Gram-negative bacteria

contains atleast a (2!4) linked disaccharide of 3-deoxy-a-D-manno-oct-2-ulosonic
acid (Kdo) or a single Kdo phosphorylated in position 4 or 5. In some species such

as Burkholderia cepacia and certain strains of Acinetobacter, one of the Kdo

residues may be substituted with the isosteric D-glycero-D-talo-oct-2-ulosonic
acid (Ko) (Holst et al. 1995; Isshiki et al. 1998; S€usskind et al. 1995).

4.7 Antibodies to Chlamydiaceae LPS

Chlamydiaceae is a bacterial family containing two genera, Chlamydia and

Chlamydophila, with a total of nine species representing a range of human and

animal pathogens that cause a variety of diseases. The LPS of this family displays

an unusual truncated LPS based on the sugar Kdo, consisting of the family-specific

oligosaccharide Kdo(2!8)Kdo(2!4)Kdo, with Chlamydophila psittaci also

displaying Kdo(2!4)Kdo(2!4)Kdo and the species-specific branched oligosac-

charide Kdo(2!4)[Kdo(2!8)]Kdo(2!4)Kdo (Fig. 4.5a–c) (Brade et al. 1987;

Kosma et al. 1990, 2008; M€uller-Loennies et al. 2000, 2006).
The antibody response against the family-specific antigen is the basis of

a diagnostic test for Chlamydophila pneumoniae infection in humans (Medac

GmbH, Wedel, Germany). In this ELISA test glycoconjugates of oligosaccharides

containing various chlamydial Kdo-based LPS epitopes are used as antigens.

Such antigens have also proved useful in the immunization of BALB/c mice for

generating a range of antibodies with varying specificities and affinities for Kdo and

Ko containing antigens (Brade et al. 2000, 2002; Kosma et al. 1988, 1989, 1990,

1999, 2000, 2008; Maaheimo et al. 2000; M€uller et al. 1997; M€uller-Loennies et al.
2000, 2002, 2006). An example of the glycoconjugates used to generate these

antibodies is shown in Fig. 4.5d.

4.8 Chlamydial LPS as a Probe of the Antibody
Response to Carbohydrates

The germline antibody response is generally IgM, and a germline antibody

(by definition) having not undergone affinity maturation is of generally lower

affinity. Further, IgM itself is difficult to work with in the laboratory as enzyme

digest will produce the Fv fragment in low yield, and so most studies of antibody

recognition are carried out using affinity-matured IgG. Although this may seem

counterintuitive, much useful information about the germline response can be
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obtained through these studies. First, the higher affinity of the IgG will better allow

co-crystallization with the antigen of interest. Second, the class-switching that

accompanies affinity maturation allows the production of large quantities of IgG

that can be digested to yield the Fab fragment in high yield. Third, murine germline

genes are well defined, and analysis of the antibody sequence of a successful

structure determination of an antibody–antigen complex will still reveal the likely

germline interactions.

Fig. 4.5 (continued)
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Although carbohydrate antigens are generally T-cell independent, a T-cell

response can be induced by conjugating the antigen to a protein or peptide carrier

(Fung et al. 1990; Guttormsen et al. 1998; Kudryashov et al. 2001; Lo-Man et al.

2004; MacLean et al. 1992, 1993; Ni et al. 2006). This method produces a large

number of soluble IgG antibodies from various germline origins with different

relative avidities and specificities for antigen. The relative ease of generating Fab

fragments from high-affinity IgG greatly improves the chance of co-crystallization.

Fig. 4.5 The bacterial family Chlamydiaceae displays an unusual truncated LPS of (a)
Kdo(2!8)Kdo(2!4)Kdo, (b) Kdo(2!4)[Kdo(2!8)]Kdo(2!4)Kdo and (c) Kdo(2!4)Kdo

(2!4)Kdo. BSA glycoconjugates were used for murine immunization to generate large

quantities of high-affinity IgG, an example being (d) Kdo(2!8)Kdo(2!4)Kdo–(CH2)3–

S–(CH2)2–NH–CS–NH–BSA
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A representative list of the antigens and immunogens used to raise antibodies

and to test their specificity to chlamydial LPS is presented in Tables 4.3 and 4.4.

A full range of natural and analogue structures were tested to investigate antibody

specificity, including synthetic antigens not found in nature that could probe their

cross-reactive potential (Fig. 4.6) (Foote and Milstein 1994; James et al. 2003;

James and Tawfik 2003; Levinson 1992; Manivel et al. 2000, 2002; Marchalonis

et al. 2001; Nguyen et al. 2003; Pinilla et al. 1999).

The sizeable panel of antibodies that was developed displayed a range of speci-

ficities. Some bound the Kdo(2!4)Kdo glycosidic linkage preferentially over the

Kdo(2!8)Kdo linkage and vice versa. Some would only bind antigens of one or two

carbohydrate residues, while others exclusively bound those greater than two residues

in size. Some were highly specific for a single epitope, while some cross-reactive

antibodies displayed avidity for several distinct Kdo epitopes. Together, these anti-

bodies have provided an unparalleled opportunity to explore germline recognition of

carbohydrate antigens in general (and specifically Chlamydia LPS antigens), and to

analyze the effects of specific mutations on binding (Brooks et al. 2008a, b, 2010a, b;

Gerstenbruch et al. 2010; Nguyen et al. 2001).

4.9 Related Carbohydrate Antigens Induce
the Same Germline Response

The germline genes from which an affinity-matured antibody has descended can

almost always be elucidated by a comparison of the nucleotide sequence of the

antibody with those of the germline genes (for example, see Brochet et al. 2008).

The structure of the antibody in complex with antigen can then show which

conserved residues in contact with antigen were likely responsible for the germline

interaction, and which residues have been mutated to increase antigen affinity.

The repeated utilization of a particular set of germline genes in response to

a particular class of carbohydrate antigen is common and known as ‘V-region

restriction’. It has been observed for both the human and murine antibody response

to capsular polysaccharides from Haemophilus influenzae (Adderson et al. 1991;

Senn et al. 2003), Streptococcus pneumoniae (Shaw et al. 1995), Cryptococcus
neoformans (Casadevall and Scharff 1991; Pirofski et al. 1995), Neisseria
meningitidis (Berry et al. 2005), and C. neoformans glucuronoxylomannan

(Nakouzi and Casadevall 2003). V-region restriction has been hypothesized to be

a result of the limited epitope diversity of polysaccharides, being repeating units of

short oligosaccharide epitopes (Zhou et al. 2002). A large proportion of antibodies

raised against chlamydial LPS display V-region restriction as demonstrated

by their shared germline gene segment usage (Table 4.5). Remarkably, this is true

even for those antibodies raised using chemically and stereochemically distinct

immunogens.

This redundant usage of germline gene segments in response to Kdo-based

immunogens suggests an evolutionary conservation of a combining site predisposed
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to the recognition of these epitopes, accentuating their importance as antigenic markers

with which the immune system has co-evolved to provide ‘inherited immunity’.

Interestingly, several studies have concluded that extensive somatic hypermutation

can generate a large measure of paratope diversity even from a limited gene usage

(Lucas et al. 2001; Reason and Zhou 2004; Zhou et al. 2002, 2004). V-region

restriction appears to be an evolved strategy to provide a mechanism of broad

recognition of important related carbohydrate antigens that places minimal strain on

the size of the germline gene repertoire, and acts as a starting point that can mature

towards specific recognition of particular epitopes of these related antigens.

4.10 V-Region Restriction to Chlamydial Antigens

One particular combination of heavy and light chain V genes repeatedly appears

in response to different chlamydial LPS immunogens (Table 4.5), and results in

antibodies that display a wide range of specificities and cross reactivities. As the

V genes provide a largely common L1, L2, L3, H1 and H2, it can be postulated

that the differences in avidity and specificity shown by these antibodies can be

attributed first to the different D and J genes that code for H3, and second to

mutations arising through affinity maturation.

Table 4.4 The antibodies S25-2 and S67-27 were tested against various synthetic unnatural Kdo-

and Ko-based antigens to probe the cross-reactive potential of this antibody family. Binding of Fab

fragments to synthetic allyl glycoside Kdo antigens representing natural and unnatural variations

of LPS epitopes were determined by SPR. S25-2 and S67-27 showed appreciable avidity for

several of these antigens, and S67-27 displayed avidity for an unnatural antigen that was higher

than for any natural antigen or even its cognate immunogen

Antibody/antigen Kd (x10
�6 M) determined by SPR

S25-2

Kdo 15a

Kdo(2!8)Kdo 1.8a

Kdo(2!8)Kdo(2!4)Kdo 0.6a

Kdo(2!4)Kdo 1.1a

Kdo(2!4)Kdo(2!4)Kdo 63b

Kdo(2!4)KdoC1red 31b

Ko(2!4)Kdo 190b

KdoC1red(2!4)Kdo 290b

3,4-Dehydro-3,4,5-trideoxy-Kdo(2!8)Kdo 25b

5-Deoxy-4-epi-2,3-dehydro-Kdo(4!8)Kdo 16b

S67-27

Kdo 35b

Kdo(2!8)Kdo 9.1b

7-O-Me-Kdo(2!8)Kdo 0.35b

aImmobilized BSA glycoconjugates
bSolution affinity
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The first of this group of antibodies to be structurally characterized was

the archetypical S25-2 (Brooks et al. 2008b; Nguyen et al. 2003), which is the

closest of the group to germline in sequence with only three amino acid mutations

(Table 4.6). This antibody was raised against Kdo(2!8)Kdo(2!4)Kdo(2!6)b
GlcNAc-BSA and displays the highest avidity for Kdo antigens with a (2!8)-

terminal linkage. However, S25-2 also showed weak cross-reactivity for a range

of other antigens, which was exploited to generate co-crystal structures by high

concentration antigen soaks. These structures provided the first indication of the

versatility of the S25-2 combining site.

Fig. 4.6 Various natural and synthetic antigens were used to probe the cross-reactive potential

of the S25-2 binding mechanism: (a) Kdo(2!4)Kdo(2!4)Kdo, (b) Ko, (c) Ko(2!4)Kdo,

(d) 7-epi-Kdo, (e) 3,4-dehydro-3,4,5-trideoxy-Kdo(2!8)Kdo, (f) 5-deoxy-4-epi-2,3-dehydro-

Kdo(4!8)Kdo, and (g) Kdo(2!4)KdoC1red
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S25-2 was first solved in complex with ligands representing the natural chla-

mydial epitopes Kdo(2!8)Kdo(2!4)Kdo, Kdo(2!8)Kdo and Kdo(2!4)Kdo

(Fig. 4.5), as well as with the simple Kdo monosaccharide which was placed in

the crystallization drop in high concentration. In all of these structures, the terminal

Kdo residue or Kdo monosaccharide was observed bound in a pocket composed

almost exclusively of residues corresponding to germline sequence from CDRs H1,

H2 and L3. The single residue that could not be traced to the germline sequence was

Arg L96 of CDR L3 (residues are numbered according to the KabatMan numbering

scheme for antibodies (Abhinandan and Martin 2008)), which is found at the VJ

junction of gene segments and would therefore be prone to mutation (Chaudhuri

and Alt 2004; Li et al. 2004; Muramatsu et al. 2000; Oettinger et al. 1990). The

remainder of each of the antigens was bound in S25-2 by interactions with residues

with flexible side chains in the remainder of the combining site (Fig. 4.7a).

Fig. 4.7 (a) The S25-2 type antibody family utilizes a conserved monosaccharide pocket (left
panel) and a flexible binding groove (right panel) to accommodate antigens of various size (light

chain in light grey and the heavy chain in dark grey). (b) MAb S25-2 bound a range of natural and

unnatural antigens by utilizing the conserved pocket to bind a terminal sugar and the flexible

groove to accommodate the remainder of the antigens: Kdo(2!4)Kdo(2!4)Kdo, Kdo(2!8)Kdo

(2!4)Kdo, Ko, Ko(2!4)Kdo, 3,4-dehydro-3,4,5-trideoxy-Kdo(2!8)Kdo, 5-deoxy-4-epi-2,3-

dehydro-Kdo(4!8)Kdo, and Kdo(2!4)KdoC1red. (c) The S25-2 monosaccharide binding pocket

uses a variety of molecular interactions to bind Kdo. The light chain is shown in yellow and the

heavy chain in green. Hydrogen bonds are represented by dashed grey spheres. Protein backbone

is displayed as an alpha-carbon trace unless other groups take part in binding. Water molecules are

represented by cyan spheres
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These structures provided the first glimpse of a recurring theme for the recogni-

tion of Kdo-containing antigens by S25-2 type antibodies, which combined a highly

conserved monosaccharide binding pocket specific for a Kdo residue, with grooves

that varied in sequence, shape, and flexibility surrounding the pocket capable of

accommodating a range of antigens.

4.11 The Germline Pocket Binds Kdo Using Multiple
Molecular Interactions

The mechanisms of recognition of the terminal sugar residue by the Kdo binding

pocket in S25-2 is utilized in every antigen that it was observed to bind (Fig. 4.7b),

with largely the same set of hydrogen bonds (Fig. 4.7c) despite significant shifts in

relative ligand position (up to 0.7 Å).

The interactions formed with ligand by this binding pocket consist largely of

hydrogen bonds and van der Waals forces as observed in previous carbohydrate–

antibody complexes (Bundle et al. 1994; Calarese et al. 2003, 2005; Cygler et al.

1991; Jeffrey et al. 1995; Ramsland et al. 2004; van Roon et al. 2004; Vyas et al.

2002). Specifically, Kdo sits with the O4 hydroxyl in the base of the binding pocket

where it forms hydrogen bonds to Arg L95 and Glu H100, and O5 is observed to

form a hydrogen bond to the main chain oxygen of Ser L91.

Significantly, the interactions consistently included charged residue interactions

with the Kdo carboxyl group (Fig. 4.7c), which forms a bidentate salt bridge with Arg

H52 in addition to a hydrogen bond with Tyr H33. S25-2 was the first structurally-

characterized carbohydrate-specific antibody observed to exchange charged residue

interactions with the antigen (Cygler et al. 1991; Nguyen et al. 2001, 2003).

As in other antibody–antigen complexes, a limited number of coordinated

water molecules also play a role in maximizing surface complementarity in the

S25-2 structures, and while O7 and O8 of the terminal Kdo residue never make

direct interactions with the antibody they are bridged by water molecules to Asn

L27D, Arg L27F, Tyr L32 and Tyr L92. Lastly, there is an additional water

molecule that sits partially under the monosaccharide and bridges O5 and ring O6

to Leu L94 main chain nitrogen. Although buried water molecules have been

observed in other carbohydrate–antibody complexes (Bundle and Young 1992),

none of the waters described above are completely isolated from the solvent shell.

4.12 A Flexible Groove Accommodates Additional
Carbohydrate Residues

While the ability of S25-2 to cross-react with a range of chlamydial LPS antigens

stems partly from the binding of a terminal Kdo residue in the conserved monosac-

charide recognition pocket, its increased (and differential) affinity for the di- and

trisaccharide ligands is due to their recognition by flexible side chains in the
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Fig. 4.8 (continued)
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Fig. 4.8 (continued)
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remainder of the combining site. Key to recognition of all of the antigens are

residues Arg L27F of CDR L1 and Asn H53 of CDR H2, which interact with

almost all of the antigens in different ways.

The differing glycosidic linkages of the disaccharide and trisaccharide

ligands require them to lie in distinct conformations in the combining site (Figs. 4.7b

and 4.8). In the case of the (2!8) linkage, the second Kdo is bound by hydrogen

bonds from Asn H53 and Tyr H33 to Kdo O7, His H96 to Kdo O5, and Gly H98

to Kdo O4, with interactions to a number of bridging water molecules. The (2!4)

linkage is much less favorably oriented (Table 4.3), and shows many fewer

interactions (Fig. 4.8a, b).

Fig. 4.8 Binding of various antigens is achieved through conserved interactions with the mono-

saccharide pocket and differential binding by the flexible groove. Interactions of select antibodies

and antigens are shown with corresponding 2Fo-Fc sA-weighted electron density maps for

antigens contoured to 1.0s: (a) S25-2 and Kdo(2!4)Kdo, (b) S25-2 and Kdo(2!8)Kdo, (c)
S25-2 and Ko, (d) Kdo(2!4)KdoC1red, (e) S25-2 and 5-deoxy-4-epi-2,3-dehydro-Kdo(4!8)

Kdo, (f) S25-2 and 3,4-dehydro-3,4,5-trideoxy-Kdo(2!8)Kdo, (g) S25-2 and Kdo(2!8)Kdo

(2!4)Kdo, (h) S25-2 and Kdo(2!4)Kdo(2!4)Kdo, (i) S25-39 and Kdo(2!8)Kdo(2!4)Kdo,

and (j) S25-39 and Kdo(2!4)Kdo(2!4)Kdo
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Interestingly, while the second sugar residue of the Kdo(2!8)Kdo(2!4)Kdo

trisaccharide is accommodated in much the same fashion as the (2!8) disaccharide

ligand, the second residue of the Kdo(2!4)Kdo(2!4)Kdo trisaccharide adopts

a significantly different position than the corresponding residue of the (2!4) disac-

charide (Fig. 4.8). These different conformations are each stabilized by specific

interactions, where the third Kdo residue of the Kdo(2!8)Kdo(2!4)Kdo trisaccha-

ride interacts with the flexible side chain of Arg L27F of CDR L1 through both

a hydrogen bonding and a stacking interaction, while the Kdo(2!4)Kdo(2!4)Kdo

trisaccharide has a simple hydrogen bond to Asn H53.

ELISA data show that S25-2 has higher avidity for the (2!8) linked sugars over

the (2!4), and much higher avidity for Kdo(2!8)Kdo(2!4)Kdo over the Kdo

(2!4)Kdo(2!4)Kdo trisaccharide (Table 4.3). This is also evident in the quality of

the electron density maps for the two trisaccharides in the combining site, where the

Kdo(2!4)Kdo(2!4)Kdo trisaccharide clearly shows some disorder (Fig. 4.8).

Despite these observations of cross-reactivity, it is important to note that the

comparison of binding to ligands as they occur in nature with the lipid A backbone

reveals exclusive binding of the Kdo(2!8)Kdo(2!4)Kdo trisaccharide (Table 4.3).

This is due to the bulky lipid A backbone sterically hindering the entry of smaller

ligands into the binding pocket (Brooks et al. 2008b). While this is obviously very

important in biological recognition scenarios, the study of cross-reactivity to the

smaller ligands discussed here is still quite relevant in the examination of molecular

carbohydrate–antibody recognition.

4.13 S25-2 is Permissive to Modified Epitopes
and Unnatural Antigens

The ability of the near germline antibody S25-2 to cross-react with distinct epitopes

primarily through the action of a monosaccharide binding pocket of conserved

sequence (Nguyen et al. 2003) appears to be an evolved strategy for general

recognition of Kdo-containing foreign antigens, and indicates that antibodies like

S25-2 can serve as a starting point for affinity maturation for many Kdo-containing

and Kdo-like antigens. This is apparent in the power of this pocket to recognize

modified and unnatural Kdo ligands like those in Fig. 4.6 (Brooks et al. 2008b).

Remarkably, the S25-2 Kdo pocket was observed to accommodate significant

alterations of its cognate immunogen. Slightly modified monosaccharide ligands

that bound S25-2 included Ko, a natural carbohydrate differing from Kdo by an

additional hydroxyl at carbon 3 (Fig. 4.8c), and the 7-epi-Kdo diastereomer. Both of

these ligands showed slight changes in binding mode albeit with slight (7-epi-Kdo)

or significant (Ko) decreases in avidity (Table 4.3).

Disaccharides with modifications of non-terminal Kdo residues such as Kdo

(2!4)KdoC1red displayed appreciable avidity (Table 4.4), and structural analysis

showed that flexible side chains lining the combining site groove could accommodate

the unnatural antigens as long as a terminal Kdo was present on the antigen to bind

in the monosaccharide pocket (Fig. 4.8d). Compounds with significantly altered
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terminal sugar residues were observed to bind in an “upside-down” orientation, so

instead of the terminal modified Kdo analogue occupying the monosaccharide

binding pocket the second Kdo residue was observed bound (Fig. 4.8e, f).

Although the Kdo monosaccharide binding pocket observed in the first structures

of S25-2 bound to the natural antigens was initially hypothesized to offer specific

recognition by a germline antibody of a single sugar residue on a foreign antigen from

which highly-specific antibodies could be developed by affinity maturation (Nguyen

et al. 2003), the pocket turned out to be surprisingly adaptable and would recognize

modified and non-terminal Kdo residues (Brooks et al. 2008b).

4.14 S25-2 Utilizes an Unusual CDR L3 Canonical Conformation

The conformations of the CDRs of the first antibody structures were organized by

Chothia and Lesk into approximately 25 canonical classes in 1987 (Al-Lazikani et al.

1997, 2000; Chothia and Lesk 1987; Chothia et al. 1992; Tomlinson et al. 1995). These

classifications have been expanded and revised as the number of antibody structures

solved increased (Decanniere et al. 1999, 2000; Favre et al. 1999; Guarné et al. 1996;

Harmsen et al. 2000; Kuroda et al. 2009; Shirai et al. 1996; Vargas Madrazo and Paz

2002). A new ‘clustering’ scheme for CDR conformations has recently been devel-

oped that increases the classic 25 canonical conformations to 72 clusters (North

et al. 2010). The CDR conformations found in the S25-2 type antibodies generally

fall into the original canonical structures with the exception of CDR L3, which adopts

a somewhat unusual form. The CDR H3 loops have not been analyzed for canonical

forms due to their diversity among these structures, and the difficulty in doing so due to

the hypervariable nature of CDR H3. That being said, there has been progress in the

classification of CDR H3 conformations and there exist many resources for their

determination (Morea et al. 1998; North et al. 2010; Shirai et al. 1996, 1999).

This unusual CDR L3 conformation arises from a nucleotide mutation at the

junction of light chain V and J genes, causing the germline proline to be replaced

by arginine in every antibody of the S25-2 family (Fig. 4.9). Interestingly, the

Fig. 4.9 The S25-2 type

antibodies make use of an

unusual CDR L3 canonical

structure, Class 6, to bind Kdo

ligands; displayed here is

a superposition of CDR L3

canonical structures Chothia

Class 3 Subtype A (light grey;
PDB: 1YQV), Subtype B

(dark grey; PDB: 1EO8) and
Class 6, or Cluster L3-8-1

(medium grey; PDB 3IJY,

S67-27 of S25-2 family)
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mutation of proline to arginine that is key to forming the Kdo monosaccharide

binding site also lies at the center of efforts to refine the classification of the

canonical conformations. As the canonical forms of CDR L3 are largely based on

the presence and location of key proline residues (Guarné et al. 1996), their absence

can profoundly affect loop conformations (North et al. 2010). CDR L3 of all S25-2

type antibodies lies in a canonical family deemed Class 6, in which this key proline

is absent (Guarné et al. 1996; Vargas Madrazo and Paz 2002).

4.15 Modest Levels of Somatic Mutation can Significantly
Improve Binding

All of the S25-2 type antibodies sequenced to date are further from germline than

S25-2 itself, but the range of specificities they display stems not only from affinity

maturation of the heavy and light chain V regions, but from different D and J genes

that code for alternate CDR H3 loops.

MAb S25-39 has the same heavy and light chain V genes as well as the

same heavy chain J gene as S25-2. Although the two antibodies utilize different

D genes, the resulting CDRs H3 are identical in sequence. The result is an antibody-

combining site that is nearly identical to that of S25-2 with a single mutation that

corresponds to a change from germline of asparagine H53 to lysine (Table 4.6).

Interestingly, this single mutation does not significantly affect the specificity of

S25-39, but is associated with a general increase in avidity across a range of

antigens (Table 4.3). The terminal (2!8) linked ligands show an increase in avidity

of 15-fold for the disaccharide and fourfold for the trisaccharide, while the (2!4)

linked ligands show an increase in avidity of fourfold for the disaccharide and 16-

fold for the trisaccharide (Table 4.3).

The structures of the various antibody–antigen complexes reveal that Lys H53 in

S25-39 forms additional strong hydrogen bonds and/or charged residue interactions

with the second Kdo residue of every oligosaccharide antigen (Fig. 4.8i, j). The

increased avidity of binding is consistent with the quality of electron density for

corresponding (2!4) ligands (Fig. 4.8g–j). In addition, S25-39 binds the (2!4)

trisaccharide in the expected conformation, with Kdo2 bound by Lys H53 and Kdo3

by Arg L27F. In contrast, S25-2 showed no significant interaction with Kdo2 and

Kdo3 of this antigen, which was observed in an unusual conformation with Kdo2

and Kdo3 rotated approximately 180� from their positions in complex with S25-39

and bending towards Asn H53 of CDR H2.

An important aspect of antigen binding by these antibodies stems from the

differing conformational freedom of the (2!4) and (2!8) glycosidic linkages,

and the ability of the antibody binding grooves to accommodate low-energy

conformations of these flexible antigens (Bock et al. 1992; Haselhorst et al. 1999;

Maaheimo et al. 2000). The germline residue Asn H53 of S25-2 was not long

enough to stabilize Kdo2 in a position that would also allow optimal positioning of

Kdo3 for interaction with Arg L27F of CDR L1 on the other side of the binding
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groove. However, the longer and more flexible Lys H53 of S25-39 does allow for

this optimal positioning of both Kdo2 and Kdo3, and this is reflected in the 16-fold

increase in avidity and improved observed electron density (Table 4.3 and Fig. 4.8).

The NH53K mutation is the result of a single nucleotide substitution in the

germline sequence of T!A that alters the codon from AAU (Asn) to AAA (Lys).

Given the ease with which it can be achieved and the resulting significant increases

in binding avidities, it is interesting that this particular mutation was found to be

common among the antibodies raised against glycoconjugates containing carbo-

hydrate epitopes of chlamydial LPS, where 11 of the 21 antibodies of this group

with known sequence contain this mutation.

It is significant that this single mutation in the combining site of the weakly

cross-reactive S25-2 results in clear cross-reactivity of S25-39 toward a range

of Kdo-containing antigens (Table 4.3), which emphasizes the potential of the

germline monosaccharide pocket as a starting point for affinity maturation.

There are a few other common mutations observed among the S25-2 group of

antibodies, but none so prominent or with such apparent effect on binding as lysine

at H53. The key residues of the Kdo monosaccharide binding pocket are highly

conserved in the germline, suggesting that this site is already optimized for the

recognition of Ko or Kdo-containing antigens. Mutation of the remainder of the

antigen binding site through affinity maturation would provide a clear path for

the development of antibodies of higher affinity and altered specificity; however,

this does not take into account the equally evolved response found in the D and

J genes that codes for CDR H3.

4.16 CDR H3 Significantly Affects Specificity

The conserved monosaccharide pocket is the defining feature of S25-2 antibodies

as it provides specific recognition of a common epitope of the chlamydial LPS.

The pocket makes up a portion of the combining site coded by the V genes and

the remainder of the site certainly contributes to and modulates antigen binding;

however, it is CDR H3 that is largely responsible for S25-2 type antibody specificity.

CDR H3 is generally well known to strongly influence the specificity of

antibodies, as unique loops arise from the hypervariable nature of the VDJ interface

(Fig. 4.1) (Alt and Baltimore 1982; Brooks et al. 2010a; Gearhart 1982; Li et al.

2004; Oettinger et al. 1990; Webster et al. 1994; Wedemayer et al. 1997; Xu and

Davis 2000). One landmark study revealed that switching the CDR H3 of otherwise

identical IgM molecules can dramatically alter their specificities for haptens and

protein antigens (Xu and Davis 2000).

The study of the S25-2 type antibodies reveals that not only are the unique

interactions via CDR H3 important in most antigen recognition scenarios, but the

shape of CDR H3 has a significant influence in directing the antigen binding site

towards specificity or cross-reactivity. The importance of combining site archi-

tecture in actual antigen recognition scenarios of these pathogens cannot be under-

stated due to the context-dependent presentation of these antigens linked to the
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bulky lipid A backbone. We will see that this also comes into consideration with

alternate light chain V genes.

4.17 An Inward CDR H3 Tilt Precludes Binding of Certain
Epitopes

S45-18 is an S25-2 type antibody and so shares the same heavy and light chain V

genes, but possesses D and J genes that code for a different CDR H3 (Tables 4.5 and

4.6). Whereas S25-2 was raised against an antigen with a (2!8) terminal linkage,

this antibody was raised against the Kdo(2!4)Kdo(2!4)Kdo trisaccharide and it

shows high avidity for (2!4) terminal ligands. The differences in binding

specificities between S45-18 and S25-2 (Table 4.3) can be attributed to the different

CDR H3 sequence and conformation.

The structure of S45-18 in complex with the Kdo(2!4)Kdo(2!4)Kdo trisaccha-

ride shows that the terminal Kdo residue is recognized by the same monosaccharide

binding pocket as in S25-2. However, while S25-2 has a comparatively short CDR

H3 and an open combining site, the longer CDR H3 of S45-18 bends inwards and

forms a more restricted pocket (Figs. 4.10a and 4.11). Further, it possesses a key

phenylalanine residue at position H99 that protrudes into the combining site to form

favorable stacking interactions with the Kdo(2!4)Kdo(2!4)Kdo trisaccharide anti-

gen (Fig. 4.10a). These interactions are not available with the Kdo(2!8)Kdo(2!4)

Kdo trisaccharide due to the alternate length and conformational freedom of the

(2!8) linkage, and so binding of this antigen is less favored (Table 4.3).

The S25-2 type antibodies S54-10, S73-2 and S67-27 also contain longer CDR

H3 loops (Table 4.6). Interestingly, S54-10 showed strikingly similar specificity to

S45-18, but with a different CDR H3. The structure of S54-10 in complex with the

Kdo(2!4)Kdo(2!4)Kdo trisaccharide antigen again showed a CDR H3 with an

inward bend (Fig. 4.11). Remarkably, the similarity of the binding profile could be

traced to the protrusion of a phenylalanine residue into the combining site at the

same position as observed in S45-18 to form similar stacking interactions with

(2!4) ligands and again impede the binding of (2!8) ligands.

The presence in the germline of multiple DJ combinations that give rise to

similar binding motifs indicates that there must be a survival advantage conferred

by a redundant repertoire specific for pathogens displaying these Kdo-based markers.

4.18 An Outward Tilt to CDR H3 Encourages Cross-Reactivity

S73-2 and S67-27 possess CDR H3 loops that are both longer and with different

sequence than S45-18 or S54-10 (Table 4.6). Structural studies show that they lean

away from the Kdo specificity pocket in both antibodies (Fig. 4.11). Interestingly,

these antibodies both adopt a backward leaning CDR H3 despite their being raised

with different immunogens; S73-2 with a sterically-challenging branched Kdo trisac-

charide, and S67-27 with the comparatively small Ko(2!4)Kdo disaccharide
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Fig. 4.10 The antibodies raised against Kdo-based glycoconjugates show various specificities

and cross-reactivites for certain epitopes. (a) S45-18 binds the antigen Kdo(2!4)Kdo(2!4)Kdo

(2!6)bGlcN4P(1!6)aGlcN in an ‘upright’ position similar to the binding of other antigens by

S25-2 type antibodies. (b) S73-2 binds Kdo(2!4)Kdo(2!4)Kdo (left panel) in the expected

‘upright’ position, but displays cross-reactivity for an unusual bent epitope of Kdo(2!8)Kdo

(2!4)Kdo (right panel) by recognizing an internal Kdo in the conserved pocket. (c) S64-4

binds the same antigen as S45-18; Kdo(2!8)Kdo(2!4)Kdo(2!6)bGlcN4P(1!6)aGlcN1P,
but uses a different light chain V gene to recognize a different ‘flattened’ epitope (only four sugars

modeled here)
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(Table 4.5). Unlike S45-18 and S54-10, S73-2 uses CDR H3 only to interact with the

terminal Kdo residue, and this CDR forms no other interactions with antigen

(Figs. 4.10b and 4.11). S73-2 binds Kdo(2!4)Kdo(2!4)Kdo in an orientation

similar to that observed with S25-39, but remarkably the Kdo(2!8)Kdo(2!4)Kdo

trisaccharide antigen adopts a bent conformation with the internal second Kdo

residue bound in the specificity pocket (Fig. 4.10b). This is probably due to the fact

that the outward bending CDR H3 in S73-2 would not facilitate interactions with the

second and third residues of the Kdo(2!8)Kdo(2!4)Kdo trisaccharide antigen if it

were bound in the previously observed fashion. By locating the central residue of the

antigen in the specificity pocket, the terminal Kdo forms interactions with CDRs L1

and L3 resulting in all three residues forming interactions with the antibody.

S73-2 also contains the common somatic mutation NH53K described earlier for

S25-39 that allows for strong interactions with the second Kdo residue of the

oligosaccharide antigens, but in the case of Kdo(2!8)Kdo(2!4)Kdo it is the

carboxylic acid group of the third Kdo residue with which it forms a strong charged

residue interaction. It is evident that the CDR H3 of S73-2 does not provide enough

stabilization for a linear conformation of Kdo(2!8)Kdo(2!4)Kdo with the termi-

nal Kdo in the conserved binding pocket, and therefore cross-reacts with this

alternate folded epitope to maximize antibody–antigen contacts.

4.19 An Unusual CDR H3 Conformation Exposes
Hydrophobic Residues

S67-27 was an antibody that cross-reacted with most Kdo-based epitopes tested

with comparable avidity (Table 4.3). Of great interest was one synthetic unnatural

antigen, 7-O-methyl-Kdo(2!8)Kdo disaccharide, which bound to S67-27 with

Fig. 4.11 The greatest source of diversity among these antibodies is in the sequences of CDR H3,

and differential binding interactions and modulation of antigen binding site architecture directs

their respective binding profiles. A CDR H3 overlap of all antibodies with the antigen binding site

indicated displays the differences in loop conformations: S67-27 (grey), S73-2 (orange), S64-4
(yellow), S54-10 (light green), S69-4 (dark blue), S45-18 (salmon), S25-2 (light blue) and S25-39
(red)
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a 30-fold higher avidity than any other antigen tested, including the immunogen

against which the antibody was raised (Table 4.4).

The structure of S67-27 in complex with a number of antigens showed that, like

S73-2, it possessed a CDR H3 several residues longer than those previously seen.

However, while it too was oriented away from the combining site (Figs. 4.11 and

4.12) the bend was more pronounced than that in S73-2. This resulted in a relatively

‘open’ combining site that allowed recognition of many antigens with (2!4) and

(2!8) linked terminal Kdo residues.

Interestingly, the high avidity of the unnatural 7-O-Me-Kdo(2!8)Kdo analog

can be traced to its methoxy group, which is directed toward the base of CDR H3

where it is buried in the hydrophobic residues Ile H96, Pro H98 and part of Tyr

H100C that were exposed by a backward tilt of the CDR (Fig. 4.12). S67-27

represents another demonstration of the adaptability of the germline gene segments

to antigens it is unlikely to have encountered.

4.20 Antibody Specificity and Affinity Maturation

It has been proposed that germline antibodies have a greater tendency toward cross-

reactivity, and that the specificity of an antibody tends to increase as affinity

maturation progresses (James and Tawfik 2003; Manivel et al. 2000). There is

structural evidence that specificity can be modulated through conformational diver-

sity, such as one study where an affinity-matured antibody and its putative germline

precursor were each crystallized in the presence and absence of the antigen. While

the germline antibody showed significant induced fit, the matured antibody did

not (James et al. 2003).

It is difficult to draw comparisons with the antibodies specific for chlamydial LPS

as many of them utilize D and J genes that code for unrelated CDRs H3; however,

it can be said that some architectures of some CDRs H3 seem to be predisposed for

Fig. 4.12 The CDR H3 of S67-27 forms additional surface contacts with the synthetic antigen

7-O-Me-Kdo(2!8)Kdo (right panel) that are not present with Kdo(2!8)Kdo (left panel),
resulting in an increased avidity for this unnatural ligand
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selective antibodies while others are predisposed to being more cross-reactive, before

any consideration of the changes brought by affinity maturation.

4.21 Induced Fit of CDR H3 in Antigen Recognition

It has been proposed that conformational flexibility of germline CDRs H3 can

generate additional diversity in the antibody response by adopting alternate

conformations that are able to recognize distinct antigens. In theory, these different

conformations could recognize unique antigens and subsequently undergo struc-

tural rigidification via affinity maturation to generate a specific lock-and-key type

receptor for each antigen (Babor and Kortemme 2009; James et al. 2003; James and

Tawfik 2003; Jiménez et al. 2004; Manivel et al. 2000, 2002; Marchalonis et al.

2001; Nguyen et al. 2003; Pinilla et al. 1999). However, induced fit of the antibody

combining site upon antigen binding is thermodynamically unfavorable as it intro-

duces an ‘entropic penalty’ by causing a flexible polypeptide loop to become

ordered. Structurally-observable induced fit in antibodies is rare (Debler et al.

2007; Rini et al. 1992; Stanfield et al. 1993; Stanfield and Wilson 1994; van den

Elsen et al. 1999), but some of the most dramatic examples in the literature

have been observed in antibodies S25-2 and S25-39, two antibodies binding their

ligands with nanomolar affinity.

The homologous antibodies S25-2 and S25-39 share an identical CDR H3

sequence (Table 4.6), and while all liganded structures of both antibodies have

a common conformation of the combining site, the unliganded structures of S25-2

and S25-39 together show three different conformations that are each different from

that seen in the liganded structures (Fig. 4.13).

Most reported instances of induced fit are simple side chain rotamers, although

there are a few reports of major rearrangement of backbone configuration (James

et al. 2003; James and Tawfik 2003; Rini et al. 1992; Stanfield et al. 1993; Stanfield

Fig. 4.13 The antibodies S25-2 and S25-39 share an identical CDR H3 sequence and utilize

a common conformation for the recognition of Kdo antigens. However, each of these antibodies

display unique, well-ordered, unliganded conformations different than that induced by antigen

binding. A superposition is shown of the combining sites of unliganded S25-2 (two forms; orange
and blue), unliganded S25-39 (green), and the liganded conformation shared by both (yellow)
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and Wilson 1994; van den Elsen et al. 1999; Webster et al. 1994). Two unliganded

crystal forms of S25-2 and one of S25-39 yield three distinct conformations for the

CDR H3, each with appropriate electron density that all fold in towards the

combining site with respect to the liganded conformation (Fig. 4.13). The level of

induced fit is remarkable, with a Ca RMSD difference as large as 3.31 Å (calcu-

lated for the 15 residues from Cys H92 to Tyr H102; equal to CDR H3 plus one

residue on either side), indicating that the CDR H3 shared by S25-2 and S25-39 is

conformationally variable in solution, but assumes a specific conformation when

induced by any Kdo-based antigen with which it has been crystallized.

Interestingly, the observation of appropriate electron density for these alternate

conformations indicates that the CDR H3 of S25-2 and S25-39 is not completely

labile, but possesses a small number of low energy conformers that may each allow

for the recognition of a unique class of ligand. Such a strategy would allow multiple

combining sites from a single gene segment combination, and offset an entropic

penalty by the strategic advantage of expanding the repertoire of bound antigens

without the need to increase the germline repertoire of BCRs. Also, an entropic

penalty in this case would likely be less significant than that associated with the

immobilization of a completely labile loop (Rini et al. 1992).

4.22 Different V Gene Combinations Recognize
Kdo-Based Antigens

The examples of V-region restriction discussed so far utilize the same combination

of heavy and light chain V genes with a number of D and J genes; however, the

antibody response to chlamydial LPS produces a number of V gene combinations.

Most intriguing was a smaller subset that displays V-region restriction using the

same heavy chain V gene in combination with a different light chain V gene

(Table 4.5). One antibody of this group that has been crystallized in the presence

of antigen is S64-4 (Evans et al. 2011).

Remarkably, although the new light chain V gene is not homologous with the

S25-2 type antibodies, S64-4 displays a similar Kdo monosaccharide binding site.

Arg L96 at the light chain V–J interface in S25-2 is maintained in S64-4, and also

interacts with Kdo O4. In the S25-2 type antibodies, Ser L91 of CDR L3 hydrogen

bonds with O5 of Kdo, and this interaction is replaced by Glu L93 in S64-4. The

interactions from the ligand to the heavy chain correspond to those in S25-2, with

the exception of Glu H100E in CDR H3 which does not participate in binding by

S64-4 (Fig. 4.10c).

Although S64-4 is so far unique among these antibodies in that it shows no

interaction between antigen and CDR H3, the antibody still displays a conserved

Kdo binding pocket. This would appear to be at odds with observations that CDR

H3 tends to dominate antigen binding and define specificity (Trinh et al. 1997);

however, in a narrow sense this is still true in S64-4 as it is critical that CDR H3
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bend away from the pocket to allow its utilization by a novel conformation of the

antigen.

Despite the conservation of these interactions in the Kdo pocket, this antibody

does not show any observable binding to anything less than a Kdo trisaccharide

antigen with a (2!6) linked GlcN4P(1!6)GlcN1P of the lipid A backbone

attached (Table 4.3). This can be traced to the change in architecture of the antigen

binding site given by the different light chain V gene, where CDR L1 bends away

from the monosaccharide pocket to yield an open combining site. This effect is

enhanced by an outward-leaning CDR H3 (Figs. 4.10c and 4.11), and the result is

a combining site that cannot form extensive interactions with smaller ligands. This

antibody has been crystallized with Kdo(2!8)Kdo(2!4)Kdo(2!6)GlcN4P
(1!6)GlcN1P, which is accommodated by Arg L92 of CDR L3 and by Tyr L32

and Ser L27D of CDR L1.

S64-4 achieves its length requirement by binding the antigen in a conformation

different from that observed with the S25-2 type antibodies (Fig. 4.10a–c). This

alternate conformation arranges the saccharide residues along the open antigen

binding site, which results in a large number of interactions and surface comple-

mentarity. The phosphate moiety of GlcN4P is key to recognition, as it forms

extensive interactions with the antibody.

S64-4 binds Kdo(2!8)Kdo(2!4)Kdo(2!6)GlcN4P(1!6)GlcN1P with at

least eight times higher avidity than any S25-2 type antibody, most of which

show very poor binding (Table 4.3), which demonstrates the value of this particular

V-region combination. The presence in the germline of a redundant strategy for the

generation of a Kdo-specific site that can recognize this antigen is offset by the

concomitant changes to CDR L1 that allow for tighter binding to longer ligands,

and the general expansion of the recognition potential of the germline repertoire

(Stanfield and Wilson 1994; van den Elsen et al. 1999; Webster et al. 1994).

Conclusions

Structural studies of a group of related antibodies raised against chlamydial LPS

structures have allowed an examination of the mechanisms of carbohydrate

recognition by germline antibodies. By combining a simple Kdo recognition

pocket coded into the germline in at least one heavy and two light chain V genes

with differential CDR H3 loops and the power of somatic hypermutation and

affinity maturation, it is possible to glimpse how the humoral response can

balance adaptability and specificity in the anti-carbohydrate response.

First, these structures show a remarkable mechanism for the recognition of

Kdo-containing antigens that combines a conserved monosaccharide binding

pocket that recognizes a Kdo residue through an amalgamation of hydrogen

bonds, charged residue interactions, bridging water molecules and hydrophobic

interactions, with a groove above this pocket on the remainder of the combining

site that is composed of flexible (usually charged) amino acid side chains able to

accommodate the remainder of a range of different antigens. Simple mutations

accrued though affinity maturation may significantly improve binding, as

accomplished by the NH53K mutation by forming interactions with the second
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Kdo residue. The combination of two different light chain V genes with a single

heavy chain V gene revealed how this simple strategy could expand the range of

Kdo-based antigens that could be effectively and specifically recognized.

A critical factor in determining specificity is CDR H3, which can modulate

the specificity by forming unique interactions with certain epitopes. As well,

CDR H3 strongly influences combining site architecture, which may either be

constricted for the sake of specificity, or expanded for the sake of cross-reactivity.

Unique CDRH3 loops can recognize the same antigen in a similar manner, as with

S45-18 and S54-10, or in a completely different conformation, as seen with S73-2,

revealing how the germline has evolved to be both redundant and adaptable in

providing protection against conserved antigens and defending against new

threats.
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Guarné A, Bravo J, Calvo J, Lozano F, Vives J, Fita I (1996) Conformation of the hypervariable

region L3 without the key proline residue. Protein Sci 5:167–169

Guttormsen HK, Wetzler LM, Finberg RW, Kasper DL (1998) Immunologic memory induced by

a glycoconjugate vaccine in a murine adoptive lymphocyte transfer model. Infect Immun 66:

2026–2032

Hakomori S (1984) Tumor-associated carbohydrate antigens. Annu Rev Immunol 2:103–126

Hakomori S (1989) Aberrant glycosylation in tumors and tumor-associated carbohydrate antigens.

Adv Cancer Res 52:257–331

Hakomori S (1991) Possible functions of tumor-associated carbohydrate antigens. Curr Opin

Immunol 3:646–653

Hakomori S (2001) Tumor-associated carbohydrate antigens defining tumor malignancy: basis for

development of anti-cancer vaccines. Adv Exp Med Biol 491:369–402

Han S, Zheng B, Dal Porto J, Kelsoe G (1995) In situ studies of the primary immune response

to (4-hydroxy-3-nitrophenyl) acetyl. IV. Affinity-dependent, antigen-driven B cell apoptosis

in germinal centers as a mechanism for maintaining self-tolerance. J Exp Med 182:1635–1644

Harmsen MM, Ruuls RC, Nijman IJ, Niewold TA, Frenken LGJ, de Geus B (2000) Llama heavy-

chain V regions consist of at least four distinct subfamilies revealing novel sequence features.

Mol Immunol 37:579–590

Haselhorst T, Espinosa JF, Jimenez-Barbero J, Sokolowski T, Kosma P, Brade H, Brade L, Peters

T (1999) NMR experiments reveal distinct antibody-bound conformations of a synthetic

4 Antibody Recognition of Chlamydia LPS 113



disaccharide representing a general structural element of bacterial lipopolysaccharide epitopes.

Biochemistry 38:6449–6459

Haslam SM, Gems D, Morris HR, Dell A (2002) The glycomes of Caenorhabditis elegans and
other model organisms. Biochem Soc Symp 69:117–134

Hecht ML, Stallforth P, Silva DV, Adibekian A, Seeberger PH (2009) Recent advances in

carbohydrate-based vaccines. Curr Opin Chem Biol 13:354–359

Heine H, M€uller Loennies S, Brade L, Lindner B, Brade H (2003) Endotoxic activity and chemical

structure of lipopolysaccharides from Chlamydia trachomatis serotypes E and L2 and

Chlamydophila psittaci 6BC. Eur J Biochem 270:440–450

Hemmer W, Focke M, Kolarich D, Wilson IBH, Altmann F, W€ohrl S, G€otz M, Jarisch R (2001)

Antibody binding to venom carbohydrates is a frequent cause for double positivity to honeybee

and yellow jacket venom in patients with stinging-insect allergy. J Allergy Clin Immunol 108:

1045–1052
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Designing a Candida albicans Conjugate
Vaccine by Reverse Engineering Protective
Monoclonal Antibodies

5

David R. Bundle, Casey Costello, Corwin Nycholat, Tomasz Lipinski,
and Robert Rennie

5.1 Introduction

Candida albicans is a human commensal fungus typically found in the

vulvovaginal and gastrointestinal tracts, and the oropharyngeal cavity. Under

opportunistic conditions, the interaction between host and fungus can become

pathogenic leading to candidiasis (Mochon and Cutler 2005). Cutaneous/mucocu-

taneous and hematogenously disseminated candidiasis are the two main forms in

which the disease manifests. The most common forms of mucocutaneous candidia-

sis are vulvovaginitis and oral thrush, neither of which is considered life-threaten-

ing. Candida infections have the potential to significantly compromise the health of

immunocompromised patients (Dreizen 1984), including cancer patients with

myelosuppression (Bodey 1986), a condition involving decreased bone marrow

activity, T-cell deficient individuals (Mochon and Cutler 2005), women with

chronic or recurring vulvovaginitis (Foxman et al. 2000), and HIV/AIDS patients

with esophageal candidiasis (Dreizen 1984). Hematogenously disseminated
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candidiasis is the life-threatening form of the disease (Anttile et al. 1994; Komshian

et al. 1989), and may involve the kidney, liver, spleen, heart, lung, and central

nervous system (Mochon and Cutler 2005).

C. albicans is the most frequently encountered fungal disease in humans (Mochon

and Cutler 2005; Schaberg et al. 1991). On an annual basis, up to two million patients

in the USA are affected by nosocomial infections (Banerjee et al. 1991; Emori and

Gaynes 1993). Hospital acquired bacteremia or fungemia numbered 250,000, leading

to death in up to 50% of cases (Pittet et al. 1997; Reimer et al. 1997; Weinstein et al.

1997). Patient groups most at risk fromCandida bloodstream infections include those

that undergo immunosuppression (88% of patients), antibiotic treatment (95% of

patients), and the presence of a central venous line (93% of patients) (Mochon and

Cutler 2005). Of the patients with candidiasis, 52% died, with 23% of those patients’

deaths attributed to Candida (Karlowsky et al. 1997). In a study involving HIV

positive men, 48.9% of individuals developed oral candidiasis (Sangeorzan et al.

1994). In addition to bloodstream infection, another site commonly infected is the

urinary tract (Jarvis and Martone 1992; Richards et al. 1998, 1999a, 2004).

The development of an opportunistic candidal infection is most likely associated

with alterations in the balance of host immunity and normal microflora rather than

the acquisition of hypervirulent factors associated with C. albicans. Neutropenia is
considered a significant risk factor for development of hematogenously

disseminated candidiasis (Martino et al. 1989; Nucci et al. 1997; Colovic et al.

1999), and experimental studies in animal models support this conclusion (Han and

Cutler 1997; Baghian and Lee 1989; Jensen et al. 1993; Jones-Carson et al. 1995;

Walsh et al. 1990a,b). T-cell deficiency or dysfunction is not an obvious risk factor

in humans (Fidel and Sobel 1995) but in animals T-cell dependent cell-mediated

immunity is responsible for host defense against this form of candidiasis (Kagaya et al.

1981; Netea et al. 2002). In humans with HIV/AIDS and chronic mucocutaneous

candidiasis (CMC) there is no correlation with moderate or severe T-cell deficiency

and the development of disseminated candidiasis (Kirkpatrick et al. 1971; Brawner

and Hovan 1995). Although cell-mediated immunity against disseminated disease is

generally considered to be an important factor in humans it has not been unambigu-

ously established. It seems most likely that defense mechanisms are a composite of

innate and acquired specific immunity acting in concert including phagocytic cells,

cell mediated immune responses, specific antibodies and a range of associated

humoral factors such as complement and cytokines.

Disseminated candidiasis is a significant public health problem with high morbid-

ity and mortality rates amongst at risk groups. Therapeutics such as amphotericin B

(Lopez-Bernstein et al. 1989), azole derivatives (Ruhnke et al. 1997; Sanati et al. 1997;

Hazen et al. 2003), and cell wall inhibitors (Naider et al. 1983; Denning 2003) are

effective but invasive candidiasis continues to proliferate as a result of diagnostic

challenges (Bodey 1986), drug resistance (Sangeorzan et al. 1994;Odds 1993; Johnson

and Warnock 1995), and poor immunologic status (Meunier et al. 1992). The cost of

treatment has therefore increased dramatically (Jouault et al. 1997). These factors have

encouraged the search for alternative forms of treatment and the development of

preventative strategies, such as a vaccine (Han and Cutler 1995; Mochon and Cutler
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2005). Amongst several candidates fungal cell wall carbohydrate epitopes figure

prominently. One promising conjugate vaccine based on b-glucan glycoconjugates

is being developed (Torosantucci et al. 2005; Bromuro et al. 2010). Extensive studies

suggest that the C. albicans b(1!2)-linked mannan is a protective antigen. This

unique antigen is a minor component of the cell wall phosphomannan, which has

been the subject of considerable interest as the most exposed cell wall antigen.

5.2 Cell Wall Carbohydrate Antigens

Branched b(1!3) and b(1!6) glucans, chitin, and phosphomannan glycoconjugates

are the three major glycans of the C. albicans cell wall (Chaffin et al. 1998; Bishop

et al. 1960). The phosphomannan has been the subject of detailed structural analysis

and immunological studies.

The structural elucidation of the phosphomannan represents a major achievement

since unlike the bacterial cell wall polysaccharide this glycoconjugate lacks a regular

repeating unit motif and as with most glycoproteins its glycan component possesses

marked microheterogeneity across serotypes and different Candida species.
A composite structure of the mannan component of Candida albicans (Fig. 5.1)

has been proposed based on acetolysis and partial hydrolysis in conjunction with

Fig. 5.1 Composite structure of the Candida albicans phosphomannan. Three distinct b-mannan

epitopes can be distinguished based on their mode of attachment to the a-mannan backbone. The

phosphodiester linked b-mannan is referred to as acid labile
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NMR and mass spectrometry (Shibata et al. 1992a,b, 1995; Kobayashi et al. 1990).

Less than 10% of the mannan is O-linked, consisting largely of short a(1!2)- and

a(1!3)-D-mannopyranan (Cassone 1989). The complex N-linked components are

composed of an extended a(1!6)-D-mannopyranan backbone containinga(1!2)-D-

mannopyranan branches, some of which may contain a(1!3)-D-mannopyranose

residues. Furthermore b(1!2)-mannopyranan oligomers are attached to these side

chains in two ways either glycosidically or through a phosphodiester bridge. The

position of attachment of this phosphodiester has yet to be determined. The mannan is

heterogeneous and differences in mannan chain length have been shown to be nutrient

and environment dependent (Chaffin et al. 1988).

The precise antigenic epitopes of the b-mannan exist in three different forms.

Two forms of the b(1!2)-linked oligosaccharides exist as extensions of the

a(1!2)-mannose and a(1!3)-mannose residues (Kobayashi et al. 1992). The

former corresponds to the serotype-A specific epitope of C. albicans. The third

structural form is the b(1!2)-D-mannopyranan attached via the phosphodiester

(Shibata et al. 1992a,b).

Candida albicans strains can be assigned to either of two major serogroups, A or

B (Kobayashi et al. 1992; Shibata et al. 1992a,b, 1995). The acid labile b-mannan

(linked through a phosphodiester) to the phosphomannan side chains is said to be

a major epitope of both serotypes A and B. Candida albicans of serotype A also

has b-mannose residues attached via a glycosidic bond to a(1!2) mannose

side chain residues. The phosphomannan of serogroup B cells lacks b-mannan

attached via a glycosidic bond and possesses only phosphodiester linked b-mannan.

Antisera that recognize serogroups A are said to have factors 1, 4, 5, and 6, while

antisera recognizing serotype B strains have factors 1, 4, 5 and 13b. Factor 5 is said to

correspond to the phosphodiester and glycosidically linked b-mannan. Factor 6 is

limited to b-mannan glycosidically attached to a-mannose residues. With b-mannan

epitopes of such closely related structures it is not surprising that antibodies

recognizing factors 5 and 6 can show a wide range of cross reactivity. The results of

inhibition data with oligomers isolated from acid stable and acid labile b-mannan

components reflect these close structural similarities (Kobayashi et al. 1992). The

b-mannan epitopes are also found in Candida tropicalis and in Candida
guilliermondii, where this epitope is attached via a (1!3)-linkage to an a-mannose

residue (Kobayashi et al. 1994; Shibata et al. 1996a,b). Although b-mannan epitopes

larger than a tetrasaccharide are reported it appears that (1!2)-b-mannopyranan

oligomers are predominantly present as di-, tri and tetrasaccharides (Shibata et al.

1986; Kobayashi et al. 1991; Faille et al. 1991). Goins and Cutler (2000) have also

reported that tri- and disaccharide epitopes are most abundant in the b(1!2)-

mannopyranan oligomers released from the phosphomannan by b elimination.

During structural studies of several Candida species Shibata et al. employed

detailed multidimensional NMR studies and inferred from nuclear Overhauser

enhancement data that the b(1!2) linked mannose oligosaccharides possessed

a “distorted” structure (Shibata et al. 1992b). Faille et al. (1992) also reported

a complete assignment of both 1H and 13C NMR spectra for D-mannooligo-

saccharides of the b(1!2)-linked series. Following the successful synthesis of such
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oligosaccharides as allyl glycosides (Nitz and Bundle 2001), a detailed NMR investi-

gation of the solution conformation in conjunctionwith unrestrainedmolecular dynam-

ics generated a discrete model suggesting that these b-mannans are rather well ordered

(Nitz et al. 2002). In solution a family of low energy conformations are expected to be

in a dynamic equilibriumbut the range of sampled glycosidic torsional angles suggest a

helical repeat approximately every threemannose residues. It is of interest to note that a

crystal structure of a tetrasaccharide with attached organic protecting groups also

adopts a conformation with similar gross features (Crich et al. 2004).

5.3 Protection by Vaccines and Monoclonal Antibodies

Immunization of mice with C. albicans cell wall mannans administered as

a liposomal preparation produced two monoclonal antibodies capable of conferring

passive protection (Han and Cutler 1995, 1997; Han et al. 1998, 2000). Each was

specific for the b(1!2) mannan epitope (Mabs B6.1, an IgM and C3.1, an IgG3)

and binding studies were consistent with the recognition of a trisaccharide (Han

et al. 1997; Nitz et al. 2002) (Fig. 5.2). Immunization with liposomal mannan

vaccine and a mannan extract conjugated to bovine serum albumin induced

Fig. 5.2 Inhibition by synthetic oligosaccharides of mouse IgG monoclonal antibody C3.1

binding to b-mannan. Filled square propyl b(1!2)-D-mannopyranobioside, triangle propyl

b(1!2)-D-mannopyranotrioside, diamond propyl b(1!2)-D-mannopyranotetroside, open square
propyl b(1!2)-D-mannopyranopentoside, filled circle propyl b(1!2)-D-mannopyranohexoside
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protective responses that could be passively transferred to naı̈ve mice (Han and

Cutler 1997; Han et al. 1998, 1999). The protection afforded by antibodies B6.1 and

C3.1 was correlated with their ability to rapidly and efficiently fix complement to

the fungal surface (Caesar-TonThat and Cutler 1997; Han et al. 2001).

5.3.1 Recognition Epitope

The work of Cutler’s group had established that di- and trisaccharides of b(1!2)-

linked mannose were effective inhibitors of both B6.1 and C3.1 antibodies (Han

et al. 1997). The chemical synthesis of a panel of b(1!2)-linked oligomannosides

provided a more detailed and surprising definition of the specificity of both

antibodies (Nitz et al. 2002).

Methyl b-D-mannopyranoside 1 gave no inhibition but disaccharide methyl glyco-

side 2 and trisaccharide methyl glycoside 3 exhibited the highest affinity. Most

surprising was the observation that inhibitory power decreased rapidly as the chain

length of the methyl glycosides of synthetic b-mannans increased from tetrasaccharide

4 through pentasaccharide 5 up to hexasaccharide 6 (Nitz et al. 2002). In fact the

activity of the latter was so low with C3.1 it was not possible to reach the 50%

inhibition level at a concentration of 1 mM (Fig. 5.2). An identical trend was observed

for the IgM B6.1 although the intrinsic affinities were lower (Nitz et al. 2002).

This decrease of activity with increasing chain length is in sharp contrast to the

paradigm of anti-carbohydrate antibodies first reported by Kabat (1956, 1960). His

results with human polyvalent sera raised against the homopolymeric dextran antigen

showed that the inhibitory power of oligosaccharides steadily increased as the size of

an inhibitor increased and reached a plateau at about the size of tetra to hexamer. Over

the intervening years the generality of this observation has been confirmed by numer-

ous solved crystal structures of carbohydrate antigen–antibody complexes (Cygler

et al. 1991; Zdanov et al. 1994; M€uller-Loennies et al. 2000; Nguyen et al. 2003; Vyas
et al. 2002; van Roon et al. 2004). Even though the crystal structures of the binding

sites of several antibodies with bound ligands suggest the binding site is essentially

filled by tri- and tetrasaccharide epitopes, there is no precedence for loss of inhibitory

power with increasing chain length. One crystal structure and binding study

demonstrates that nearly all the binding energy derives from recognition of a terminal

non-reducing saccharide (Villeneuve et al. 2000). While the majority of antibody

crystal structures with bound oligosaccharide and associated binding studies show

the binding site filled by a relatively small oligosaccharide, there are fewer

reports of larger epitopes (Vulliez-Le Normand et al. 2008), and in one special

case for a(2!8)-polysialic acid the binding site appeared to be exceptionally

long (Evans et al. 1995). Anti-carbohydrate binding sites can vary significantly in

the size of epitope they accommodate. It is surprising that both protective

antibodies B6.1 (Han and Cutler 1995; Han et al. 1997) and C3.1 (Han et al.

2000) an IgM and an IgG, each derived from a separate cell fusion experiment,

show a similar trend of lower affinities with increased size of the synthetic

oligomers (Nitz et al. 2002). This may imply that amongst the relatively well
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ordered family of solution conformations sampled by b(1!2)-mannopyranan

oligomers there exists a preferred epitope surface capable of inducing protective

antibodies. It further suggests and is consistent with the observation already cited

that a preponderance of b-mannan chains are relatively short (Shibata et al. 1986;

Kobayashi et al. 1991; Faille et al. 1991; Goins and Cutler 2000).

5.3.2 Epitope Mapping

Synthesis of monodeoxy and mono-O-methyl derivatives 7–21 (Fig. 5.3) of the

minimum disaccharide recognition epitope and subsequent assay of inhibitory

power permitted the identification of oligosaccharide hydroxyl groups involved in

Fig. 5.3 Synthetic congeners 1–21 of the native b-mannan disaccharide used to map the binding

site of the monoclonal antibody, C3.1
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intermolecular hydrogen bonds with antibody (Nikrad et al. 1992; Lemieux 1993).

When hydroxyl groups in contact with the aqueous phase are modified in this way

observed changes in inhibitor activity are minimal. However, monodeoxygenation

of hydroxyl groups involved in hydrogen bonds with protein at the periphery of the

binding site results in derivatives that exhibit a range of activity changes, while

the corresponding O-methyl congeners exhibit a strong decrease in activity due to

the steric bulk of the O-methyl group and loss of complementarity. Hydroxyl

groups that are involved in hydrogen bonds within the binding site can neither be

deoxygenated nor O-methylated without virtually complete loss of activity. This

strategy was employed to map the binding site of the C3.1 monoclonal antibody

(Nycholat and Bundle 2009; Nycholat Ph.D. thesis U of A). Representative

schemes are shown of the synthesis of the respective 4-deoxy 9, 4-methyl 10,

Scheme 5.1a Reagents and conditions: (a) BzCl, pyridine, quant.; (b) NaCNBH3, HCl, Et2O,

81%; (c) thiocarbonyl diimidazole, toluene, 60%; (d) n-Bu3SnH, AIBN, toluene, 68%; (e) MeI,

NaH, DMF, 0 ˚C then AcOH, 97%; (f) NaOCH3, CH3OH, 89% (for 28), 95% (for 29)
Scheme 5.1b Reagents and conditions: (a) 28, TMSOTf, CH2Cl2, 0 ˚C, 83%; (b) 29, TMSOTf,

CH2Cl2, 0 ˚C, 97%; (c) NaOCH3, CH3OH, 78% (for 32), 97% (for 35); (d) Me2SO, Ac2O, then L-

Selectride, THF, -78 ˚C, 65% (for 33 over two steps), 61% (for 36 over two steps); (e) H2, Pd/C,

CH3OH, CH2Cl2, 52% (for 9), 88% (for 10)
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40-deoxy 17 and 40-methyl 18 disaccharide congeners modified in the reducing and

non-reducing mannose residues (Schemes 5.1 and 5.2).

Congeners modified in the terminal reducing residue were synthesized by first

performing selective protection of a methyl b-D-mannopyranoside. For example the

3-O-benzyl derivative 22 was benzoylated to give 23 and reductive cleavage of the

benzylidene acetal afforded the selectively deprotected alcohol 24, which could be

subjected to a Barton–McCombie deoxygenation sequence 24 ! 25 ! 26 (Barton
and McCombie 1975), or directly methylated to give 27. Transesterification of 26
and 27 gave the two glycosyl acceptors 28 and 29 for disaccharide synthesis. The

selectively protected glucosyl imidate 30 was employed to glycosylate 28 and 29.
The participating acetyl group at O-2 ensured stereocontrolled installation of a

b-glucopyranosyl residue, and following a transesterification, oxidation–reduction

sequence (Ekborg et al. 1972) 31 ! 32 ! 33 and 34 ! 35 ! 36 b-mannobioside

congeners 9 and 10 could be obtained by a hydrogenolysis step (Scheme 5.1).

Scheme 5.2a Reagents and conditions: (a) NaCNBH3, HCl, Et2O, 0 ˚C, 82%; (b) thiocarbonyl

diimidazole, toluene, 89%; (c) n-Bu3SnH, AIBN, toluene, 80%; (d) MeI, NaH, DMF, 0 ˚C then

AcOH, 88%; (e) PhSH, BF3·OEt2, CH2Cl2, 0 ˚C, 92% (for 42), 68% (for 43)
Scheme 5.2b Reagents and conditions: (a) 42, TMSOTf, CH2Cl2, 0 ˚C, 75%; (b) 43, TMSOTf,

CH2Cl2, 0 ˚C, 85%; (c) NaOCH3, CH3OH, 77% (for 34), 94% (for 37); (d) Me2SO, Ac2O, then

L-Selectride, THF, -78 ˚C, 73% (for both 47 and 50 over two steps); (e) H2, Pd/C, CH3OH,

CH2Cl2, 72% (for 17), 62% (for 18)
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Disaccharides 17 and 18 modified in the terminal non-reducing residue were

synthesized from glucosyl donors possessing the requisite monodeoxy or mono-

O-methyl functionality. For example, reductive cleavage of the benzylidene

acetal of p-methoxyphenyl glucopyranoside 37 gave 38. A Barton–McCombie deox-

ygenation sequence 38 ! 39 ! 40 (Barton and McCombie 1975), or a direct

methylation 38 ! 41 gave the 4-deoxy- and 4-O-methyl p-methoxyphenyl glucopyr-

anosides 40 and 41. Both derivatives were readily converted to the corresponding

thiophenyl glucopyranosides 42 and 43. The methyl b-mannopyranoside 44 was

glycosylated by either of the glucosyl donors 42 or 43 to yield disaccharides

bearing a terminal b-glucopranosyl residue. The transesterification, oxidation–

reduction sequence (Ekborg et al. 1972) described for the synthesis of 9 and 10 was

employed to accomplish the conversions to b-mannobioside; 45 ! 46 ! 47 and

48 ! 49 ! 50. Congeners 17 and 18 were obtained from 47 to 50 by a

hydrogenolysis step.

The activities of these disaccharides in an inhibition assay as well as the activity

of relevant trisaccharides are reported in Table 5.1. The data provide unambiguous

identification of three disaccharide hydroxyl groups that are important for recogni-

tion by the monoclonal antibody. The inactivity of the 3-deoxy (7), 3-O-methyl (8)

Table 5.1 The effects of functional group and related modifications on the inhibition of mouse

monoclonal antibody C3.1 (IgG3) binding to ELISA plates coated with b(1!2)-D-mannan

trisaccharide-BSA conjugate

Compound Inhibitor name IC50 (mmol/L) Relative potency DDG kcal/mol

2 Disaccharide 31 100 0

3 Trisaccharide 17 182 �0.4

4 Tetrasaccharide 84 37 0.57

5 Pentasaccharide 421 7 1.8

6 Hexasaccharide >1,000 <3 >2

7 3-Deoxy Inactivea <1 >2.7

8 3-O-Methyl Inactiveb <1 >2.6

9 4-Deoxy Inactivea <1 >2.7

10 4-O-Methyl Inactiveb <1 >2.6

11 6-Deoxy 14 221 �0.47

12 6-O-Methyl 81 38 0.57

13 20-O-Methyl 33 94 0.04

14 20-Gluco- 47 66 0.25

15 30-Deoxy na na na

16 30-O-Methyl 62 50 0.41

17 40-Deoxy Inactivea <1 >2.7

18 40-O-Methyl 670 5 1.8

19 60-Deoxy 426 7 1.6

20 60-O-Methyl 588 5 1.7

21 200-Gluco 52 60 0.3
aNo inhibition at 2,938 mmol/L
bNo inhibition at 2,700 mmol/L
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as well as the 4-deoxy (9), 4-O-methyl (10) congeners requires that these are buried
hydroxyl groups that make essential hydrogen bonds to the antibody binding site.

By comparison, the inactivity of the 40-deoxy analogue 17 and the weak activity of

the 40-O-methyl disaccharide 18 are consistent with this hydroxyl being relatively

exposed and also a hydrogen bond acceptor. The sterically demanding O-methyl

group could not be accommodated if this hydroxyl group were buried in the site,

and its activity suggests that 40-OH lies in an exposed position at the periphery of

the site where it likely accepts a hydrogen bond from the protein and perhaps

donates a hydrogen bond to water. Since elaboration of the b-mannan requires

substitution at O-20, it is not surprising to observe that methylation at this position,

disaccharide 13, shows little change in activity suggesting that this is a solvent

exposed region. In support of this the neighbouring 30 deoxy 15 and 30-O-methyl 16
derivatives exhibit relatively small changes in binding energy, consistent with the

location of 30-OH in a solvent exposed region of the epitope. The weaker activities

of the 60 congeners 19 and 20 suggest that the 60-OH makes weak hydrogen bonds at

or close to the periphery of the binding site. Based on the free energy changes for

functional group modifications on the non-reducing residue it is concluded that this

hexose is less involved in the binding site than the reducing mannopyranose.

Consistent with this inference is the relatively high activity of congener 14 with a

terminal b-glucopyranosyl residue, which indicates that the steric demands for

accommodating the second manno-configuration are quite relaxed. Of interest is

the only slightly higher activity (D(DG) ¼ �0.4 kcal/mol) of trisaccharide 3
relative to disaccharide 2. The trisaccharide analogue 21 with a terminal non-

reducing gluco residue is only slightly less active than native disaccharide 2. The
inference from inhibition data points to an epitope certainly no bigger than a

trisaccharide and more likely a disaccharide with the primary polar recognition

element confined to the reducing-terminal mannose (Fig. 5.4). Since the monosac-

charide methyl glycoside 1 exhibits no activity it seems likely that the second

Fig. 5.4 The key polar contacts of the b-mannan disaccharide epitope recognized by the C3.1

monoclonal antibody
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residue of the disaccharide must make important non polar complementary contacts

with the binding site.

5.3.3 Location of the Disaccharide Epitope

These data are decisive with respect to the involvement of the terminal reducing

residue of the disaccharide as the primary recognition element. This is surprising

since many protective antibodies bind to the most exposed residues at the distal end

of cell surface antigens (Carlin et al. 1987; Lind and Lindberg 1992). These results

pose an important question. When the b-mannan of the cell wall antigen is larger

than a disaccharide, which disaccharide element is bound by the antibody? Does the

antibody always bind to the terminal reducing disaccharide or can it frame shift and

bind a non-reducing disaccharide? Furthermore, is the recognized b-mannan part of

the acid labile phosphodiester linked b-mannan or the b-mannan linked glycosidi-

cally to the a(1!2) mannose residues? These issues are illustrated for the two types

of b-mannan oligosaccharides (Fig. 5.5).

By constructing trisaccharides that incorporate 4-deoxy or 4-O-methyl groups that

epitope mapping established as inactive (Nycholat, PhD thesis) we were able to

investigate the possibility that C3.1 could bind frame shifted disaccharide epitopes

(Costello, MSc thesis). Chemical synthesis of trisaccharides 51–53 incorporate func-
tional group replacements that abrogate binding to alternate terminal disaccharide

elements (Fig. 5.6). For example by introducing a 4-deoxy or 4-O-methyl group on a

hydroxyl group essential for binding compound 51would only permit recognition of a

terminal reducing disaccharide, whereas compounds 52 and 53 prevent binding of the
reducing disaccharide and require the non-reducing disaccharide to be recognized.

Fig. 5.5 Acid labile and acid stable b-mannan disaccharide epitopes as presented by two forms of

b-mannan trisaccharide present in the Candida albicans cell wall phosphomannan. 5.5a shows the

phosphodiester linked b-mannan and 5.5b the related glycosidically linked epitope
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Measurement of the activity of these compounds by solid phase inhibition

showed there was a preference towards binding the reducing disaccharide element,

as compound 51 was the most active of the three trisaccharide analogues 51–53.
However, since compounds 52 and 53 were only twofold to threefold less active

than 51, these data are consistent with a frame shift to bind the non-reducing end

disaccharide element of a trisaccharide. When the terminal non-reducing disaccha-

ride is bound, it appears that the residue at the reducing end of the trisaccharide

likely makes some unfavourable contacts at the periphery of the binding site but

these are not decisive in preventing binding.

5.4 Designing a Conjugate Vaccine

The nearly equivalent inhibitory activity of disaccharide and trisaccharide for C3.1

suggests that a conjugate vaccine consisting of a trisaccharide or perhaps even a

disaccharide could result in protective antibody. Initial attempts to synthesize and

evaluate a conjugate vaccine focused on a trisaccharide (Nitz and Bundle 2001; Wu

and Bundle 2005; Bundle et al. 2007; Lipinski et al. 2011a,b), because we reasoned

that the larger epitope would allow for the development of antibodies that could

accommodate a disaccharide epitope, yet still allow the binding of larger epitopes.

The trisaccharide immunogen should evoke antibodies that would allow both the

entry and exit of larger structures when a disaccharide epitope is accepted in a

binding site. In published crystal structures of a Salmonella specific antibody we

showed that if larger oligosaccharides bind but are unable to adopt low energy

conformations for those segments exiting and entering the binding site, then a

significant energy penalty may result (Milton and Bundle 1998).

5.4.1 Preparation of glycoconjugates

The b(1!2)-mannose trisaccharide was synthesized as its allyl glycoside and

photochemical addition of cysteamine and removal of saccharide protecting groups

provided a tether derivative 54 (Nitz and Bundle 2001), which was derivatized with

Fig. 5.6 The relative activities of native 3 and trisaccharide congeners designed to direct binding
of either terminal reducing 51 or terminal non-reducing disaccharides 52 and 53
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the homobifunctional reagent, di-p-nitrophenyl adipate (Wu et al. 2004) to give 55
for conjugation to protein (Scheme 5.3) (Wu and Bundle 2005a,b). Conjugation to

BSA and tetanus toxoid via the adipic acid tether provided a BSA glycoconjugate

bearing from 9 to 13 residues of the trisaccharide hapten and a tetanus toxoid

conjugate vaccine with 8 to 12 attached trisaccharide epitopes (Scheme 5.3) as

determined by MALDI-TOF analysis (Wu and Bundle 2005a,b).

5.4.2 Induction of Anti-b-Mannan Antibodies

To test the immunogenicity of the trisaccharide conjugate vaccine three rabbits

were immunized with tetanus toxoid glycoconjugates adsorbed on alum. Each

rabbit received 300 mg of glycoconjugates per injection corresponding to ~11 to

12 mg of saccharide. On day 21 each rabbit received an identical injection of the

antigen/adjuvant. Ten days later sera were collected and antibody titres were

determined using trisaccharide-BSA coated ELISA plates and also against plates

coated with native C. albicans cell wall preparation (Wu and Bundle 2005a,b).

Antibody titers against synthetic trisaccharide BSA conjugate were significantly

higher than those measured against plates coated with native C. albicans cell wall
antigen. Average titers were 166,000 (geomean) and 40,000 respectively. Sera from

the control group showed no reactivity towards either antigen. This observation is

consistent with a population of antibodies that recognized portions of the

Scheme 5.3 Preparation of trisaccharide bovine serum albumin (BSA) and trisaccharide tetanus

toxoid (TT) glycoconjugates
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trisaccharide plus tether as well as a significant proportion that are able to recognize

the native b-mannan when it is part of the cell wall antigen complex. Similar results

were observed when a disaccharide conjugate was synthesized and used to hyper-

immunize rabbits (Fig. 5.7). In this case rabbits received five injections of conjugate

over 6 months and the geomean of the titres of sera from six rabbits measured

against the native cell wall mannan was 88,000 (Lipinski et al. 2011b).

Immunofluorescent staining experiment of C. albicans cells was performed with

immune and preimmune sera diluted 1:100, 1:1,000 and 1:10,000 and this experi-

ment confirmed that the antibodies induced by the conjugate vaccine were able to

recognize the b-mannan when displayed on the C. albicans cell wall. Serum diluted

1/1,000 gave good staining of Candida cell wall in both hyphae and budding cells

(Fig. 5.8) (Lipinski et al. unpublished results).

Fig. 5.7 The chicken serum albumin (CSA) disaccharide glycoconjugate employed to immunize

rabbits

Fig. 5.8 Immunofluorescent staining of Candida albicans cells. Rabbit immune sera was diluted

1/1,000 and slides were stained with Rhodamine labeled goat anti-rabbit antibody (red) or green
with fungi-fluor staining reagent. Staining by sera from rabbits immunized with tetanus toxoid did

not give noticeable fluorescence (not shown)
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5.4.3 Protection Experiments

Having established that a trisaccharide conjugate vaccine induced antibodies that

bound the native cell wall phosphomannan when coated on ELISA plates and as

a constituent of live C. albicans cells, we investigated the potential of these

antibodies to confer protection in live C. albicans challenge experiments.

Protection experiments were conducted to simulate the clinical situation of immu-

nosuppression, for example the situation of patients expected to undergo solid organ

transplant. We anticipated that a protocol could be envisioned where vaccination can

be performed before a patient is treated with immunosuppressive drugs (Fig. 5.9). An

immunization protocol similar to that used above was followed and blood was taken

7 days after the second injection. Then to simulate the immunocompromised state and

to render rabbits susceptible to disseminated candidiasis while avoiding bacterial

infections, rabbits were catheterized to aid administration of cytostatic and antimicro-

bial maintenance drugs. At day 1 after catheter insertion 200mg of cyclophosphamide

was injected and repeated on days 4 and 8. The applied regime resulted in a reduction

of WBC counts to approximately 2 � 109/L.

Due to limitations in the number of animals that could be handled at one time,

protection/challenge experiments were performed on successive groups of 4–6

rabbits. Rabbits in the experimental group were immunized with the glycoconjugate

vaccine according to the protocol described above, while a control group received

identically spaced injections of tetanus toxoid.

On day 6 after catheterization animals were challenged with 1 � 103 live

Candida cells administered via the catheter and euthanized 8 days later.

Accumulated data were collected for 16 rabbits in the vaccinated group and 13

rabbits in the control group.

5.4.4 Vaccination Reduces Candida Burden in Vital Organs

Vaccination resulted in a reduction of fungal burden in different organs after

challenge with live fungal cells (Figs. 5.10 and 5.11). Kidney and liver appeared

Fig. 5.9 Time lines for vaccination, serum collection, immunosuppresions and Candida albicans
challenge
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to be predestined for fungal colonization in our model. Vaccinated animals showed

significantly reduced CFU at the 75th percentile for kidney, liver, lungs, and spleen

with observed 24-, 626-, 145- and 15-fold reductions. Median values for the group

show a smaller reduction rate in the kidney and liver, about fivefold and threefold

respectively but also a small increase in lungs and spleen. Vaccination also

correlates with a significant compression in the range of CFU counts in all analyzed

organs, which is especially pronounced in the liver.

The statistical treatment of data with the Generalized Estimating Equation

(GEE) method revealed that the reduction of Candida CFU was statistically signifi-

cant in the kidney (average reduction in log counts 4.4, p ¼ 0.016) and liver

(average reduction in log counts 3.6, p ¼ 0.033). The effect of vaccination was

not observed in lungs and spleen (increase in log counts 0.002, p ¼ 0.99; 0.411,

p ¼ 0.80 respectively).

A challenge experiment that followed a similar post-immunization protocol with

rabbits hyperimmunized with the disaccharide-CSA (chicken serum albumin) con-

jugate gave a similar outcome to that reported for the trisaccharide (Lipinski et al.

2011b). The two sets of findings support the contention that antibody mediated

immunity plays a role in combating C. albicans infections and suggests that

a synthetic conjugate vaccine may have therapeutic potential. Surprisingly, it

appears that a disaccharide epitope may suffice to induce protective antibody. If

this is the case a fully synthetic conjugate vaccine becomes an attractive target since

Fig. 5.10 Bar graph representing mean values of C. albicans CFU counts in four vital organs.

CFU was estimated per gram of a tissue. Values for vaccinated and control group respectively:

kidney – 3.5 � 105, 3.3 � 106; liver – 6.6 � 103, 1.3 � 106; lungs – 6.3 � 104, 6.3 � 105;

spleen – 6.2 � 104, 4.5 � 104
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the methodology and costs for producing disaccharide and even trisaccharide

conjugates will be relatively inexpensive.

5.5 Efficacy of Trisaccharide Conjugate Vaccine in Mice

Candida challenge experiments are expensive and time consuming to conduct in

rabbits. However all of the conjugates described above as well as others reported in

our published work failed to induce sufficiently high antibody titres in mice that

could afford protection (Lipinski et al. 2011a; Wu et al. 2007, 2008). In general

titres against the native cell wall phosphomannan complex were modest to weak.

With Cutler’s group we have reported a successful approach to protect mice

(Dziadek et al. 2008; Xin et al. 2008). This work employed T-cell peptides that are

found in cell wall proteins of C. albicans. A synthetic method was developed to

Fig. 5.11 (continued)
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conjugate the b-mannan trisaccharide to the N-terminus of these T-cell peptides.

Six peptides were selected and conjugated to the trisaccharide.

Employing an intensive schedule of ex vivo dendritic cell stimulation followed

by in vivo transfer and further conventional immunization mice could be protected

from challenge with C. albicans. This approach suggests that a potential cause of

the poor immune response in mice is the absence of an effective presentation of the

glycoconjugate vaccine. We have investigated alternative ways to achieve this goal.

One approach (Xin et al. unpublished) used the protective glycopeptide described in

the preceding paragraph. If these glycoconjugates were synthesized with a tether

attached to the C-terminus of the peptide, a conjugate of the glycopeptide with

tetanus toxoid could be prepared. Preliminary data with this antigen suggest: that

tetanus toxoid can serve as a suitable secondary carrier as it induces robust antibody

responses and protective immunity even when administered without adjuvant. In

separate experiments we have investigated alternative and simple approaches to

target glycoconjugate vaccines to dendritic cells (DC). Again preliminary data

suggest that with appropriate DC target the glycoconjugate vaccine that worked

so well in rabbits can also be effective at inducing protective antibodies in mice.

Fig. 5.11 (a) Distribution of CFU values in different organs. Bars represent range of 25–75th

percentile. Median values are shown as vertical lines. (b) Tables show values of statistical

categories
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Conclusions

Current dogma suggests that the oligosaccharide component of glycoconjugate

vaccines should possess a certain minimal size if protective antibodies are to be

generated. This size usually ranges from an octasaccharide (Lindberg et al.

1983) to as large as a hexadecasaccharide (Phalipon et al. 2006, 2009; Pozsgay

et al. 2007). In Candida albicans where the protective antigen is a cell wall

glycoprotein, it appears that a disaccharide or trisaccharide epitope can afford

protective antibody. When combined with a T-cell peptide that is capable of

inducing cell mediated immunity we can envisage a fully synthetic conjugate

vaccine that engages both arms of the adaptive immune response. Since disac-

charide and trisaccharide epitopes should be cost effective to produce at scale a

chemically defined conjugate vaccine against Candida albicans may become an

attractive prospect.
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The Neutralizing Anti-HIV Antibody 2G12 6
Renate Kunert

6.1 The Anti HIV-1 Neutralizing Antibody 2G12
and It’s Neutralizing Activity

The human monoclonal antibody (mAb) 2G12 was isolated from an asymptomatic

HIV-1 infected patient in 1990. In 1994, its neutralizing activity against HIV-1

strains and binding to the glycoprotein 120 (gp120) was described for the first time

(Buchacher et al. 1994; Purtscher et al. 1994; Trkola et al. 1995). At that time

a recombinantly expressed 2G12 IgG1 protein was already available (see below)

and characterization was exclusively done with this recombinant molecule so that

a confusion between hybridoma derived and recombinantly expressed 2G12 could

be precluded.

In principle, mAbs possess different ways to counteract HIV-1, (a) cell free

neutralization, (b) complement mediated activities and (c) antibody dependent

cellular cytotoxicity (ADCC), all of which have been shown to be employed by

mAb 2G12 and seem to be responsible for its broad reactivity against primary and

T-cell line adapted strains of HIV-1 (Trkola et al. 1996). Due to its broad biological

activities, mAb 2G12 is able to defend against infection with primary HIV isolates

from various clades, either by direct virus neutralization or in combination with

other effector cells and complement activation. This was shown impressively with

the HIV-1-MN strain (Trkola et al. 1996) which is not neutralized in a cell free

assay. However, in combination with activated human complement, HIV-1-MN

was unable to form syncytia of AA-2 lymphoblastoid cells, indicator cells

with syncytia formation upon HIV infection. The specific effect of complement

activation was confirmed by deposition of complement factor C3 on infected cells.

ADCC activity was evaluated with different HIV-1 infected cell lines in a 51Cr

release assay (Klein et al. 2010; Trkola et al. 1996). In this assay, the infected target
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cells were labelled with Na2
51CrO4 and in addition to mAb 2G12, peripheral blood

mononuclear cells (PBMCs) isolated from healthy HIV-1 negative donors, were

added as effector cells. The percentage of released 51Cr was then calculated relative

to the total amount of 51Cr released by 1% Triton X-100 treatment. This test

revealed that 2G12 is a potent mediator of ADCC and induces specific lysis of

various infected cells (recombinant gp120/IIIB CEM.NKR cells, HIV-1 IIIB

infected CEM.NKR cells, HIV-1 MN infected CEM.NKR cells).

6.2 Binding of mAb 2G12 to gp120

Already in the early 1990s the specificity of mAb 2G12 for N-linked glycans in the
domains C2, C3, V4 and C4 of the HIV-1 gp120 became evident from binding

studies. The combination of glycan trees on different constant and variable regions

of gp120 forms a unique structure in a special arrangement allowing mAb 2G12 to

efficiently bind the isolated protein and also primary HIV-1 isolates, leading to the

very broad neutralizing activity. A molecular understanding of the binding to this

peculiar envelope epitope should facilitate rational design of a HIV-1 vaccine and

the performed structural and biochemical studies will be described below.

6.2.1 Glycans of HIV-1 gp120

The envelope protein gp120 of HIV is highly glycosylated with nearly 50% of the

mass contributed by carbohydrates. In general, glycoproteins may possess various

forms of N-linked carbohydrates categorized as high-mannose, hybrid and complex

glycans. It is known that the choice of host cell line has an impact on the glycosyl-

ation pattern of secreted proteins. After expression of HTLV-III B gp120 in CHO

cells and lymphoblastoid H9 cells high-mannose, hybrid and complex N-glycan
structures were found to be present (Mizuoch et al. 1988; Mizuochi et al. 1990).

By contrast, gp120 produced in insect cells were shown to contain mainly high-

mannose glycans after purification on Con-A sepharose (Yeh et al. 1993) which

were processed to different extents depending on the site of glycosylation. The

glycosylation pattern of gp120 has been analyzed in detail by Leonard et al. (1990)

who identified 11 high-mannose- and/or hybrid, and 13 complex type oligosac-

charides. The combination of different methods, like the use of different enzymatic

digestions, HPLC separation, matrix-assisted laser desorption/ionization (MALDI)

and nanoelectrospray MS/MS led to the identification of glycans found on 26

consensus glycosylation sites on recombinant gp120 of HIV-1 strain SF2 expressed

in mammalian CHO cells. Based on known crystal structures and the carbohydrate

analyses structural models were developed for the completely glycosylated intact

protein (Zhu et al. 2000; Chen et al. 2005). Such models indicated that the high-

mannose glycans are clustered on the surface of gp120 while the complex glycans

form an additional cluster which do not overlap. This clustering might have
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biological implications for, e.g., the interaction with cellular glycans and also the

mannose binding lectin.

6.2.2 Analysis of the 2G12 Epitope

In the first experiments to clarify the nature of the 2G12 epitope, 2G12 binding

was characterized in different preparations of recombinant gp120 expressed in

mammalian and insect cells. While binding was identified in both preparations

and even in urea-denatured forms of mammalian and insect cell-derived gp120,

binding was completely abolished when the mammalian protein was in the reduced

state. These findings imply that the 2G12 epitope is discontinuous in nature or

otherwise sensitive to the gp120 conformation (Moore et al. 1994). Afterwards it

was shown that 2G12 could not bind any longer to deglycosylated forms of gp120.

These first investigations made clear that 2G12 binds to a conformational epitope

generated by sugar moieties. More detailed information was given by site directed

mutagenesis experiments affecting glycosylation sites in the C2 and C3 domains

near the base of the V3 loop, and in the C4 region giving evidence that the

discontinuous epitope is centred around the C3/V4 domain of gp120 and is clearly

sensitive to the presence of N-linked glycosylation in this part of the molecule

(Trkola et al. 1996). Cross-competition experiments with 45 human and rodent

mAbs to continuous and discontinuous gp120 epitopes demonstrated that 2G12

binds to a distinctive epitope that is recognized by no other known anti-gp120 mAb.

More detailed information was collected a couple of years later after the

neutralizing potential of 2G12 was approved in SCID-mice and macaque challeng-

ing studies (Mascola et al. 1999; Mascola et al. 2000; Baba et al. 2000; Zwick et al.

2001; Ruprecht et al. 2001; Stiegler et al. 2002; Gauduin et al. 1997).

At that time it was already known that only very few antibodies are naturally

made against the carbohydrate moiety of gp120, possibly due to its large size and

potential conformational flexibility. The protein backbone under the glycan surface

forms the scaffold for the glycans but is not accessible to immune recognition and

therefore this region of gp120 is called the “silent face” of the viral envelope. To

elucidate further the molecular nature of the 2G12 epitope site directed alanine

scanning mutagenesis was performed on gp120 (Scanlan et al. 2002). In this study,

recombinant gp120 was expressed with asparagine (N) to alanine (A) mutations

at positions N295, N332, N339, N386, and N392 that eliminated the N-linked
carbohydrate attachment sites assumed to be of significant importance for the

2G12 binding affinity (HIV-1 isolate JR-CSF). By using these mutants in ELISA

tests it became evident that the affinity for the 2G12 interaction decreased signifi-

cantly for all mutants.

The assumption that all five glycan residues are involved in antibody binding

was further tested by alternative mutations showing that the carbohydrates assigned

to positions 339 and 386 are not crucial for 2G12 binding. Figure 6.1(a) shows

a model of gp120 in the C4-V4 face of gp120 viewed from the perspective of the V4

loop and Fig. 6.1(b) the spatial location of the V3 and V4 loops. The additional
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Fig. 6.1 Location of gp120 N-linked glycans involved in 2G12 binding. The N-glycans which are
likely to be primarily involved in 2G12 binding are shown in red (N-glycan of N295), blue
(N-glycan of N332), and purple (N-glycan of N392). N-glycans which influence 2G12 binding

but which are not directly involved in binding are shown in green (N-glycan of N339) and orange
(N-glycan of N386). Other carbohydrate chains are shown in yellow. (a) Surface of the C4-V4 face
of gp120 viewed from the perspective of the V4 loop. (b) Spatial location of the V3 and V4 loops,
which are proposed to extend from the protein surface in the region of the 2G12 epitope. Glycans

were modelled onto the core structure of gp120 according to highest population types and lineages,

based on results of mass spectrometry (Zhu et al. 2000) (From: J Virol. 2002 July; 76(14):

7306–7321. doi: 10.1128/JVI.76.14.7306-7321.2002. Copyright# 2002, American Society for

Microbiology)
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carbohydrate in this cluster in position N448 was identified to be unnecessary for

2G12 binding at least in isolate HIV-FR-CSF.

Calculation of the surface area of N-glycans involved in 2G12 binding makes

clear that the epitope recognized by the antibody can be only a fractional amount of

the solvent-accessible surface surrounding the Man residues at glycosylation sites

295, 332, 386, 392 and 448. Thus the actual 2G12 epitope must represent only

a small portion of this surface.

In order to elucidate the epitope of mAb 2G12 binding was investigated after

enzymatic digest of N-glycans. Treatment of gp120 with NgF, Endo F1, Endo H,

or a-mannosidase abolished 2G12 binding completely. By contrast, digestion with

glycosidases specific for complex glycans like neuraminidase or endo-b-galactosidase
had no significant impact on 2G12 binding (Sanders et al. 2002). Control

experiments showed that the structure of gp120 was not substantially altered by

most glycosidases except NgF. The treatment of gp120 with this enzyme reduced

binding of a polyclonal anti-HIV-1 serum significantly. Affinity measurements

between 2G12 and different gp120 preparations treated with endoglycosidases

revealed that 2G12-gp120 binding was lost when gp120 was treated with Aspergillus
saitoi mannosidase (cleaving only aMan(1!2)aMan linkages) and also Jack

Bean mannosidase (specifically releasing terminal Man residues from a(1!2),

a(1!3), and a(1!6)-linked sugars) indicating that the a(1!2)-linked Man disac-

charides of oligomannose glycans on gp120 are required for 2G12 binding (Sanders

et al. 2002).

Consistent with this finding, the binding of mAb 2G12 to gp120 could be

prevented by high concentrations of monomeric Man but not by Gal, Glc, or

GlcNAc. The inability of 2G12 to bind to gp120 expressed in the presence of the

Glc analogue N-butyl-deoxynojirimycin (Sanders et al. 2002) similarly implicated

terminal aMan(1!2)aMan in 2G12 binding since this analogue inhibits glucosi-

dase I and II in the endoplasmic reticulum leaving Glc capped sugars on the gp120

high-mannose glycans.

With this information further studies with typical high-mannose type oligosac-

charides, namely Man5GlcNAc, Man6GlcNAc and Man9GlcNAc, isolated from

ovalbumin and soybean agglutinin, were performed. Man9GlcNAc bound with

much higher affinity to 2G12 leading to the conclusion that the terminal a(1!2)-

linked Man disaccharide is the most important since Man9GlcNAc contains three

accessible disaccharide bonds in contrast to Man6GlcNAc with only one and

Man5GlcNAc with no a(1!2)-linked Man (Wang et al. 2004). The interaction of

2G12 with different oligomannose derivatives was investigated in greater detail

using synthetic mono-, di- and triantennary oligomannosides displaying the original

structure of a high-mannose glycan on a glycoprotein (Calarese et al. 2005). The

study combined solution-phase ELISA, carbohydrate microcarrier analysis and co-

crystallization of distinct oligomannosides with 2G12 Fab. Thereby it became

evident that 2G12 can bind to the aMan(1!2)aMan residues at the termini of

both arms, D1 and D3, of a high mannose structure.
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6.3 Structural Peculiarities of mAb 2G12

The first indication of an unusual structure of 2G12 came from gel filtration analysis

of 2G12 Fab papain digests in comparison to other IgG1 antibodies because the

2G12 Fab eluted from a size exclusion column at a molecular mass of approx.

100 kDa, instead of the expected 50 kDa. This suggested that 2G12 Fab exists

almost entirely as dimers in solution. The second evidence for the presence of 2G12

Fab dimers in solution was given by a sedimentation coefficient analysis indicating

a higher S20,W value for 2G12 as compared to other IgG1 Fabs pointing to a more

compact structure of the mAb 2G12 than other IgG with a Y-shaped configuration

(Calarese et al. 2003).

The visualization by electron microscopy (Sch€ulke et al. 2002) elucidated that

the two Fab arms of 2G12 IgG1 extended in a vertical Y configuration in such a way

that the Fab arms were parallel and adjacent to each other. This configuration was

found in unreacted 2G12 (Fig. 6.2) as well as in complexes of 2G12 IgG1 with

gp120. This so called I-shaped configuration is realized by an unusual non covalent

tight interaction of two independent Fab arms observed in each single IgG1 and also

in papain digests thereof where the Fab arms form dimers. Moreover, purified 2G12

Fig. 6.2 Electron microscopy of 2G12. (a) Representative images of individual 2G12 molecules

and interpretive diagram. � 500,000. (b) Computationally averaged electron micrographs

(n ¼ 123) of 2G12. (c) Averaged image subjected to threshold cutoff analysis emphasizing the

portions of the image with greater density. (d) Averaged image with superimposed atomic

structures of 2G12 Fab dimer (PDB 1om3, Calarese et al. 2003), B–D � 1,000,000 and human

Fc fragment (PDB 1fc1, Deisenhofer 1981). Blue and green: light chains, red and gold: heavy
chains (From: Molecular Immunology 41 (2004) 1001–1011. doi:10.1016/j.molimm.2004.05.008)
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heavy and light chains re-associate to form molecules with 2G12 morphology even

in the absence of inter-chain disulfide bond formation leading to the assumption that

no significant torsional force upon the elbow junction between constant and vari-

able regions is necessary for the extended I-shaped configuration (Roux et al. 2004).

The first crystal structure of Fab 2G12 was reported in 2003 (Calarese et al.

2003). The VH domains form a two-fold symmetry axis with a 178.5� angle due to
the variable heavy and light chain interaction forming the regular combining site.

The second axis is generated in the same direction by interaction of the two VH

domains with an angle of 35�. Thereby two Fabs are arranged side by side (compare

Figs. 6.2(d) and 6.3) as a domain-swapped dimer which is able to assemble a novel

Fig. 6.3 Model of 2G12 glycan recognition of gp120. Three separate Man9GlcNAc2 moieties,

shown in red (two in the primary combining sites and one in the VH/VH’ interface) potentially

mediate the binding of 2G12 to gp120. The glycans at the primary combining sites originate from

N332 and N392 (labelled) in gp120, whereas the carbohydrate located at the VH/VH’ interface

would arise from N339 (labelled). N-linked glycans occurring at N332 and N392 have previously

been implicated as critical for 2G12 binding (Scanlan et al. 2002). The N-linked glycan at N339 is
not as critical for 2G12 binding, although this glycan could potentially interact with the VH/VH’

interface (From: Science, 2003, 300: 2065–2071)
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and additional antigen binding site at the VH/VH’ interface in addition to the two

conventional VH/VL binding sites. Such structures with similar function are also

known from Cyanovirin-N, a lectin binding mannose rich glycans (Barrientos and

Gronenborn 2002; Barrientos et al. 2003; Botos and Wlodawer 2005).

In 2G12, 3 factors have been identified with potential responsibility for

the unusual domain exchange predominantly induced by somatic mutations in

VH (Calarese et al. 2005; Kwong and Wilson 2009), (a) the interface contact of

VH/VL is rather weak, (b) the connection between VH and CH1, the elbow region,

is more flexible and (c) the VH/VH’ is favourably created. The somatic mutations

were predicted by means of the crystal structure and comparison to germline motifs

(Calarese et al. 2003). Thereby five amino acids were identified belonging to the JH

region and some additional VH and VL amino acids seemed to be responsible for

the generation of the new antigen binding site. For proof of concept recombinant

2G12 like antibodies were expressed in recombinant CHO cells to determine if

predominantly changes in the hinge loop or a combination of somatic mutations

distributed over the entire variable region are responsible for dimerization of mAb

2G12 Fabs (Gach et al. 2010). Characterization of the structure by circular dichro-

ism spectrometry indicated rather similar structures when only amino acids in the

hinge region were exchanged but significant changes in the tertiary structure

appeared by introducing additional back mutations to germline genes. In parallel

a successive decreasing predominance of the I-shaped conformations was observed

in electron microscopy and also dimerization was lost. Moreover, binding to recom-

binant HIV1-MN envelope protein was nearly abolished. Further investigations of

factors responsible for the domain exchange revealed how single amino acids located

at the VH/VH’ interface interact with the elbow region (Huber et al. 2010) and

recently a non-domain-exchanged 2G12 antibody was obtained by exchange of

a single amino acid in the framework 1 region of the 2G12 heavy chain. Interestingly,

this newly generated antibody was not able to bind to the envelope glycoprotein on

HIV-transfected cells and did not neutralize HIV-1 pseudoviruses, despite of the fact

that this 2G12 variant was able to bind gp120 in an ELISA test after complexation

with anti-Fc antibodies (Doores et al. 2010).

Additionally, the crystallographic data showed that the unusual domain swapped

structure of 2G12 is able to bind either two D1 arms from different sugars or a

combination of D1 and D3 of a single oligoglycan or even different molecules. This

mode of recognition seems to enhance binding avidity to the multivalent clustered

carbohydrate surface of gp120, leaving some space for carbohydrate inaccuracies

and finally increasing the neutralizing potency significantly. No significant binding

of mAb 2G12 to self proteins has been observed.

6.4 Binding of Lectins

The proof of HIV neutralization bymAb 2G12 via a carbohydrate epitope stimulated

studies to test the ability of lectins to defend against HIV infections. Subsequently,

Griffithsin (GRFT), a lectin isolated from red algae with a 121 amino acid dimeric

154 R. Kunert



protein with a domain-swapped structure (Ziółkowska and Wlodawer 2006), and

other lectins like Cyanovirin-N (CV-N) or Scytovirin (SVN) have been shown being

able to neutralize HIV-1 by binding to mannose-rich glycans found on gp120. The

CV-N lectin binds to a(1!2)-linkedMan residues and has been shown to inhibit the

binding of mAb 2G12 to gp120 (Bewley and Otero-Quintero 2001), providing

further indirect evidence for the specificity of 2G12. These competition experiments

revealed that 2G12 only interacts with a subset of the available aMan(1!2)aMan

disaccharides. Consideration of all binding data and a molecular model of gp120

suggests that the most likely epitope for 2G12 is formed by Man residues of glycans

attached to N295 and N332, while the other glycans play an indirect role in

maintaining the epitope conformation (Scanlan et al. 2002).

Based on their ability to block HIV-1 entry, distinct lectins have been proposed

(François and Balzarini 2011; Alexandre et al. 2010) as potential microbicides

to prevent the sexual transmission of HIV, despite the fact that these lectins are

not HIV specific. The occurrence of high-mannose glycans on mammalian cells,

despite rare, leave a low risk of toxicity upon application in humans.

6.5 Expression and Large Scale Production
of mAb 2G12 for Clinical Studies

Peripheral blood mononuclear cells (PBMC) were isolated from fresh blood

samples and fused with myeloma cells (CB-F7) by electroporation in a hypotonic

PEG-containing buffer system (Buchacher et al. 1994). Primary hybridomas were

stabilized in hypoxanthine, amenopterin and thymidine (HAT) containing medium

and plated with an initial number of 100,000 lymphocytes per well. Growing clones

were screened for binding to recombinant vaccinia virus-derived gp160/IIIB (a gift

from Immuno AG) and clones with positively reacting culture supernatants were

further subcloned by the limiting dilution method to eliminate non producing

clones. Thereby the productivity of the 2G12 expressing hybridomas was increased

to 10 pg per cell and day.

Of 2G12 hybridoma cells mRNA was isolated and transcribed into cDNA with

random hexamer primers and reverse transcriptase (Kunert et al. 1998). From the

purified cDNA preparation heavy and light chains were amplified using family

specific antibody sense and antisense primers. Amplicons with common heavy

and light chain signal regions were inserted into eukaryotic expression vectors

(pRC/RSV). The host cell line, CHO-DUKX-B11 (Urlaub and Chasin 1980), was

co-transfected with three plasmids, the two for heavy and light chain and one

containing the dihydrofolate-reductase gene for amplification of gene copy number

with methotrexate (MTX). Clone isolation was done with standard procedures and

final screening of the producer clone was done after adaptation to protein free

cultivation conditions.

For in vivo studies and clinical trials 2G12 IgG1 was manufactured by Polymun

Immunbiologische Forschung GmbH (Vienna, Austria) according to current GMP

guidelines. One ampoule of the recombinant CHO cell line expressing 2G12
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working cell bank is thawed in a protein-free growth medium. For inoculum

preparation, cell expansion is performed afterwards in Roux-bottles and spinner

flasks to a volume of approximately 2 l. The bioreactor cultivation system for cell

propagation to production scale consists of three stirred tank reactors (bioreactor F1

with 15 l working volume, bioreactor F3 with 260 l working volume and bioreactor

F5 with 1,750 l working volume). The stirred tank reactors are equipped with axial

flow marine type impellers which are used for liquid mixing. Aeration is achieved

via gas mixing of air, nitrogen and oxygen. The gas mixture is sparged into the

culture fluid. The pH is controlled via CO2 gas flow and by addition of base solution.

An industrial process-management system (TDC 3000, Honeywell) is used

for process control and the fermentation is carried out at set-point 37�C, pH 7.0,

pO2 30% of air saturation. For production of approx. 1,500 l raw supernatant the

fermentation procedure contains a three step scale-up procedure, whereas in the

third bioreactor a fed-batch process is performed by addition of a nutrient concen-

trate. Every 8–12 days the total bioreactor volume (up to 1,700 l) with a cell density

of 1–5 � 106 cells/ml and cell viability of at least 30% is harvested. The production

harvest is transferred into sterile storage vessels and cooled down to 25 � 5�C.
The clarification process is carried out in a closed system. A continuous

hydrohermetic disk-stack centrifuge (Westfalia CSA-1, Germany) is used for cell

separation. Further clarification is achieved by depth filtration using a depth filter

(Seitz, Germany, Type Bio or Cuno, USA, Type ZetaPlus) followed by a 0.2 mm
filtration (Pall, UK). The clarified supernatant is stored in a sterile plastic bag

(Stedim, France) at 5 � 3�C.
The clarified supernatant is applied by expanded bed adsorption technology onto

the sanitized and equilibrated Streamline® rProtein-A Column (Amersham

Biosciences, Sweden). The antibody is adsorbed on the affinity column. After adsorp-

tion, unbound proteins and impurities are washed out. DNA-removal and virus

inactivation/removal is achieved by incubation with Benzonase® detergent buffer in

the expanded bed over night (12–18 h) at room temperature, which is washed out

thereafter. The antibody is then eluted in settled bed mode. An additional robust step

contributing to the inactivation of potential viral contaminations is the incubation of

the eluate of the rProtein A affinity chromatography for at least 2 h at a pH of 3.4–3.9.

Q-Sepharose anion exchange chromatography is performed for furtherDNA andHCP

removal afterwards at neutral pH where the antibody passes through the column.

Finally, cross flow filtration is used for the buffer exchange to the final formulation

buffer (acetic acid/maltose) and concentration to about 9–15 mg/ml.

6.6 Natural Development of mAb 2G12 and
the Implications for Vaccine Design

Much effort has been undertaken to elicit 2G12 like antibodies which are

neutralizing HIV by binding to an immunologically almost silent site of gp120.

The numerous mutations in the variable regions and the rare occurrence of

2G12 like antibodies suggest that this antibody has undergone intensive somatic
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maturation. If such antibodies are generally generated in response to HIV infection,

it should have been possible to isolate or detect antibodies with 2G12 specificity

more frequently. This is clearly not the case, and therefore it seems likely that 2G12

maturation was only possible by a immunological costimulation by different

antigens (Doores et al. 2010). Testing 2G12 binding to various mannan rich

pathogens revealed that a large number of fungi especially various Candida species
are recognized by 2G12 (Dunlop et al. 2008). These pathogens are often found

associated in immunodeficient patients. The mannose branches on the cellular

surface of yeasts would give plausibility for the lost tolerance to self-oligomannose

structures which are determined by human cells in HIV infection. With these

findings the use of anti-mannan antibodies as components of immune strategies

can thereby be re-evaluated. However, it remains to be investigated further at which

stage these 2G12 maturation mutations occurred in the evolution of this very unique

antibody.

Taken together it is generally accepted that for the development of a carbohy-

drate recognizing antibody such as 2G12 the viral replication of HIV must be

maintained in the patient for years (Sather et al. 2009). Additionally and most

likely such antibodies can only be elicited by the immune system if the HIV

infection is accompanied by concomitant high antigen load rendering a high degree

of somatic mutations to the developing antibody and in case of 2G12 leading to the

exceptional I-shaped structure of 2G12 (Kwong and Wilson 2009).
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Immune Recognition of Parasite Glycans 7
Rick M. Maizels and James P. Hewitson

7.1 Introduction

Glycan antigens have a long and detailed history in parasite immunology, dating

back to identification of an allergenic polysaccharide from the nematode round-

worm Ascaris by Campbell in 1936 (Campbell 1936). In the intervening 75 years,

an extraordinary array of carbohydrate structures have emerged from both of the

major biological groups of parasite, the unicellular protozoa and the multicellular

(metazoan) helminth worms. Parasite glycans are represented in a full range of

carrier molecules, including glycoproteins through O- and N-linkages, unusual
glycolipid structures, and polysaccharides.

Many of the glycan determinants are novel and unique moieties, readily

recognised as foreign by host antibodies, and which can dominate the antigenic

profile of the parasite as a result. Importantly, protective immunity is not necessarily

conferred by antibodies to immunodominant glycan epitopes, suggesting that in some

cases they represent decoy specificities that distract the immune system. In addition,

there are also many parasite glycans, particularly where core structures are not greatly

modified, which replicate host carbohydrates. These may represent instances of

molecular mimicry, allowing parasites to escape antibody targeting, or even “glycan

gimmickry” in which parasites produce glycan ligands of host lectin receptors that

may dampen immune responsiveness (van Die and Cummings 2010).
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In this chapter, we will review the major immunogenic parasite glycans, and

summarise the studies available on the specificity and nature of anti-carbohydrate

antibodies in the principal parasite infections. Earlier work, much of which is still

instructive, measured responsiveness to global glycan compartments, but more

recent studies have resulted in fully-defined glycan structures with corresponding

specific monoclonal antibodies. An important aspect is the degree to which

isotype switching (e.g. from IgM to IgG) occurs in anti-carbohydrate responses,

because the absence of switching may indicate a deficiency in B–T lymphocyte

collaboration, and result in poor functional characteristics of the antibody. Immu-

nity, in its broadest sense, also involves the recognition of parasite glycans to

other immune system receptors (van Die and Cummings 2010), in particular

innate pathogen pattern recognition receptors (PRRs), such as toll-like receptors

(TLR), and in the case of glycans, C-type lectin receptors (CTL) and galectins

(Robinson et al. 2006; Vasta 2009). In addition, certain parasite glycans are

known to act as immunomodulators of the host, again interacting with non-

antibody components of the immune system (Harn et al. 2009). Where appropri-

ate, we also comment on these facets.

Parasites are infectious eukaryotic organisms which depend for part or all of

their life cycle on a host species, and live at the expense of their host. The two

principal biological groups of parasites are protozoa and helminths, which

are separated by such substantial phylogenetic distances and utilise sufficiently

different cellular pathways that we have chosen to discuss them separately

(in Sects. 7.2 and 7.3 below). Parenthetically, it should be noted that in the broader

sense, parasitism also embraces groups of ectoparasitic arthropods, but as relatively

few studies are available on the glycans of these species, we will not describe them

further in this article.

7.2 Trypanosomatids

The trypanosomatids include intracellular protozoa (Leishmania spp. and the Amer-

ican trypanosome, Trypanosoma cruzi) as well as organisms choosing an extracel-

lular habitat (e.g. T. brucei). The trypanosomatids are generally transmitted by

arthropod vectors (such as the sandfly for Leishmania spp.), and share many cellular

and molecular features, including extensive use of glycosylphosphatidylinositol

(GPI) membrane anchors in multiple classes of cell surface glycoconjugate antigens

(Guha-Niyogi et al. 2001).

There are six species of Leishmania which cause serious disease (e.g. mucocu-

taneous or visceral leishmaniasis) in humans (Handman 2001), and they differ

significantly in their glycan structures and antigenicity. In each species, however,

the surface is coated with a unique lipophosphoglycan (LPG) which is expressed at

the plasma membrane at 1–5 � 106 copies per cell. The LPGs share a similar

architecture of a GPI tail, a (Gal)3(Man)2(Glc)GlcNAc linker oligosaccharide,

a repeating phosphodisaccharide (e.g. !6bGal(1!4)aMan(1P!)10–40), and

a small cap (e.g. Gal2Man), as summarised in Fig. 7.1 (Moody et al. 1991; Descoteaux
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Fig. 7.1 Examples of parasite glycan structures from protozoa (Leishmania) and helminth

species. Many elaborations of the structures presented are found, as detailed in the text. For

example, the core repeat of the Leishmania lipophosphoglycan may bear galactose (Gal) side

chains, and in Schistosomes there is a high degree of additional fucosylation on the basic LDN

structure shown. Unusual modifications include the addition of phosphorylcholine (PC) in filarial

and ascarid glycans, the presence of O-methylation in Toxocara, and the capping of Trichinella
N-glycans with Tyvelose (Tyv) residues
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and Turco 1999). The prominence of phosphorylated conjugates reflects their func-

tional importance throughout the complex parasite life cycle (Ilg 2000; Naderer et al.

2004). Species-specific elaborations of this structure play important biological roles:

for example, in L. major, the core repeat carries b(1!3)Gal substitutions that allow

the parasite to bind to the midgut of the sandfly vector for its transmission cycle;

once ready to infect a new host, the side chains are extended by addition of an Ara

residue in a(1!2)-linkage, allowing the organisms to detach in preparation for

invasion. This change may account for the stage-specificity of monoclonal antibodies

to LPG from promastigote and amastigote forms (Glaser et al. 1991). Capping the

galactosyl side chains may also protect invading parasites from the natural immunity

of anti-Gal antibodies in humans. Hence, even with a single species, the structure and

therefore antigenicity of LPG will alter around the developmental cycle. Notably,

despite the prominence of LPG, it is generally reported to be poorly immunogenic in

natural infections, yet is an strong immunogen when presented in a vaccine setting,

implying that the live parasite is able to interfere with effective immune priming

(McConville et al. 1987).

Leishmania species also express other abundant molecules bearing the same or

similar glycan specificities, namely GIPLs (glycosylinositolphospholipids) and

PPGs (proteophosphoglycans) (McConville and Bacic 1989; Ilg 2000). While

GIPLs contain the (Gal-Man-PO4) repeat and thus resemble LPG without the

linker or cap saccharides, the mucin-like PPGs differ in substituting similar

glycans through O-linkages to abundant serine residues. Ilg et al. (1993) have

described a set of monoclonal antibodies against several different antigens present

in the phosphosaccharide repeat, including the terminal Man cap as well as both

modified and unmodified phosphorylated repeats. The poor natural immunoge-

nicity of the phosphoglycans (Aebischer et al. 1999) may be explained by

their direct immunomodulatory effects, for example on antigen-presenting

macrophages.

In African trypanosomes, the building blocks for glycoconjugates are similar

to Leishmania, but the surface antigen organisation is dramatically different. In

T. brucei, the entire plasma membrane is a densely packed glycocalyx of one

individual product, the Variable Surface Glycoprotein or VSG (Borst and Rudenko

1994). This is GPI-linked, and carries only a modest level of N-glycosylation.
The American trypanosome T. cruzi is very different from its African congener.

Rather than a single uniform N-linked gycoprotein, T. cruzi expresses a range of

O-linked glycosylated mucins and GIPLs (Previato et al. 2004). The O-linkages are
generally through O-GlcNAc rather than O-GalNAc (Previato et al. 1998), and the

overall composition favours GlcNAc and Gal residues (Todeschini et al. 2001).

A further intriguing aspect of T. cruzi glycans is that the parasite sialylates exposed
Gal residues by capturing host sialic acid as a substrate; as with Leishmania LPG

this modification may protect the parasite from the natural immunity of anti-Gal

antibodies in humans. The most prominent resultant sialoglycoproteins are surface-

located GPI-linked threonine-rich mucins (Todeschini et al. 2009).
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7.2.1 Plasmodium (Malaria)

Plasmodium proteins certainly show a much lower overall level of glycosylation

than the trypanosomatids, with the few examples of N- or O-glycosylation
remaining somewhat controversial (Macedo et al. 2010). The glycan structures

that have been identified are rudimentary and no specialised modifications have yet

been reported in these parasites. The only prominent glycan expressed in malaria

is the GPI anchor, similar to other protozoa, but there is little evidence that this is

either recognised by host antibody or that antibody plays a protective role. How-

ever, release of GPI during processing or degradation of malaria proteins is thought

to activate innate inflammatory cells, contributing to the pathogenesis of malaria

through glycan-reactive PRRs (Schofield and Hackett 1993).

In contrast to the low profile of parasite glycosylation, malaria organisms

rely primarily on interactions with host glycans for the propagation of their life

cycle. For example, the ability of parasites to invade host red blood cells involves

interactions with sialylated glycans on erythrocyte glycophorin A, while the ability

of malaria sexual stages to attach to the mosquito vector midgut requires interaction

with a complex insect oligosaccharide (Dinglasan et al. 2003).

7.2.2 Entamoeba and Other Protozoa

Entamoeba histolytica is an intestinal protozoon which causes ameobic dysentery

and will opportunistically invade the liver. The trophozoite stage in the intestine

produces both a Leishmania-like LPG and a prominent lipopeptidophosphoglycan

(LPPG), also known as PPGs similar in structure to the trypanosomatids, in

which the serine residues are coupled to Glc residues (Moody-Haupt et al. 2000).

Monoclonal antibody EH5 directed against the LPPG confers protective immunity

in experimental mouse infection (Marinets et al. 1997) although the epitope

recognised by this antibody has yet to be defined.

7.3 Helminths

Helminths are multicellular worms which are members of the invertebrate phyla

Nematoda (roundworms) and Platyhelminthes (flatworms). All have prominent

glycoconjugates in their surface structures, such as the glycocalyx of schistosomes

and the surface coat of nematodes (Dell et al. 1999). In most species, female

worms release eggs which are relatively glycan-rich, and in many cases parasites

actively secrete a high level of carbohydrate-containing molecules. Some glycan

determinants are found in multiple groups, for example the a(1!3)-linked core

fucosylation of LacdiNAc (bGalNAc(1!4)GlcNAc) found in Schistosoma
mansoni, Haemonchus contortus (Haslam et al. 1996) and Trichinella spiralis
(Fig. 7.1). This structure is not known in vertebrates and may be restricted to
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invertebrates and plants (Fournet et al. 1987; Wisnewski et al. 1993; Wilson et al.

1998; van Die et al. 1999), and most significantly may be the target of cross-reactive

IgE antibodies that were found to bind both honeybee venom and pineapple

bromelain in a fucose-dependent manner (Tretter et al. 1993, see also Chap. 8).

A different example is the Tn antigen (truncated GalNAc-O-Ser/Thr) which is

well-known in mammalian structures and is present (and reactive with the mono-

clonal antibody 83D4) in multiple cestodes (Taenia hydatigena, Mesocestoides
corti), trematodes (Fasciola hepatica) and nematodes (Nippostrongylus
brasiliensis, Toxocara canis) (Casaravilla et al. 2002). Similarly, PC is expressed

in most parasitic helminths, in particular as part of N-glycan structures of filarial

nematodes (Haslam et al. 1999). As one of the objectives of helminth glyco-

immunology is specific diagnosis and prophylaxis, the major focus of our discus-

sion will be on species-restricted glycans and the antibodies recognising them.

7.3.1 Schistosomes and Other Trematodes

Several convergent research approaches have provided detailed information on

S. mansoni glycobiology (Hokke et al. 2007). First, the presence of a thick external

glycocalyx around the larval and adult worms revealed by histochemical and lectin

staining demonstrated the importance of carbohydrate components in this parasite

(Collins et al. 2011). Secondly, it was shown that host antibody responses are

dominated by anti-glycan specificities (Norden and Strand 1985; Cummings and

Nyame 1999; Hokke and Deelder 2001), and that animals vaccinated with radia-

tion-attentuated cercariae (larvae) generated anti-glycan antibodies (Richter et al.

1996). Thirdly, studies on circulating antigens in S. mansoni infections identified
two macromolecular carbohydrates present in the serum of infected mice, with

contrasting electrophoretic mobility, CAA (circulating anodic antigen, a glycos-

aminoglycan structure with multiple O-linked b(1!6)-linked GalNAc polymers,

each with glucuronic acid side chains) and CCA (circulating cathodic antigen, with

a shared fucosylated polylactosamine as discussed below) (Cummings and Nyame

1996). Fourthly, a glycomics approach focussing on egg and cercarial secretions

has highlighted a suite of complex and novel structures of interest (Jang-Lee et al.

2007). The systematic glycomics also confirmed the structure and reactivity of

the major schistosome glycan antigens elucidated in earlier work, including

a(1!3)-linked fucosylated derivatives of the basic LacdiNAc (LDN, bGalNAc
(1!4)GlcNAc) disaccharide. The three major forms are LDNF (in which GlcNAc

is substituted), LDN-DF (in which the side chain on GlcNAc contains a second Fuc)

and FLDN (in which the Fuc is linked to GalNAc). In addition, some LDN remains

unmodified; this and the presence of fucosylated LDN structures in several other

helminth species, such as F. hepatica (Kang et al. 1993), and H. contortus (see

below) is revealed by the binding ofWistereria floribunda lectin (to the LDN core)

and of the aFuc(1!3)GlcNAc-specific Lotus tetragonolobus agglutinin (Nyame

et al. 1998).
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A further schistosome glycan, and one which appears to be largely expressed

only by schistosomes among helminths (Nyame et al. 1998) is the LeX antigen

(bGal(1!4)[aFuc(1!3)]GlcNAc); this is represented for example in the

Circulating Cathodic Antigen (Van Dam et al. 1994). The LeX antigen represents

the terminal trisaccharide of the larger lacto-N-fucopentaose (LNFPIII) product

present in schistosomes. The LeX structure, along with LDN and LDNF, make up

much of the parasite glycocalyx, and monoclonal antibodies to each of these

glycans bind strongly to the surface of different parasite stages. Moreover, mAb

SMLDN1.1 (specific for LDN) was able to mediate complement-dependent killing

of the infective stage (the schistosomula), implying that this determinant could

represent an attractive vaccine target (Nyame et al. 2003).

The fucosylated LDN glycans are also highly immunogenic in animal models

of infection; over 10% of monoclonal antibodies generated from infected mice

recognised fucosylated epitopes, and were also reactive with various tegumental,

secretory and/or gut structures of the parasite (van Remoortere et al. 2000). While

infected chimpanzees responded with antibodies to aFuc(1!3)GalNAc and

aFuc(1!2)aFuc(1!3)GlcNAc, but not to the fucosylated LDN structures (van

Remoortere et al. 2003b), human studies indicated the opposite pattern with strong

antibody responses to LDN-DF in particular (van Remoortere et al. 2001; Naus

et al. 2003), and antibodies to LDN, LDNF and LeX are all present in chronic

human schistosomiasis patients (Nyame et al. 2003).

While LeX is widely distributed in nature, including the human host, schisto-

somes present oligomers of this trisaccharide in a species-specific manner; hence

while a monoclonal antibody (291-2G3-A) to monomeric LeX is widely reactive,

antibody 54-5C10-A is specific both for schistosome CCA in a diagnostic

circulating antigen assay and for �3 oligmers (de Geus et al. 2009). The sequence

and structure of this antibody have been determined and a structural model of

the binding site developed which accounts for its selective specificity for the

oligomeric form (de Geus et al. 2009).

Schistosome eggs are also heavily glycosylated, and detailed structures

of glycans from total egg glycoproteins (Khoo et al. 1997b), egg secretions

(Jang-Lee et al. 2007), and individual prominent egg glycoproteins (Wuhrer et al.

2006a; Meevissen et al. 2010, 2011) have been determined. The dominant secreted

glycoproteins of schistosome eggs are a-1 and o-1 (designated by their opposite

migration in immunoelectrophoresis). These two proteins share a predominant

N-glycan structure composed of a diantennary LeX and a 3,6-difucosylated inner-

most GlcNAc residue of the N-glycan core (Meevissen et al. 2010). In contrast,

another important egg glycoprotein, the k-5 antigen, is modified with a triantennary

LDN structure and has a difucosylated and xylosylated core (Meevissen et al.

2011). Human IgG from Sm-infected individuals binds to a-1 o-1, and k-5, whereas
IgE only binds to k-5, which appears to be the dominant IgE target in human

schistosome infection (Schramm et al. 2009). Since recombinant k-5, lacking
schistosome-specific post-translational modifications, failed to bind human IgE,

yet was recognised by human IgG, it was suggested that glycans were the

immunodominant IgE target. This was confirmed as periodate treatment of native
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k-5 ablated IgE recognition, with the specific antigen likely including the b(1!2)-

xylosylated core, since neither enzmyatic LDN or core Fuc removal inhibited

antibody binding (Meevissen et al. 2011). Despite its lack of immunogenicity in

this particular instance, LDN and its carrier k-5 antigen remain immunologically

important given the role of both egg glycans in general and LDN in particular in

stimulating the host granulomatous reaction (van de Vijver et al. 2004, 2006).

Eggs also release a highly fucosylated schistosome-specific free oligosaccharide

(DF-LDN-DF) which is recognised by the monoclonal antibody 114-4D12, and is

found in the urine of infected individuals and may be used as a diagnostic tool

(Robijn et al. 2007b).

The N-glycans of both cercariae (Khoo et al. 2001), and eggs (Khoo et al. 1997b)
show a remarkable degree of xylosylation; indeed these Schistosome N-glycans
may be unique in their configuration of core Fuc and Xyl components. However,

xylosylation varies with stage and species, being absent from the adult worms, and

present only in cercarial larvae of S. mansoni and not S. japonicum (Khoo et al.

2001). In the absence of xylosylation, the Lex structure predominates. Lex is also

the prime determinant of cercarial glycolipids, accompanied by a pseudo-LeY

structure which is a(1!3) fucosylated on both Gal and GlcNAc residues (Wuhrer

et al. 2000). While adult worms do not express the xylosylated structures, there

are also interesting differences between male and female worms in both the

composition and complexity of N-linked antennae (Wuhrer et al. 2006b).

7.3.1.1 Anti-Glycan Antibody Responses in Schistosomes:
Host or Parasite Protective?

The role of anti-glycan antibody responses in schistosome infection is hotly

debated. Carbohydrate-based vaccines may be advantageous where they are

expressed by multiple life-cycle stages, including infective larval parasites thought

to be more susceptible to immune attack, both in the secreted material and on the

surface of the parasite (Nyame et al. 2004). Several studies have shown that passive

immunisation with anti-glycan mAbs (Omer Ali et al. 1988) can confer protection

against cercarial challenge, with antibodies IPL-Sm1 reducing worm loads by

50–60% (Grzych et al. 1982), E1 by 40% (Harn et al. 1984), and 3AF12-D6

by 48% (Zodda and Phillips 1982). Because the glycans of keyhole limpet hemo-

cyanin (KLH) are cross-reactive with S. mansoni, KLH immunization elicited

50–70% reductions in worm burden in a non-permissive rat model (Grzych et al.

1987), although passive immunisation with rabbit anti-KLH polyclonal antibodies

failed to protect more susceptible mice from challenge infection (Mangold and

Dean 1992).

An alternative perspective is that anti-glycan immune responses in fact represent

a “smokescreen” that benefits the parasite, potentially blocking the binding of more

protective anti-peptide antibodies (Eberl et al. 2001). Such blocking anti-glycan

antibodies have been demonstrated in vitro (Dunne et al. 1987), and non-protective
immunisation regimes (e.g. egg immunisation) induce high levels of anti-glycan

antibody in baboons, consistent with a non-protective role (Kariuki et al. 2008).
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An important consideration is that the isotype of antibody (e.g. the IgG subclass)

imparts immunological functions such as complement binding and cell recruitment,

and the protective ability of anti-glycan antibodies (which are frequently IgM or

IgG3 in humans) may only be conferred by particular immunoglobulin isotypes.

Moreover, with increasing evidence that schistosome glycans can be strongly

immunomodulatory (discussed in Sect. 4.1 below), the protective potential of

such glycans must also be considered in the context of their ability to actually

modulate immunity.

7.3.2 Cestodes

Cestodes are a phylum of parasitic helminths which includes tapeworms (such as

Taenia solium, which causes neurocysticercosis) and Echinococcus species which
cause two forms of hydatid disease. T. solium has two isomeric fucosylated

N-glycans, one bearing core fucosylation and the other only fucose substitution

on peripheral antennae (Lee et al. 2005). Interestingly, among the O-glycans of

these parasites is a specificity previously associated with mammalian tumors,

the Tk antigen, bGlcNAc(1!6)[bGlcNAc(1!3)]Gal, as demonstrated by reacti-

vity with the monoclonal antibody LM389 (Ubillos et al. 2007).

Echinococcus larval stages are encapsulated in a laminated layer, composed

of Gal-rich mucins and calcium hexakisphosphate (Diaz et al. 2009, 2011), which

induces a suite of immune reactions including IgG antibody production even in the

absence of T cell help (Dai et al. 2001). Hydatid protoscoleces, taken from tissue

cysts of Echinococcus granulosus unusually include some sialic acid content in the

N-linked glycans, which may well be derived from host sources (Khoo et al. 1997a).

Infection of mice generates a strong anti-carbohydrate immune response including

antibody to aGal(1!4)Gal as represented by the monoclonal antibody E492/G1

(Dematteis et al. 2001). A bGal(1!6)Gal structure has also been reported in

parasite glycosphingolipids to cause antibody cross-reaction between not only the

two Echinococcus species found in humans, but also more distantly related

helminths (Yamano et al. 2009).

7.3.3 Nematodes

Nematode roundworms are both the most numerically prevalent helminth parasites

in humans, and the most diverse in terms of the range of different species found

in man and animals. The most relevant taxa are Ascarids, Filarial nematodes,

Strongylids (including human hookworms), and Trichuroids, and we summarise

information available on these groups below.

7.3.3.1 Ascarids
Ascarids include the human and porcine round worms Ascaris, and the related

intestinal roundworm of animals Toxocara. Like many other helminths, the
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glycoconjugates of A. suum from pigs show core fucosylation, but also substitution

with phosphorylcholine (PC) (P€oltl et al. 2007). Larval stages of Toxocara canis
(which cause visceral larva migrans in humans) produce an unusual O-linked
glycan (Khoo et al. 1991) which is substituted onto multiple polypeptides (Maizels

et al. 1987), including a set of secreted mucins (Loukas et al. 2000). The T. canis
glycan structure is a blood group H-like trisaccharide with 1 or 2 additional

O-methylated groups on the terminal Fuc and/or central Gal; interestingly, in the

closely related feline parasite T. cati only the di-methylated form is found. Mono-

clonal antibodies to the O-methylated glycans bind the surface coat as well as large

internal secretory glands likely to be the source of mucin synthesis in this organism

(Page et al. 1992a,b). Following synthesis of the mono- and di-O-methyl substituted

structures (Amer et al. 2001), it was shown that mAb Tcn-2 which does

not recognise the T. cati glycan, binds the mono-O-methylated target, while

the cross-reactive mAb Tcn-8 that recognises both Toxocara species binds to the

di-O-methylated structure (Schabussova et al. 2007). In addition, human serum

antibodies to these glycans are found in infected patients.

7.3.3.2 Filarial Parasites
These parasites are vector-borne and cause lymphatic filariasis and onchocerciasis

in humans, estimated to represent 120 million cases worldwide. Although one of the

human-infective species, Brugia malayi, can be maintained in laboratory animals,

most glycobiological research has focussed on two rodent parasites,

Acanthcheilonema viteae and Litomosoides sigmodontis. In A. viteae, a significant
structure is the N-glycan of the secreted protein ES-62, which is prominently

substituted with PC on a trimannosyl core (Haslam et al. 1997); similar structures

were subsequently found in Onchocerca species, one of which causes river blind-

ness in man (Haslam et al. 1999). Curiously, in B. malayi the protein homologue of

ES-62 (a leucine aminopeptidase) is not conjugated to PC, which is instead linked

to a distinct secreted product, GlcNAc transferase (Hewitson et al. 2008).

A further variation on this theme is found in L. sigmodontis, in which a mucin-

like ES antigen of young female worms (Juv-p120) is conjugated not with PC but

with the related dimethylaminoethanol (DMAE) (Hintz et al. 1996). In this

instance, the side chain is coupled to O-linked Gal and GalNAc residues (Hirzmann

et al. 2002; Wagner et al. 2011). The role of antibodies to DMAE remains to be

resolved: such antibodies cross-react with the subsequent transmission stage of the

parasite, the microfilariae (MF), but expression of DMAE by the female worm does

not appear to compromise survival of the MF stage.

7.3.3.3 Strongylid Parasites
Strongylids encompass the human hookworms (Ancylostoma and Necator) as well
as nematodes of veterinary importance (e.g. Haemonchus contortus) and widely

studied experimental model systems (e.g. Heligmosomoides polygyrus). Of these,
the most detailed information is available on H. contortus, the “barber’s pole”

worm of ruminant animals, and which is similar to Schistosomes in the degree of

core glycan fucosylation.
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Excretory–secretory (ES) antigens from H. contortus can successfully be used to
vaccinate lambs against infection, resulting in almost 90% reduction in egg burden

and greater than 50% reduction in worm burden (Vervelde et al. 2003). Signifi-

cantly, the dominant antibody responses in protected animals were directed against

glycan epitopes, particularly LDNF. However, the expression of this determinant

does not correlate well with the protective ability of different vaccine fractions;

while a native antigen termed H-gal-GP (for Haemonchis galactose-containing

glycoprotein) elicits protection and high anti-LDNF antibodies, denatured H-gal-P

drives antibody responses without immunity; moreover, an MEP3 metalloendo-

peptidase antigen is protective while not including LDNF among its glycan epitopes

(Geldhof et al. 2005).

The nature of the protective glycan in H. contortus was more recently studied by

van Die and colleagues (van Stijn et al. 2010). These investigators showed that while

protection by ES vaccination correlates with high titres of IgG to LDNF, protected

lambs also have high levels of IgG to a novel aGal(1!3)GalNAc structure. Using

the lectin GSI-B4 that binds terminal a-Gal, and not b-Gal, it appears that this

terminal sugar is absent from species such as D. viteae, T. spiralis, F. hepatica or

S. mansoni and may represent a species-specific glycan with vaccine potential.

A related parasite is Dictyocaulus vivparus, the bovine lungworm. In a parallel

to the filarial nematode A. viteae, this species produces a PC-decorated glycopro-

tein, although the carrier in this case is a thrombospondin-like ~300-kDa product

which can also be found with PC linkages in H. contortus (Kooyman et al. 2009).

Studies from this group have shown that infection elicits antibody responses against

the PC-modified N-glycans and that anti-PC antibodies cross-react with host PC-

modified platelet activating factor (PAF), which led the authors to suggest that

suppression of eosinophilia may result (Kooyman et al. 2007a). In the same system,

PNGase-deglycosylated ES proteins proved to elicit a stronger memory response

than untreated material, indicating that natural exposure to immunodominant

glycans may detract from the generation of a protective immune response to the

key protein antigens (Kooyman et al. 2007b).

In our own studies in the model system of H. polygyrus, two major glycans

antigens were defined (Glycans A and B) that stimulate rapid and strong antibody

responses in infected mice. Glycan A, but not Glycan B, is expressed on the

outermost surface of the worm, but monoclonal antibodies to these specificities

were unable to confer protection following passive transfer (Hewitson et al.

2011). Hence, in this particular parasite, a “smokescreen” model for immunogenic

glycans seems more appropriate.

7.3.3.4 The Trichuroid Group of Nematodes
This group includes Trichinella spiralis, the pork worm, and Trichuris trichiura, the
human intestinal whipworm. A novel and important glycan antigen in the T. spiralis
is a terminal tyvelose (3,6-dideoxy-D-arabino-hexose, Tyv) group (Wisnewski

et al. 1993; Reason et al. 1994; Ellis et al. 1997). This residue caps the N-linked
antennary glycans present on the larval surface antigen TSL-1 and specific

antibodies confer protective immunity (Ellis et al. 1994). Monoclonal antibodies
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9H and 18E to Tyv inhibit T. spiralis infection at the level of invasion of epithelial

cells, a necessary step in the life cycle, as well as inhibiting larval migration

and development (McVay et al. 1998, 2000). Because of the specific expression

of Tyv by this parasite, the presence of anti-Tyv antibody is diagnostic of

Trichinella infection which can be measured on a laboratory synthesized saccharide

(Bruschi et al. 2001).

Relatively little data are available on glycans from Trichuris species. Excretory–
secretory ES products collected in vitro from mouse-derived parasites of T. muris
contains glycans which bind host Man receptor (MR) although this interaction does

not appear to trigger protective immunity, which is normal in MR-deficient mice

(deSchoolmeester et al. 2009).

7.4 General Implications of Parasite Glycans

7.4.1 Immunomodulatory Effects of Helminth Glycans

The expression of many of the interesting helminth glycan structures is linked not

only to the generation of host antibody responses, but also direct modulation of

immune signalling and/or development (Hokke and Yazdanbakhsh 2005). This has

been most thoroughly investigated with schistosome associated glycans such as

the LNFP-III/LeX structure, which both stimulates murine B cells to produce the

immunoregulatory cytokine IL-10 (Velupillai and Harn 1994; Velupillai et al.

1997) and can drive host macrophages into the down-regulatory “alternative

activation” status associated with chronic infection (Atochina et al. 2008). Lectin-

mediated internalisation of total schistosome egg antigen (SEA) into human

dendritic cells results in suppression of innate responses to microbial ligands

of TLRs (van Liempt et al. 2007). Further, the prominent schistosome glycan

LDN-DF induces both immunoregulatory (IL-10) and inflammatory (IL-6,

TNF-a) cytokine production by human monocytes (Van der Kleij et al. 2002).

Glycans may also drive responses which attack the parasite. For example, schisto-

some glycans trigger granulomatous reaction (van de Vijver et al. 2004, 2006)

and core a(1!3)-fucose and b(1!2)-xylose containing N-glycans, as well as

LNFP-III/LeX, can trigger Th2 differentiation (Faveeuw et al. 2003). These immu-

nomodulatory effects of schistosome glycans presumably involve the triggering of

a variety of host lectin receptors. In this regard, schistosome extracts have been

shown to bind the C-type lectin Dectin-2 (Ritter et al. 2010), LeX in SEA is

recognised by human DC-SIGN (Van Die et al. 2003), a mouse DC-SIGN homolog

(SIGNR1) binds schistosome egg and adult worm glycans (Saunders et al. 2009)

and host galectin-3 acts as a PRR for LDN (van den Berg et al. 2004). Despite

these interactions, the host ligands which result in Th2 differentiation have yet to be

defined: whilst SIGNR1 binds glycans from the Th2-promoting schistosome

life cycle stages, SIGNR1-deficient mice mount normal Th2 responses during

infection (Saunders et al. 2009). Similarly, galectin-3-deficient mice make

normal Th2 responses following schistosome infection (Bickle and Helmby
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2007), although their Th1 responses may be elevated (Breuilh et al. 2007). Immuno-

modulation by parasite glycans has also been demonstrated for Taenia, although
the precise structures of the glycans have yet to be elucidated (Gomez-Garcia

et al. 2005).

7.4.2 Diagnostic Applications for Helminth Glycans

CAA is a polymeric polysaccharide made up of a chain of GalNAc residues

each of which is joined through a b(1!3) linkage to a GlcNAc side group

(Bergwerff et al. 1994). Monoclonal antibodies to this target have been deve-

loped successfully for the diagnosis of infection, taking advantage of the repetitive

nature of the antigenic epitope.

In contrast, the broad cross-reaction of fucosylated structures such as LDN-DF,

explaining for example the binding of anti-schistosome antibodies to KLH (Dissous

et al. 1986; Kantelhardt et al. 2002; Geyer et al. 2005) renders these unsuitable

for diagnostic purposes. Further cross-reactions have been identified involving

antibodies to truncated N-linked glycans (for example Man3GlcNAc2) which are

present in helminths, plants, insects and vertebrates (van Remoortere et al. 2003a).

It was also found that S. mansoni-infected patients excrete egg-derived oligosac-
charides into urine, offering a noninvasive diagnostic route to detect parasite

glycans (Robijn et al. 2007b), most effectively accomplished with the antibody

114-4D12 which recognises a multiply fucosylated target (Robijn et al. 2007a).

7.5 Concluding Summary

Parasite glycans offer a rich and varied source of fascinating structures, some of

which act directly on the host as immunomodulators (Harn et al. 2009) while others

engage in forms of “glycan gimmickry” (van Die and Cummings 2010). This

review has concentrated on the more prominent parasite systems, while also

highlighting some of the important species for which little information has yet

been garnered. Clearly, given the fascinating breadth and novelty thus far observed

in parasite carbohydrate structures, this is an endeavour which should be greatly

expanded.

The patterns of antibody recognition of parasite glycans, have established that

many will serve as excellent targets for diagnostic purposes. Most interestingly,

a number are now being identified as promising vaccine candidates for protective

immunity (Nyame et al. 2004). Thus, these unusual and interactive structures are

contributing in a very major way not only to our fundamental understanding of the

host-parasite molecular dialogue, but also to new practical avenues of parasite

detection, control, and ultimately eradication.
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Kérèkgyarto J, Vliegenthart JFG, Kamerling JP, van dam GJ, Hokke CH, Deelder AM (2003b)

Dominant antibody responses to Fuca1-3GalNAc and Fuca1-2Fuca1-3GlcNAc containing

carbohydrate epitopes in Pan troglodytes vaccinated and infected with Schistosoma mansoni.
Exp Parasitol 105:219–225

van Stijn CM, van den Broek M, Vervelde L, Alvarez RA, Cummings RD, Tefsen B, van Die I

(2010) Vaccination-induced IgG response to Gala1-3GalNAc glycan epitopes in lambs

protected against Haemonchus contortus challenge infection. Int J Parasitol 40:215–222
Vasta GR (2009) Roles of galectins in infection. Nat Rev Microbiol 7:424–438

Velupillai P, Harn DA (1994) Oligosaccharide-specific induction of interleukin 10 production by

B220+ cells from schistosome infected mice: a mechanism for regulation of CD4+ T-cell

subsets. Proc Natl Acad Sci USA 91:18–22

Velupillai P, Secor WE, Horauf AM, Harn DA (1997) B-1 cell (CD5+B220+) outgrowth in murine

schistosomiasis is genetically restricted and is largely due to activation by polylactosamine

sugars. J Immunol 158:338–344

Vervelde L, Bakker N, Kooyman FN, Cornelissen AW, Bank CM, Nyame AK, Cummings RD,

van Die I (2003) Vaccination-induced protection of lambs against the parasitic nematode

Haemonchus contortus correlates with high IgG antibody responses to the LDNF glycan

antigen. Glycobiology 13:795–804

Wagner U, Hirzmann J, Hintz M, Beck E, Geyer R, Hobom G, Taubert A, Zahner H (2011)

Characterization of the DMAE-modified juvenile excretory–secretory protein Juv-p120 of

Litomosoides sigmodontis. Mol Biochem Parasitol 176:80–89

Wilson IB, Harthill JE, Mullin NP, Ashford DA, Altmann F (1998) Core a1,3-fucose is a key part
of the epitope recognized by antibodies reacting against plant N-linked oligosaccharides and is

present in a wide variety of plant extracts. Glycobiology 8:651–661

Wisnewski N, McNeil M, Grieve RB, Wassom DL (1993) Characterization of novel fucosyl- and

tyvelosyl-containing glycoconjugates from Trichinella spiralis muscle stage larvae. Mol

Biochem Parasitol 61:25–36

Wuhrer M, Dennis RD, Doenhoff MJ, Lochnit G, Geyer R (2000) Schistosoma mansoni cercarial
glycolipids are dominated by Lewis X and pseudo-Lewis Y structures. Glycobiology

10:89–101

Wuhrer M, Balog CI, Catalina MI, Jones FM, Schramm G, Haas H, Doenhoff MJ, Dunne DW,

Deelder AM, Hokke CH (2006a) IPSE/a-1, a major secretory glycoprotein antigen from

schistosome eggs, expresses the Lewis X motif on core-difucosylated N-glycans. FEBS

J 273:2276–2292

Wuhrer M, Koeleman CA, Fitzpatrick JM, Hoffmann KF, Deelder AM, Hokke CH (2006b)

Gender-specific expression of complex-type N-glycans in schistosomes. Glycobiology

16:991–1006

Yamano K, Goto A, Nakamura-Uchiyama F, Nawa Y, Hada N, Takeda T (2009) Galb1-6Gal,
antigenic epitope which accounts for serological cross-reaction in diagnosis of Echinococcus
multilocularis infection. Parasite Immunol 31:481–487

Zodda DM, Phillips SM (1982) Monoclonal antibody-mediated protection against Schistosoma
mansoni infection in mice. J Immunol 129:2326–2328

180 R.M. Maizels and J.P. Hewitson



Human IgE Antibodies Against
Cross-Reactive Carbohydrate Determinants 8
Wolfgang Hemmer

8.1 Introduction

Immunoglobulin (Ig) E-mediated allergic diseases in humans are for the greatest

part caused by protein allergens derived from various natural sources such as

pollens, foods, animal dander and molds as well as mites and insect venoms. IgE

responses to small non-protein molecules are far less common but do occur and

may represent important clinical issues like in the case of drug allergy and occupa-

tion-related sensitization to isocyanates. However, it is well-documented in

allergology now that IgE antibodies may be directed also against carbohydrates

attached to carrier proteins. Scientific studies thus far have focused on asparagine-

linked glycans (N-glycans) displaying core a(1!3)-linked fucose and/or b(1!2)-

linked xylose, both representing common posttranslational modifications of plant,

insect and some other invertebrate (mollusks, helminths) glycoproteins. These

complex N-glycans have been denominated “cross-reactive carbohydrate

determinants” (or CCDs) and are now recognized by allergists as the most impor-

tant IgE-binding oligosaccharides. However, more recently also other protein-

attached carbohydrates involved in IgE-mediated allergic reactions have been

discovered, namely b-arabinose-containing O-linked glycans in mugwort pollen

allergy, and a-galactose (aGal) in allergic reactions to meat and certain biologicals.
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8.2 Cross-Reactive Carbohydrate Determinants (CCDs):
N-Linked Oligosaccharides with Core a(1!3)-Fucose and/
or b(1!2)-Xylose

The discovery of CCDs as relevant IgE binding structures dates back to 1981 when

Aalberse et al. (1981) described a patient with an extraordinarily broad IgE reac-

tivity profile towards a large number of pollens, plant foods as well as honeybee

venom while clinical hypersensitivity to all these allergens was absent. The causa-

tive involvement of a common non-protein epitope in these antibody responses was

apparent from inhibition studies showing equivalent reciprocal cross-inhibition

between grass pollen, plant foods and honeybee venom which could not be

reasonably explained by shared protein epitopes. Periodate treatment of extracts

led to a complete loss of their IgE binding capacity suggesting that carbohydrate

determinants were the cause of the observed IgE (cross-) reactivity. The molecular

basis for this phenomenon became evident when plant-like N-glycans displaying
core a(1!3)-fucose were demonstrated in honeybee venom phospholipase and

hyaluronidase (Kubelka et al. 1993, 1995). Using small glycopeptides derived

from pineapple bromelain no longer harboring protein epitopes, Tretter et al.

(1993) were subsequently able to prove that human IgE may selectively bind to

the carbohydrate moiety of glycoproteins and that such antibodies are not uncom-

mon among venom-allergic subjects.

In addition to a(1!3)-fucosylation, core b(1!2)-xylose defines a distinct and

independent IgE epitope of plant, snail and helminth (but not insect) N-glycans,
however, according to current data IgE against xylose appears to be less common

than IgE against a(1!3)-fucose.

8.2.1 Distribution and Structure of Allergenic N-Glycans

8.2.1.1 Cross-Reactive Carbohydrate Determinants of Plants
CCDs are produced by virtually all seed-bearing plants and probably also by non-

Spermatophyta like horsetails and ferns (Altmann 2007). With special reference to

allergy, it must be emphasized that CCDs are regularly found, though in different

amounts, in all important plant allergen sources, i.e. pollens, foods (wheat, nuts,

fruits, vegetables, etc.) as well as rubber latex.

The immunogenicity of plant N-glycans is based on the occurrence of core

a(1!3)-linked fucose at the innermost GlcNAc and b(1!2) xylosylation of the

core mannosyl residue, both substitutions being absent in human N-glycans
(Fig. 8.1). Large Lewisa antennae, as known from some conifer pollen allergens

and many plant foods (Alisi et al. 2001; F€otisch and Vieths 2001; Wilson et al.

2001) are currently considered not important in IgE binding (van Ree et al. 2000).

The ubiquitous complex N-glycan of the MMXF3 structure may be seen as the

“prototype” allergenic N-glycan in plants. It is equally common in pollens, plant

foods and rubber latex allergens, and is the major N-glycan in horseradish peroxi-

dase (HRP), a non-allergenic model glycoprotein frequently employed for the study
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of carbohydrate-based IgE cross-reactivity. In contrast, pineapple bromelain,

another commonly used research glycoprotein, predominantly contains truncated

MUXF3 glycans lacking the second, a(1!3)-linked mannose residue.

While all plants typically produce all types of N-glycans, substantial quantitative
differences may exist with regard to particular glycan types (Wilson and Altmann

1998, 2001). For example, tree pollen N-glycans often bear terminal non-reducing

GlcNAc residues which may diminish IgE binding (Wilson and Altmann 1998).

Some well-characterized allergens are either very poor in a(1!3) fucose (e.g., the

major olive pollen allergen Ole e 1) or completely lack core fucosylation, as is the

case in the vicilin-type 7 S globulins from hazelnut (Cor a 11) and peanut (Ara h 1)

(van Ree et al. 2000; Kolarich and Altmann 2000). The glycoproteins from

Bermuda grass pollen carry predominantly non-xylosylated glycans, mainly

MMF3, as typical for insect glycoproteins (Ohsuga et al. 1996).

8.2.1.2 Cross-Reactive Carbohydrate Determinants
of Insects/Insect Venoms

Regularly found in honeybee, vespid and other Hymenoptera venoms is an a(1!3)

fucosylation of N-glycans. Hyaluronidase represents a major glycoallergen in these

venoms (Kubelka et al. 1995; Kolarich et al. 2005) and is the primary cause for

serologic cross-reactions between different Hymenoptera venoms (Hemmer et al.

2001, 2004; Kochuyt et al. 2005; Jappe et al. 2006; Jin et al. 2010). Honeybee

venom contains also glycosylated phospholipase A2 and quite a number of high

molecular weight glycoproteins most of which probably have limited relevance as

protein allergens (Hemmer et al. 2004; Mahler et al. 2006; Hoffman 2006). Insect

N-glycans are mainly of the MMF3 or MUF3 type and are often accompanied by

a second core fucosylation in a(1!6) position (MMF3F6, MUF3F6) (Fig. 8.1)

(Staudacher et al. 1992; Kolarich et al. 2005). For allergy diagnosis it is important

to consider that fucosylated N-glycans are not restricted to venoms but occur in

other tissues as well (Koshte et al. 1989). CCDs are thus ubiquitous IgE epitopes in

insect whole body extracts which are currently used in the diagnosis of hypersensi-

tivity to bites from blood-feeding insects (e.g., mosquitoes, horseflies) and respira-

tory insect allergy (e.g., cockroach allergy).

Xylose does not occur in insects. Interestingly, despite the close phylogenetic

proximity, the other arthropod groups Arachnida (including dust mites) and Crus-
tacea appear to lack N-glycans with core a(1!3)-fucosylation (Wilson et al. 1998).

8.2.1.3 Cross-Reactive Carbohydrates of Other Invertebrates
(Parasitic Helminths, Mollusks)

Parasitic helminths contain a broad repertoire of carbohydrate antigens which

constitute a major target for the host immune system and which have been shown

capable of modulating host immune responses by polarizing naı̈ve T-cells into Th2

cells, initiating production of sugar-specific IgE antibodies, or induction of regu-

latory IL-10 producing T-cells (van Die and Cummings 2010). Complex N-glycans
bearing core a(1!3) fucose and/or xylose have been found in substantial amounts

in several (but not all) helminths (Fig. 8.1), including trematodes (Schistosoma,
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Trichobilharzia) as well as nematodes (Haemonchus contortus, Dirofilaria immitis)
(Haslam et al. 1996; van Die et al. 1999). In Schistosoma mansoni-infected mice

and H. contortus-infected sheep, both fucose and xylose are targets of the IgE

immune response (van Die et al. 1999). While IgE antibodies against the parasite

glycoconjugates appear to protect from further parasite infections, they have not yet

been directly associated with allergic reactions. True allergy to helminth antigens is

well-documented for the fish parasite Anisakis simplex causing pathogen-induced

anaphylaxis when infected fish is ingested by sensitized humans. However, in this

case clinically relevant IgE antibodies are directed against a panel of excreted/

secreted and somatic proteins but not against helminth glycans (Lorenzo et al. 2000;

Audicana and Kennedy 2008).

Fig. 8.1 Common allergenic and non-allergenic N-glycans from plants (a), parasitic helminths

(b) and Hymenoptera venoms (c). Blue squares: GlcNAc, green circles: mannose, red triangles:
fucose, violet asterisks: xylose, yellow circles: galactose
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CCDs have been found also in glycoproteins of several snail species (Lommerse

et al. 1997; Gutternigg et al. 2004). They contain xylose, whereas core a(1!3)-

fucosylation appears to be largely absent despite the presence of a(1!3)-

fucosyltransferase in the great pond snail Lymnaea stagnalis (van Tetering et al.

1999). Interestingly, small amounts of a(1!3) fucose, but no xylose, have been

detected in the Eastern oyster (Crassostrea virginica) (Wilson, personal communi-

cation). Food allergic reactions to snails (and other mollusks) are mainly known

from patients with house dust mite allergy due to cross-reactions between

conserved muscle tropomyosins. There are no clear data supporting a role of

carbohydrate antigens in such adverse reactions.

8.2.2 Specificity of Anti-CCD Antibodies

The relevant monosaccharides defining the antigenicity/allergenicity of N-glycans
have been extensively studied using monoclonal or polyclonal rabbit, rat or goat

antisera as well as human IgE. Early researchers identified xylose as the crucial

element (Faye and Chrispeels 1988; Lauriere et al. 1988), whereas in later studies

antibody-binding to xylose was not or less commonly observed (Wilson et al. 1998;

Petersen et al. 1996; Bencurova et al. 2004). Within the context of allergy, IgE

reactivity to a(1!3) fucose is nowadays considered more essential, although the

prevalence may depend in part on patient selection criteria. The contribution of

a(1!3) fucose was first demonstrated by Kurosaka et al. (1991) for polyclonal goat

anti-HRP IgG, and shortly thereafter for human IgE in several studies of honeybee

venom allergens (Kubelka et al. 1993; Tretter et al. 1993). Xylose and a(1!3)

fucose are sterically apart, being attached to different sites of the glycan core, and

thus represent distinct and independent epitopes (Lommerse et al. 1995). This is

evident also from inhibition experiments using well-defined artificial glycoforms of

human transferrin (Bencurova et al. 2004) and the possibility to separate by affinity

chromatography polyclonal antisera into a xylose- and a a(1!3) fucose-specific

fraction (Faye et al. 1993; van Die et al. 1999; van Ree et al. 2000).

Although the distal mannose of complex N-glycans is not antigenic in its own

right, it may influence to some extent antibody binding. This may particularly apply

to antibodies directed against xylose (Kurosaka et al. 1991; Bencurova et al. 2004).

In accordance with this, bromelain has been found less sensitive for detecting CCD-

positive sera than HRP and ascorbate oxidase in some studies (Malandain et al.

2007; Coutinho et al. 2008). N-Glycans lacking both terminal mannose residues

have a drastically reduced binding capacity also for fucose-specific antibodies.

Recent attempts to further dissect the specificity of anti-HRP antibodies using

small CCD tri- and tetrasaccharides (containing either xylose or a(1!3) fucose)

surprisingly revealed no or only weak binding to the CCD fragments (Collot et al.

2011) supporting a critical role of other sugar residues in antibody binding. Anti-

CCD antibodies may thus be better referred to as fucose- or xylose-“dependent”

rather than fucose- or xylose-“specific”, as proposed by Altmann (2007).
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Also substitution of the non-reducing glycan termini by GlcNAc (e.g., GnGnXF,

Fig. 8.1) appears to reduce antibody binding, possibly by sterically hindering

antibody access to the oligosaccharide core (Bencurova et al. 2004). In agreement

with this, tree pollens, whose carbohydrate repertoire is dominated by GnGnXF3

and high mannose-type N-glycans (Wilson and Altmann 1998), are less reactive

with most CCD-positive sera than grass, rapeseed and ragweed pollen which

contain large amounts of MMXF3 and MUXF3 glycans. Anyhow, GnGnX-specific

antibodies could be induced in immunized rabbits (Jin et al. 2006).

8.2.3 Prevalence and Origin of Anti-CCD IgE Antibodies
in Allergic Patients

The prevalence of anti CCD-IgE antibodies has been first studied in patients with

venom allergy. Tretter et al. (1993), focusing on honeybee venom allergy, reported

that among 47 sera positive for purified honeybee phospholipase A2, 74% had IgE

antibodies reactive with the phospholipase glycans which could be effectively

inhibited by MUXF bromelain glycopeptides conjugated to BSA. More recently,

CCDs have been identified as a major cause for honeybee-vespid double-positivity

which is seen in more than 50% of venom-allergic patients (Hemmer et al. 2001,

2004). Among such double-positive cases, 75% were found positive to oilseed rape

pollen extracts used as a hypoallergenic glycoprotein source rich in CCDs, whereas

this was quite unusual in honeybee or wasp single-positive sera (Hemmer et al.

2001). Importantly, in most patients anti-CCD IgE antibodies were the only cause

for the observed double-positivity. Similar observations were made in a number of

subsequent studies describing IgE-binding to bromelain in 52–74% of double-

positive sera (Jappe et al. 2006; M€uller et al. 2009; Mittermann et al. 2010).

Summarizing these data, the prevalence of anti-CCD IgE antibodies among

venom-allergic patients is as high as 25–40%. In a study by Kochuyt et al.

(2005), at least 16% of unselected venom-allergic patients were found CCD-

positive, although their true number may have been underestimated in this study.

It appears likely that the high rate of latent venom sensitization found in the general

population (up to 27%) (Sch€afer and Przybilla 1996) is often due to CCD-specific

IgE, although the exact percentage needs to be explored yet.

While glycosylation might not be essential for the allergenicity of venom

allergens (Okano et al. 1999), it is quite obvious that insect stings themselves are

potent inducers of an anti-carbohydrate IgE response. This can be concluded from

the remarkably high prevalence of anti-CCD IgE antibodies in venom-allergic

patients and the absence of other allergic diseases in the majority of them (Kochuyt

et al. 2005).

The occurrence of anti-CCD IgE antibodies correlates also with atopy (i.e., the

genetic predisposition to mount IgE responses to many different environmental

allergens) and total IgE levels (Mari 2002; Linneberg et al. 2010). Among a large

population of 1,831 patients with suspect respiratory allergy, Mari (2002) detected

IgE to bromelain in 23% of atopic patients, but in only 5% of non-atopics.
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Pollen allergy represents a special risk factor since the prevalence was 31% in

pollen-sensitized patients (further increasing in subjects with multiple pollen sensi-

tization) but only 10% in those sensitized to non-pollen allergens. Very similar

results were published by other investigators reporting 17–24% CCD-positivity

among patients with grass pollen allergy or multiple pollen sensitization

(Bencurova et al. 2004; Ebo et al. 2004). Interestingly, monovalent birch pollen

allergy was not associated with anti-CCD IgE in these studies. Extraordinarily high

percentages of 65–80% were described from patients with olive and cypress pollen

allergy (Batanero et al. 1999; Iacovacci et al. 2002). It may be concluded from these

data that the development of anti-CCD IgE in atopic subjects is causally related to

respiratory sensitization to certain pollens. Concerning gender and age, anti-CCD

IgE antibodies are slightly more frequent in males whereas only marginal

differences exist with regard to age (Mari 2002).

A high prevalence of CCD-positivity of up to 80% has been observed also

among patients with allergy to foods, such as carrot, celery, orange, and banana

(Ballmer-Weber et al. 2001; Luttkopf et al. 2000; Ahrazem et al. 2006; Palacin et al.

2011). Unless assuming a clinically relevant role of CCDs in these allergic

reactions (see below), these high figures might rather mirror the strong atopic

background of these patients, and may in part also be an overestimate due to

a bias in patient selection in these studies.

Remarkably, a couple of recent papers identified alcohol intake as another

independent risk factor for the development of anti-CCD IgE antibodies

(Gonzalez-Quintela et al. 2008; Linneberg et al. 2010). These effects can be

possibly ascribed to the ethanol metabolite acetaldehyde, since a linkage was

found with certain class 1 alcohol dehydrogenase polymorphisms associated with

rapid ethanol conversion (Linneberg et al. 2010). However, the measured serum

anti-CCD IgE levels were throughout low and a significant rise in prevalence was

only seen in non-atopic heavy drinkers. In atopics, prevalence was generally high

without a significant difference between drinkers and abstainers, suggesting that the

influence of alcohol consumption on IgE production is modest as compared to that

of atopic predisposition.

It is worth mentioning that levels of anti-CCD IgE antibodies in CCD-positive

sera are fairly low in most cases (<5 ng/ml ¼ <2 kU/l) (van Ree et al. 2000; Mari

2002; Jappe et al. 2006; Bauermeister et al. 2009; Linneberg et al. 2010), although

quite high values exceeding 20 kU/l may be seen in some (Mari et al. 1999, 2008;

Mari 2002; Jappe et al. 2006). There is not much known about the time course of

CCD-specific IgE. In venom-allergic subjects, venom-specific IgE is rather short-

lived with a rapid conversion to negative serology within few years if patients are

not re-stung (Mauriello et al. 1984) and this seems to apply also to the CCD-specific

fraction (Hemmer, unpublished). Accordingly, everyday exposure to large amounts

of inhaled or ingested CCDs through pollens and plant food does not maintain

activation of CCD-specific B-cells in this population. The secretion of CCD-specific

IgE might be more persistent in atopic patients (e.g., pollen allergic patients) (Mari

et al. 1999), possibly linked to boosting of protein-specific immune responses during

the pollen season, but this has to be dealt with in future studies.
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8.2.4 Clinical Significance of Anti-CCD IgE

The clinical significance of anti-CCD IgE antibodies is still a matter of debate, but

nowadays most allergists consider these antibodies to have no or very limited

clinical relevance. Allergy diagnosis is basically limited by the fact that the mere

presence of allergen-specific IgE neither predicts the emergence of clinical

symptoms upon allergen exposure nor is the quantity of serum specific IgE closely

correlated with disease severity (Ebo et al. 2004; Westritschnig et al. 2008; Blum

et al. 2011). The progressing identification and molecular characterization of single

protein allergens over the last years and the resulting insight into individual

sensitization profiles made clear that the potency of different allergens to cause

mediator release translating into clinical allergy differs considerably. Even if anti-

CCD IgE antibodies are clinically relevant in rare cases, on a scale listing allergenic

molecules according to their clinical “penetrance”, CCDs are undoubtedly at the

very end of this scale.

The assumption of lacking clinical relevance of anti-CCD IgE antibodies is

based on several lines of evidence:

– CCD-positive patients always show broad IgE reactivity against pollens, plant

food, latex and (commonly) insect venoms, but do not show clinical hypersensi-

tivity to most of these allergens (Aalberse et al. 1981; van der Veen et al. 1997;

Mari 2002; Ebo et al. 2004; Malandain 2004, 2005; Kochuyt et al. 2005;

Malandain et al. 2007; Coutinho et al. 2008).

– Allergens recognized by patients’ IgE merely via CCDs cause very weak skin

test responses or no reactions at all, signifying low biologic activity of the

carbohydrate-specific IgE (Mari et al. 1999; Mari 2002; Hemmer et al. 2001;

Ebo et al. 2004; Kochuyt et al. 2005; Ahrazem et al. 2006; Gonzalez-Quintela

et al. 2009; Mertens et al. 2010).

– In many allergic conditions, such as peanut, latex and venom allergy, patients’

IgE is virtually always directed against protein epitopes of the respective

allergens, while restricted reactivity to CCDs is extremely uncommon and

may just be failure to detect the protein allergen (Astier et al. 2006; Ebo et al.

2004; Jappe et al. 2006; Jin et al. 2010).

Systematic studies on the (ir)relevance of anti-CCD IgE have mainly focused on

conditions associated with life-threatening anaphylaxis, such as peanut, latex and

venom allergy.

A classical study by van der Veen et al. (1997) described that CCD-positive

grass pollen-allergic patients regularly react with peanut extracts in vitro but do not
develop clinical symptoms despite peanut-specific IgE levels of up to 30 ng/ml.

Basophils of grass pollen-allergic patients needed 100–10,000-fold higher amounts

of peanut allergen for significant histamine release than true peanut-allergic

subjects, indicating poor biologic activity of the carbohydrate-directed antibodies.

Likewise, in a survey by Mari (2002) in 161 CCD-positive patients with discrepant

test results to peanut (negative skin test/positive in vitro test), none had a history of

peanut hypersensitivity. The very same was found in a couple of other papers

(Guilloux et al. 2009; Vidal et al. 2009). In contrast, manifest peanut allergy is
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evidently associated with the regular presence of IgE against peptide epitopes

(Astier et al. 2006).

Ebo et al. (2004) studied sensitization patterns in latex-positive patients with

either clinically manifest latex allergy or asymptomatic sensitization. While

patients with confirmed latex allergy did not react with CCDs, 81% of the

asymptomatic subjects did, indicating that CCDs are a common cause of latent

latex sensitization but do not represent clinically relevant epitopes. Subsequent

studies in a large group of CCD-positive venom-allergic patients and heavy

drinkers confirmed, that CCD-dependent reactivity with latex allergens is not

associated with clinical hypersensitivity (Mahler et al. 2006; Coutinho et al.

2008). In latex-associated fruit allergy, clinical food allergy was found tightly

associated with IgE to latex hevein (Hev b 6) and cross-reactivity with food class

1 chitinases harboring homologous hevein-like domains (Diaz-Perales et al.

1999). The presence of serum IgE against CCDs, however, was never associated

with clinical food allergy despite strong antibody binding to immunoblotted food

extracts.

Insect venom allergy is a field where the role of carbohydrates has been most

intensely studied. Here, CCDs have been recognized as a major cause of double-

positive in vitro results to honeybee and vespid venom (Hemmer et al. 2001, 2004;

Kochuyt et al. 2005; Jappe et al. 2006; Mahler et al. 2006). While double-positivity

is found in up to 60% of patients, the rarity of clinical hypersensitivity to both

insects underlines the lacking relevance of anti-CCD antibodies. Further support

comes from the observation that IgE against the culprit venom is virtually always

directed against peptide epitopes, whereas CCDs are responsible for in vitro anti-

body binding to the (irrelevant) second venom (Hemmer et al. 2004; Jappe et al.

2006; Jin et al. 2010). Simultaneous in vitro reactivity of CCD-positive patients’

sera with pollen and latex CCDs was found clinically irrelevant throughout

(Kochuyt et al. 2005; Mahler et al. 2006). There is preliminary evidence from a

prospective study confirming that sensitization to venom CCDs is a frequent cause

of latent venom sensitization in the general population and not associated with

positive sting challenge (Sturm, personal communication).

Finally, the irrelevance of anti-CCD IgE antibodies is illustrated by observations

in occupational allergy to wood dusts showing that only reactivity with protein

epitopes, but not CCDs, correlates with working place-related health problems

(Kespohl et al. 2010). An interesting study was performed by Gonzalez-Quintela

et al. (2011) reporting that heavy drinkers commonly develop IgE antibodies

against CCDs which strongly bind in western blots to glycoproteins present in

wine. Nevertheless, although wine glycoproteins were able to activate basophils

in vitro, none of the patients ever experienced adverse reactions to wine consistent

with allergy.

This body of evidence questioning the clinical relevance of anti-carbohydrate

IgE in allergy is faced with a couple of contradicting papers claiming clinical

relevance in at least certain conditions. Relevant studies have thus far focused on

a limited number of pollens and (rare) food allergens such as tomato, celery, and

zucchini (F€otisch et al. 2003, 1999; Bublin et al. 2003; Reindl et al. 2000). A major
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reasoning behind this is the ability of glycoproteins to activate basophils from

allergic donors in vitro and the loss of this activity upon protein de-glycosylation.

F€otisch et al. (2003) observed that stimulation of basophils from tomato-allergic

subjects with purified tomato fructofuranosidase (Lyc e 2) and HRP induces

significant mediator release in four of ten sera (though at relatively high protein

concentrations), while no release is obtained with recombinant non-glycosylated

Lyc e 2 and de-glycosylated HRP. The same group also described basophil activa-

tion by a synthetic glycoprotein displaying bromelain glycans (MUXF-BSA) in two

celery-allergic patients reacting in western blots selectively with celery CCDs, and

the loss of reactivity upon protein de-glycosylation (F€otisch et al. 1999). Similar

observations in a celery-allergic patient were made by Bublin et al. (2003) observ-

ing moderate basophil histamine release by purified glycosylated Api g 5 but not by

the chemically de-glycosylated allergen. In a later survey of celery allergy, how-

ever, the releasing capacity of purified Api g 5 in CCD-positive patients was

negligible as compared to recombinant celery Api g 1 and birch pollen Bet v 1

(Bauermeister et al. 2009).

A major functional role was alleged to carbohydrate epitopes in cypress pollen

allergy where IgE-binding to the major cypress pollen allergen Cup c 1 is entirely due

to CCDs in up to 80% of patients (Afferni et al. 1999; Iacovacci et al. 2002).

A dose-dependent histamine release from patients’ basophils could be obtained

only with natural Cup c 1 (starting at a relatively high concentration of 0.5 mg/ml)

but not with the E. coli-expressed non-glycosylated recombinant variant (Iacovacci

et al. 2002). A similar role has been claimed for the N-glycans of the major olive

pollen allergen Ole e 1 (Batanero et al. 1999), however, due to serious methodologi-

cal shortcomings the findings of this study require verification by further

investigators. Because native Ole e 1 (the major olive pollen allergen) and isolated

N-glycans chemically removed from Ole e 1 by PNGase F treatment revealed

equivalent histamine release from basophils, it was concluded that allergenicity

essentially rests upon the carbohydrate moieties. Regardless of the circumstance

that only xylosylated (but not a(1!3)-fucosylated) N-glycans can be removed by

PNGase F from the protein core, these findings require verification by further

investigators since efficient IgE receptor cross-linking by such monovalent oligosac-

charides is hard to envisage.

The potency of CCDs to stimulate basophils has been examined very recently

also by basophil activation test (BAT) using venom allergy as a model (Mertens

et al. 2010). The authors provided convincing evidence that venom CCDs as well as

HRP may up-regulate basophil CD203c expression in up to 67% of CCD-positive

venom-double-positive patients, whereas activation is no longer achieved with

periodate-treated proteins. While these data might taint in some way the reputation

of BAT as a diagnostic method of superior specificity, it must be emphasized that,

similar to most other papers reporting CCD-induced basophil activation, stimula-

tion by CCDs was poor as compared to protein epitopes and only seen at 10–1,000-

fold higher protein concentrations.

As a consequence of the aforementioned observations the indispensability of

glycosylated allergens in allergy diagnosis has been emphasized by some authors,
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at least in the context of certain allergen sources or in certain patients (F€otisch and

Vieths 2001; F€otisch et al. 2003; Iacovacci et al. 2002). However, up to now no data

exist specifying and substantiating to which allergen sources this might apply and

how patients with respectively relevant and irrelevant antibodies can be reliably

distinguished. It remains to be explored why the same set of carbohydrate epitopes

may exert dissimilar biological activity in the environment of different glycoproteins

and why anti-CCD IgE antibodies may behave biologically diverse in different

individuals. Furthermore, as pointed out previously by van Ree (2002) it is impor-

tant to differentiate between biological activity (i.e., mediator release from effector

cells) of anti-CCD IgE and clinical relevance, since mediator release does not

necessarily translate into clinical allergy. Mari et al. (2008) showed in a limited

number of grass pollen-allergic patients with high anti-CCD IgE production, that

oral provocation with “plantified” recombinant human lactoferrin expressed in rice

did not provoke any symptoms, although half of the patients exhibited significant

basophil histamine release in vitro (though only with concentrations several orders

of magnitude higher than necessary for the grass pollen allergen Phl p 5).

8.2.5 Reasons for the Clinical Insignificance of CCDs

Because mediator release from effector cells requires cross-linking of two occupied

IgE receptors, only allergens displaying at least two epitopes may exert biologic

activity. Monovalency of glycoproteins, i.e. presence of a single IgE-binding

glycan, might thus reasonably explain the poor biologic activity of CCDs. In

concordance with this, bromelain (carrying a single glycan) did not elicit positive

skin prick test responses in a large group of CCD-positive patients, whereas at least

21% reacted positively to polyglycosylated HRP (although reactions were weak

throughout and predominantly seen in patients with high anti-CCD IgE levels)

(Mari et al. 1999; Mari 2002). Many well-characterized allergens have been shown

to be monoglycosylated, e.g. orange Cit s 1, latex Hev b 2, hazelnut Cor a 11, peanut

Ara h 1, grass pollen Phl p 1, honeybee Api m 1, and this monovalency may explain

their poor allergenicity in skin testing or basophil activation in CCD-positive

patients (Ahrazem et al. 2006; P€oltl et al. 2007; Lauer et al. 2004; Yagami et al.

2002; Wicklein et al. 2004). On the other hand, even though polyvalent

glycoproteins such as HRP do prove biologically active in skin tests and basophil

activation tests, positive responses are only seen in a subgroup of patients and are

generally modest as compared to those elicited by protein allergens (Mari 2002;

Mertens et al. 2010). Considering that among the high number of glycoproteins

present in plant foods and pollens at least some are likely to be “polyvalent”,

monovalency alone does not sufficiently explain the low relevance of CCDs.

Other factors contributing to the low biological activity of anti-CCD IgE

antibodies may be their mostly low serum concentrations and the positive correla-

tion with total IgE levels (Mari 2002). This might favour IgE receptor saturation on

effector cells and increasing scattering of IgE antibodies of the same specificity

reducing the likelihood of successful IgE receptor cross-linking.
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Low affinity of anti-CCD antibodies has been repeatedly proposed as an expla-

nation for the low clinical relevance (van Ree and Aalberse 1999; van Ree 2002).

However, recent studies using surface plasmon resonance revealed a surprisingly

high affinity of purified rabbit IgG and human IgE antibodies against CCDs

comparable to that of protein-specific antibodies (Jin et al. 2006, 2008) making

low affinity an unlikely explanation.

Alternatively, protection may be ensured by high-affinity anti-CCD IgG/IgG4

antibodies functioning as “blocking” antibodies. Blocking antibodies are believed

to play a crucial role in successful allergen immunotherapy by competing with IgE

for binding to allergen epitopes and by mediating FcgRIIb-dependent inhibition of

cell signalling in mast cells and basophils (Flicker and Valenta 2003; Strait et al.

2006). Concerning CCDs, such antibodies may arise from the everyday contact of

the immune system with high amounts of CCDs derived from edible plants and

inhaled pollens. Their induction has been understood as a kind of natural “glyco-

immunotherapy” (Altmann 2007), possibly comparable to the generation of high

levels of allergy-protective IgG4 antibodies in cat owners with strong exposure to

cat allergens (Platts-Mills et al. 2001). Naturally occurring IgM and IgG1 (although

not IgG4) against xylose or a(1!3) fucose has been found in the sera of at least

50% of non-atopic blood donors (Bardor et al. 2003), but to date still little is known

about the prevalence and quantity of IgG/IgG4 antibodies and the IgE/IgG ratio in

allergic subjects.

8.2.6 Diagnostic Implications of Anti-CCD IgE Antibodies

Although the discovery of IgE antibodies against cross-reactive sugar determinants

of plant and insect glycoproteins dates back to the early 1980s, this observation was

ignored by most allergists for quite a long time. Once the dimension of anti-CCD

antibody cross-reactivity and its implication for in vitro allergy diagnosis became

more evident, much work has been dedicated to this issue more recently. The

current shift in in vitro allergy diagnosis towards the increased usage of recombi-

nant molecules has been strongly influenced by the growing awareness about the

interference of anti-CCD IgE antibodies with correct allergy diagnosis. Notwith-

standing the yet unsettled dispute about the clinical (ir)relevance of anti-CCD IgE

antibodies, the increasing awareness of clinicians of the huge number of misleading

“false-positive” in vitro results caused by CCDs has prompted different approaches

to overcome the problem and to increase the specificity and predictive value of IgE

determination.

Routine IgE screening by RAST or ELISA for bromelain, HRP, or other

glycoprotein sources can be used as a simple measure to identify CCD-positive

sera (Mari et al. 1999; Mari 2002; Hemmer et al. 2001; Kochuyt et al. 2005; Jappe

et al. 2006; M€uller et al. 2009). A positive result will caution doctors to over-

interpret positive in vitro test results obtained with other plant or insect allergens,

however, it needs to be emphasized that the simple proof of anti-CCD IgE
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antibodies in the serum does not reliably exclude “true” sensitization to a particular

allergen, since protein- and carbohydrate-specific IgE may occur side by side

(Hemmer et al. 2004; Jappe et al. 2006).

Destruction of carbohydrate epitopes by periodate treatment has been widely

used in scientific research (Mari et al. 1999; Aalberse et al. 1981; Afferni et al.

1999; Hemmer et al. 2004; Mahler et al. 2006). Unfortunately, also protein confor-

mation may be altered by this treatment (Hemmer et al. 2004; Léonard et al. 2005),

leading to reduced sensitivity and false-negative test results. Therefore, periodate

oxidation has never been implemented in commercial IgE assays.

A more reliable though simple method to get rid of CCD interference is serum

inhibition, i.e. pre-incubation of samples with appropriate CCD inhibitors prior to

specific IgE measurement (e.g., RAST inhibition). Serum inhibition has been a

standard tool in scientific research, but has been put forward as a feasible measure

in routine allergy diagnosis, too (Malandain et al. 2007). To obtain best results, a

mixture of different glycoproteins, e.g. bromelain (mostly displaying MUXF3) and

HRP (mostly displaying MMXF3), is probably necessary to cover all anti-CCD IgE

specificities present in individual sera (Malandain et al. 2007; Altmann 2007).

Alternatively, isolated glycopeptides obtained from these natural sources may be

conjugated to inert carrier proteins such as BSA. Amore sophisticated alternative to

generate appropriate CCD inhibitors is the targeted modification of human

glycoproteins (e.g., transferrin) by using appropriate glycosidases and recombinant

glycosyltransferases which allows optimal standardization with regard to glycan

repertoire and molarity (Bencurova et al. 2004; Jin et al. 2006). An even more

elegant way than serum inhibition is to clear patients’ sera from CCD-specific

antibodies by micro-affinity chromatography using immobilized plant glycans (Jin

et al. 2009). However, the disadvantage of all these procedures is their time need

and the necessity of additional manual manipulation of blood samples which

probably does not comply with the needs of today’s routine labs.

A promising strategy to improve specificity of in vitro IgE determination is

component-resolved diagnosis by (non-glycosylated) recombinant allergens. This

technique not only eliminates the problem of CCDs but in addition provides

valuable information about individual sensitization profiles improving accuracy

of therapy and patient management (Valenta et al. 2007; De Knop et al. 2010). A

substantial part of recent research has focused on insect venom allergy, where

the diagnostic superiority of recombinant technology has been impressively

demonstrated in a couple of papers (M€uller et al. 2009; Mittermann et al. 2010;

Seismann et al. 2010). Similarly, component-resolved diagnosis eliminating CCDs

has been proven advantageous in the diagnosis of latex allergy (Raulf-Heimsoth

et al. 2007; Ebo et al. 2010). CCD-free recombinant allergens may be obtained by

protein expression in E. coli or yeasts, but correct folding of naturally glycosylated

proteins can be a problem (Soldatova et al. 1998). The use of insect cell lines with

low-level a1,3 fucosyltransferase activity, such as Sf9 cells, appears to guarantee

allergen glycosylation with at worst just traces of unwanted CCDs along with

proper protein folding (Seismann et al. 2010; Hancock et al. 2008).
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8.3 Allergenic O-Glycans

A novel type of IgE-binding O-glycans has been identified on the major mugwort

pollen allergen Art v 1 (Himly et al. 2003; Léonard et al. 2005). Art v 1 is a peculiar

protein consisting of a globular cysteine-stabilized defensin-like domain and a

proline-rich C-terminal tail with a prominent branched arabinogalactan polysaccha-

ride and a number of single b-arabinosyl residues attached to hydroxylated proline

residues. Results from de-glycosylation and inhibition experiments using rabbit

antiserum against posttranslationally modified Art v 1 and sera from mugwort-

allergic patients revealed that it is the b-arabinosylated hydroxyprolines (occurring

as clusters of two or three) that represent IgE-binding determinants (Léonard et al.

2005). An approach to the identification of the minimal epitope has been recently

undertaken by synthesis of dimers of the b-arabinosyl-hydroxyproline motif

(Xie and Taylor 2010). Contradicting findings were obtained in another study

reporting generation of monoclonal antibodies from a synthetic human recombinant

antibody library by subtractive phage display specifically binding to the

a-arabinosyl residues on the Art v 1 arabinogalactan polysaccharide (Gruber et al.

2009). In some mugwort-allergic patients, IgE antibodies against natural Art v 1 do

not or less strongly bind to E. coli-expressed recombinant Art v 1, suggesting that

the identified carbohydrate moieties represent important epitopes (Himly et al.

2003; Gruber et al. 2009). Support for a clinical relevance of the oligosaccharides

comes from skin tests and nasal provocation tests showing stronger responses to

native Art v 1 than to the recombinant molecule (Schmid-Grendelmeier et al. 2003).

There is thus far no evidence for an important role of mugwort glycans as cross-

reactive epitopes to mind in allergy diagnosis. Rabbit antisera against Art v 1

b-arabinose glycans did not bind to the homologous ragweed pollen allergen

Amb a 4, which contains two arabinogalactan polysaccharides similar to those of

Art v 1 as well as single b-arabinosylated hydroxyprolines (Léonard et al. 2010).

This lack of cross-reactivity may be due to the fact that hydroxyprolines in Amb a 4

do not occur pairwise like in Art v 1 (Léonard et al. 2010). There is also no cross-

reactivity with arabinose-containing O-glycans from potato and tomato lectins

(Léonard et al. 2005). In all, there is currently no evidence for an important role

of O-glycan cross-reactivity in allergy diagnosis comparable to that of fucosylated/

xylosylated N-glycans.

8.4 a-Gal, a Mammalian IgE-Binding Glycan

Galactose-a(1!3)-galactose (briefly termed aGal) is a common modification of

glycoproteins and glycolipids from nearly all mammals, which remarkably is

absent in old-world monkeys (including man) and other vertebrates (Macher and

Galili 2008), cartilaginous fishes making an interesting exception (Harvey et al.

2009). aGal is highly immunogenic for humans, who regularly produce high levels

of aGal-specific IgG antibodies representing the major cause for hyperacute tissue

rejection following xenotransplantation (Macher and Galili 2008). aGal has been
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first recognized as a relevant allergen in patients with anaphylaxis to the humanized

mouse monoclonal IgG1 antibody Cetuximab, caused by pre-existing anti-aGal IgE
antibodies reacting with aGal in the murine part of Cetuximab (Chung et al. 2008),

but shortly thereafter also an association with allergy to red meat became evident

(Commins et al. 2009; Jacquenet et al. 2009; Commins and Platts-Mills 2009).

On in vitro testing, aGal-positive sera show comparable reactivity with different

kinds of mammalian meats as well as with animal dander (e.g., cat, dog) and cow’s

milk indicating that all these allergen sources contain substantial amounts of aGal
(Jacquenet et al. 2009; Commins and Platts-Mills 2009). The responsible aGal-
expressing glycoproteins are not yet known in detail. aGal has been identified as a

relevant epitope of cat salivary IgA (Gr€onlund et al. 2009), but also other Ig might

represent relevant sources of aGal in view of the presence of galactosylated

oligosaccharides sometimes bearing terminal aGal in the heavy chain variable

regions of IgG and IgM (Endo et al. 1995; Harvey et al. 2009). Glycolipids are

another potential source of aGal. The retarded gastrointestinal resorption of such

glycolipids might explain the untypical delay in symptom onset observed in most

aGal-positive meat-allergic patients (Commins et al. 2009; Commins and Platts-

Mills 2009). Another remarkable finding of aGal-mediated meat allergy is the poor

reactivity of patients in skin prick tests with meat extracts, reminding of the

situation in a1,3-fucosylated/xylosylated N-glycans. Clearly positive skin test reac-
tion are only obtained with intradermal testing (Commins et al. 2009).

Screening sera from different geographical regions for anti-aGal IgE revealed

unexpected differences in prevalence leading to the hypothesis that primary sensi-

tization to aGal has not occurred by meat itself. Tick bites have been suspected as a

possible origin encouraged by the observation of cutaneous hypersensitivity

reactions after tick bites in many patients (Commins et al. 2009; Commins and

Platts-Mills 2009; van Nunen et al. 2009). However, aGal is thus far not known
from ticks or mites or any other arthropods. Exposure to aGal during infection with
helminth parasites might be another route of aGal sensitization (Commins et al.

2009). Although aGal does not seem ubiquitous in parasites, it has been proven in a

few nematodes (Duffy et al. 2006; Khoo et al. 1997) and in the liver fluke Fasciola
hepatica (Wuhrer et al. 2004). Anyhow, evidence for a causal relationship between

worm infection and aGal sensitization in these patients is still lacking. The possi-

bility of sensitization to aGal via drugs of bovine origin (e.g., thrombin, aprotinin)

should not be completely disregarded.

8.5 Summary

N-Glycans displaying core a(1!3) fucose and/or xylose represent important cross-

reactive carbohydrate determinants (CCDs) of plant and insect glycoproteins bind-

ing IgE from around 10–30% of allergic subjects. Based on a body of epidemiologic

and experimental evidence, the clinical significance of IgE directed against CCDs

appears to be extremely low, even if the reasons for this are not yet completely

understood. Although clinical relevance in exceptional cases cannot be ruled out
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with absolute certainty, CCDs are now broadly acknowledged by clinicians as a

major cause of “false-positive” results severely interfering with proper allergy

diagnosis. Current strategies to overcome the problem include elimination of

carbohydrate-directed IgE from samples by serum inhibition as well as compo-

nent-based diagnosis using non-glycosylated recombinant allergens. Still little is

known about the epitope structure and function of IgE-binding b-arabinosylated O-
glycans recently discovered in mugwort pollen. While there exist some clues to a

clinical relevance of these sugar antigens in allergic reactions, they unlikely play a

prominent role as cross-reactive epitopes comparable to that of fucosylated/

xylosylated N-glycans. The identification of galactose-a(1!3)-galactose (aGal)
as an IgE-binding sugar epitope of mammalian origin has revived the interest in

allergy to red meat and may be relevant also with respect to allergy to milk, animal

danders and drugs of bovine origin. Major future tasks comprise confirmation of the

relevance of these anti-aGal IgE antibodies in meat allergy by controlled oral

provocation test and clarification of the alleged relationship with tick bites and

helminth infection.
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9.1 Introduction

Carbohydrate antigens recognized by “natural” or preformed and elicited

antibodies are central to transplantation/transfusion rejection across ABO blood

group and species (xenotransplantation) barriers and are also promising candidates

for cancer immunotherapy (Ramsland 2005). The key carbohydrate determinants

(epitopes) recognized by antibodies are synthesized by a series of intracellular

glycosyltransferases and are expressed on the surface of cells as glycolipids and

glycoproteins. Often the minimal carbohydrate epitopes are located at the terminal

end of more complex oligosaccharide chains, which result in these epitopes being

displayed at a wide range of surface densities and contexts (e.g., glycolipids or

glycoproteins). For example, many tumor-associated carbohydrate antigens are

broadly expressed at very high densities on the cell surface of primary and

M. Agostino • E. Yuriev

Medicinal Chemistry and Drug Action, Monash Institute of Pharmaceutical Sciences, Monash

University, Parkville, VIC 3052, Australia

W. Farrugia

Centre for Immunology, Burnet Institute Melbourne, VIC 3004, Australia

M.S. Sandrin

Department of Surgery Austin Health, University of Melbourne, Heidelberg, VIC 3084, Australia

A.M. Scott

Tumour Targeting Program, Ludwig Institute for Cancer Research Melbourne, VIC 3084,

Australia

P.A. Ramsland (*)

Centre for Immunology, Burnet Institute Melbourne, VIC 3004, Australia

Department of Surgery Austin Health, University of Melbourne, Heidelberg, VIC 3084, Australia

Department of Immunology, Monash University, Alfred Medical Research and Education

Precinct, Melbourne, VIC 3004, Australia

e-mail: pramsland@burnet.edu.au

P. Kosma and S. M€uller-Loennies (eds.), Anticarbohydrate Antibodies,
DOI 10.1007/978-3-7091-0870-3_9, # Springer-Verlag/Wien 2012

203



metastatic tumors, but the same carbohydrates occur at much lower levels and are

typically restricted to a few cell types in healthy tissues (Scott and Renner 2001;

Ezzelarab et al. 2005; Kobata and Amano 2005; Cazet et al. 2010). Thus, antibodies

with similar specificities for individual carbohydrate epitopes can display different

and often selective cell-binding profiles, based on the unique presentation of the

carbohydrates on the target cells.

In this chapter, we discuss the structural glycobiology of the key antibody–car-

bohydrate interactions important in xenotransplantation and cancer immunotherapy.

Progress in both fields is reliant on further mechanistic knowledge of the underlying

complex biosynthetic pathways and the structural basis for antibody recognition of

isolated and cellular forms of the target carbohydrates. Recent progress in bioinfor-

matics, synthesis of complex carbohydrates and analysis of their interactions with

proteins [reviewed in (Seeberger 2008; Taylor and Drickamer 2009; Frank and

Schloissnig 2010)] is facilitating the experimental determination and interpretation

of three-dimensional (3D) structures of antibody–carbohydrate complexes. Further-

more, advances in computational (in silico) methods [reviewed in (DeMarco and

Woods 2008; Woods and Tessier 2010; Yuriev et al. 2011)] are revealing much

needed complementary 3D information about antibody recognition of

carbohydrates.

9.2 Antibody Recognition of Carbohydrate Xenoantigens

Two approaches have been used to overcome the critical worldwide shortage of

human donor organs and tissues for transplantation. The first approach is to use

ABO incompatible organs (Holgersson et al. 2005). This was not until recently

possible, as grafting across an ABO incompatibility would result in immediate graft

loss due to hyperacute rejection. This precipitous rejection is mediated by naturally

occurring anti-ABO antibodies of the recipient binding to the incompatible ABO

blood group carbohydrates on the surface of endothelium of the donor organ,

resulting in complement-dependent organ destruction. Depletion or blocking of

the anti-ABO antibodies or removal of antibody producing cells before the incom-

patible organ graft has, in many cases, led to stable transplants even after the

reappearance of the anti-ABO antibodies, in a process termed graft accommodation

(Crew and Ratner 2010; Dipchand et al. 2010). The second approach is to use

organs from other species, or xenotransplantation. Similar to naturally occurring

anti-ABO antibodies in humans lacking these antigens, all humans have high levels

of natural antibodies recognizing carbohydrates containing terminal aGal(1!3)Gal

epitopes (designated as aGal), present in most mammals except Old World

monkeys, apes and humans (Galili et al. 1987; Good et al. 1992; Sandrin et al.

1993). While the barrier posed by aGal in xenotransplantation may have been

successfully overcome by the genetic manipulation of donor animals (see

Sect. 9.2.3), it is still of fundamental interest to understand how antibodies recog-

nize aGal and related carbohydrates. Furthermore, it is critical to identify and

characterize antibody recognition of non-aGal carbohydrate antigens that are likely
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to pose future obstacles to successful clinical xenotransplantation of pig organs in

humans.

9.2.1 Structural Studies of Antibodies Against aGal
Carbohydrate Xenoantigens

The nature of antibody–carbohydrate interactions and the method by which carbo-

hydrate ligands fit into antibody binding sites are important in understanding the

antibody–carbohydrate recognition process. However, detailed structural knowl-

edge of this recognition is currently limited. Specifically, there are currently no

experimentally determined (X-ray crystallography and NMR) antibody-aGal
complexes, in contrast to several crystal structures of lectin-aGal complexes

[reviewed in (Ramsland et al. 2003; Yuriev et al. 2009)]. In silico techniques

offer attractive alternatives to experimental methods for the study of antibody–

carbohydrate structures. In particular, homology modeling and molecular docking

provide information about protein-ligand interactions in systems that are difficult to

study with experimental techniques. Our group has previously generated homology

models of mouse anti-aGal antibodies and used docking approaches to investigate

their recognition of carbohydrates bearing aGal epitopes and cross-reactive

peptides (Milland et al. 2007; Yuriev et al. 2008). Homology models of human

aGal antibodies have also been generated and used in conjunction with site-directed
mutagenesis data and docking to investigate xenoantigen recognition (Kearns-

Jonker et al. 2007). An important general observation from these studies is that

key amino acids within the binding sites of aGal-binding antibodies can be readily

identified by homology modeling and docking.

Our in silico approach for exploring antibody–carbohydrate recognition and

findings when applied to a panel of mouse aGal-binding monoclonal antibodies

are outlined below. Despite recent developments in the docking field (Yuriev et al.

2011), it is important to test or validate a docking protocol against suitable test

systems. Initially we assessed several popular docking programs for their ability to

accurately dock carbohydrates to antibodies (Agostino et al. 2009a). Comparison of

top ranking poses with high resolution crystal structures highlighted the strengths

and weaknesses of these programs. Rigid docking, in which the protein conforma-

tion remains static, and flexible docking, where both the protein and ligand are

treated as flexible, were compared. This study revealed that, in general, molecular

docking of carbohydrates to antibodies was performed best by the Glide program

(Friesner et al. 2004). Furthermore, the antibody binding site shape and carbohy-

drate flexibility were both observed to influence the capacity of docking programs

to reproduce the experimentally determined carbohydrate binding poses.

The validated Glide-based docking protocol has been used to study carbohydrate

recognition by a series of aGal-binding monoclonal antibodies (Agostino et al.

2009b). Considering that these antibodies display a range of binding site shapes, we

developed a “site mapping” technique, which was validated against a series of high

resolution antibody–carbohydrate crystal structures. Site mapping involves the use
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of molecular docking to generate a series of antibody–carbohydrate complexes,

followed by analysis of the hydrogen bonding and van der Waals interactions

occurring in each complex, which are tallied and then mapped (based on their

relative contribution) onto the antibody binding site surface. Thus, the contributions

to binding of a variety of potential carbohydrate binding modes are taken into

consideration to compensate for differences in antibody binding site shapes and

flexibility of the carbohydrates. When applied to aGal carbohydrate-antibody

interactions, site mapping indicated that there was a significant overlap of the

antibody regions engaging the xenoantigens across the panel of six monoclonal

antibodies examined. The consensus recognition site for aGal carbohydrates was
comprised of nine amino acid positions in five out of the six antibody complemen-

tarity determining regions (CDR) of the light (L) and heavy (H) chain variable (V)

domains. When an additional six amino acids were included (forming the extended

consensus site), more than 80% of all potential aGal carbohydrate interactions were
accounted for across the panel of monoclonal antibodies.

Recently, we expanded the in silico approach to identify positions within the

carbohydrate ligands, which are most important for recognition (carbohydrate

maps), and to take into account the conformational preferences in docked carbohy-

drate poses (Agostino et al. 2010). This protocol exploits the tendency of certain

carbohydrate linkages to cluster at specific conformational minima, which can be

used to “filter” carbohydrate poses generated by molecular docking. Interaction-

based filters using the antibody site maps and the carbohydrate maps are then

applied to select the carbohydrate poses exhibiting the most preferred binding

characteristics. When applied to a series of aGal carbohydrates and the panel of

mouse monoclonal antibodies, a notable feature was the apparent restricted confor-

mation of bGal(1!4)Glc/GlcNAc linkages. The most populated conformational

cluster of bGal(1!4)Glc/GlcNAc linkages corresponded well to experimental

structures and this property was used as a filter to select preferred binding modes

of aGal-terminating trisaccharide (or longer) carbohydrates. In contrast, the con-

formation of the terminal aGal(1!3)Gal linkage varies depending on the antibody

binding site topography, although it is possible that some of the antibodies recog-

nize more than one aGal(1!3)Gal conformation. Carbohydrate interaction maps

revealed that, across the panel of antibodies, the predominant interactions occurred

with the terminal aGal(1!3)Gal disaccharide, but potential interactions occur with

the third saccharide unit, which was either GlcNAc or Glc in the different

xenoantigens. The obtained binding modes indicate that each antibody uses distinct

mechanisms in recognizing the target antigens.

The preferred binding modes that were identified for the aGal(1!3)bGal(1!4)

GlcNAc trisaccharide illustrated the similarities and differences in the recognition

displayed by different antibodies that bind this xenoantigen (Fig. 9.1). All carbohy-

drate ligands were located in the binding sites formed by the unique conformations

of the CDRs. The carbohydrate ligands were generally extended in conformation

and either bound relatively flatly in grooves (Fig. 9.1a, d) or were in a more

upright position with a single monosaccharide unit entering the binding site first

and anchoring in a cavity by a process of end-on insertion (Fig. 9.1b, c, e, f).
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In general, the terminal aGal residue entered the binding site first and was

surrounded by residues of the antibody binding site. One exception was the 24.7

antibody (Fig. 9.1c) where the trisaccharide was reversed in orientation and the

terminal aGal was pinned in place at the top of the binding site mainly by

interactions with a residue (Asn 109 H) in VH CDR3, which was not found in the

other antibody sequences. Collectively, aGal carbohydrate recognition by

antibodies (Agostino et al. 2009b, 2010) is similar to lectins, where both end-on

insertion and groove-type binding are involved in recognition aGal carbohydrate
xenoantigens (Ramsland et al. 2003; Yuriev et al. 2009).

Fig. 9.1 In silico predictions of aGal carbohydrate recognition by antibodies. Preferred binding

modes for aGal(1!3)bGal(1!4)GlcNAc trisaccharides are shown for a panel of monoclonal

antibodies: (a) 6.13; (b) 22.121; (c) 24.7; (d) 12.15; (e) 15.101; (f) 8.17. The antibody variable

domains (VL cyan, VH magenta) are shown as ribbons-style representations and carbohydrates as
stick representations (green). The locations of CDR of the L (L1-3) and H (H1-3) chains are

indicated only in panel (a). The position of the terminal aGal residue in each binding site is shown
(asterisk). The preferred aGal carbohydrate binding modes were determined as previously

described (Agostino et al. 2010)
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9.2.2 Potential Non-aGal Carbohydrate Xenoantigens

The high levels of aGal antibodies in human sera have until recently complicated

the identification of non-aGal carbohydrate antigens. The availability of animals

with minimal or no aGal has led to renewed efforts in characterizing non-aGal
xenoantigens (Rood et al. 2005, 2007; Tseng et al. 2006; Harnden et al. 2010; Lin

et al. 2010). We will outline two categories of potential carbohydrate xenoantigens,

which are possible barriers to xenotransplantation.

Removal of aGal in genetically modified animals has revealed new antigenic

determinants by exposing terminal bGal residues, which are normally masked. It

has been proposed that the exposed LacNAc [bGal(1!4)GlcNAc] could be a target

for natural or elicited antibodies (Lucq et al. 2000; Milland et al. 2005). Indeed most

humans produce natural antibodies against LacNAc (I blood group) and these

antibodies are better known as cold agglutinins (Cairns et al. 1996). However, it

remains to be shown in a pig-to-primate model (or in humans) if naturally occurring

or elicited antibodies against LacNAc are involved in graft rejection. Exposure of

terminal bGal residues may also promote recognition by the various carbohydrate-

binding receptors of innate immunity resulting in antibody independent xenograft

rejection (Christiansen et al. 2006; Yuriev et al. 2009).

Perhaps the most likely non-aGal carbohydrate to act as xenoantigen in pig-to-

human xenotransplant rejection is a sialic acid, N-glycolylneuraminic acid

(Neu5Gc). This is one of the two abundant sialic acids in mammals, N-
acetylneuraminic acid (Neu5Ac) being the other and only naturally occurring sialic

acid in humans. Humans lack the functional enzyme that synthesizes endogenous

Neu5Gc by hydroxylation of the Neu5Ac substrate (Chou et al. 1998). Even

chimpanzees (our closest primate relative) express the enzyme for production of

Neu5Gc, which results in an abundant surface expression of carbohydrates

terminating in Neu5Gc in all mammals other than humans, and most human sera

contain natural antibodies to Neu5Gc (Zhu and Hurst 2002; Tangvoranuntakul et al.

2003; Miwa et al. 2004). Furthermore, repeated intravenous exposure of humans to

animal blood or blood products can cause “serum sickness” mediated by

agglutinating antibodies specific for Neu5Gc or the Hanganutziu-Deicher (HD)

antigen (Higashi et al. 1977). The potential for anti-Neu5Gc human natural

antibodies to contribute to complement-dependent cytotoxicity (CDC) has recently

been demonstrated by comparing CDC of human sera against thymocytes from

wild-type, aGal knockout and Neu5Gc knockout mice. While most of the CDC

against wild-type could be decreased with the removal of aGal, it was reduced

further by the removal of Neu5Gc in double-knockout animals. Interestingly, unlike

aGal specificity, where a large proportion of natural human antibodies are IgM, the

anti-Neu5Gc antibodies are predominantly IgG, suggesting that antibody-depen-

dent killing mechanisms other than CDC (e.g., Fc receptor mediated) may be

important for xenograft rejection. However, this remains to be examined (Basnet

et al. 2010). In another study of the pig enzyme for production of Neu5Gc, it

appeared that most of the natural human antibodies against Neu5Gc were IgM,

which were confirmed to cause CDC of cells transfected with the pig enzyme (Song
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et al. 2010). While the discrepancy in data on natural human antibody classes

specific for Neu5Gc may need further examination, it is clear that preformed or

elicited antibodies with Neu5Gc or HD specificity have the potential to cause

delayed (or acute) antibody-mediated rejection of xenografts in human recipients.

The presence of Neu5Gc in nonhuman primate tissues will complicate the preclini-

cal analysis, but knocking out the enzyme that converts Neu5Ac into Neu5Gc in

aGal knockout pigs would be a prudent consideration.

As mentioned above, the complications from the increased exposure of bGal and
the presence of Neu5Gc are the two most likely sources of future carbohydrate

xenoantigens after removal of aGal. However, there are other possibilities that

await discovery, such as the recent suggestion by Byrne et al. (2011) that an Sda-

like carbohydrate may represent a new carbohydrate antigen in xenotransplantation.

Using presensitized baboon sera (cardiac heterotopic xenograft recipients), they

identified b(1!4)GalNAc transferase 2 (B4GALNT2) after screening for IgG

binding to cell surface expression libraries generated from CD46 transgenic and

a(1!3)Gal transferase knockout pig aortic endothelial cells. The B4GALNT2

enzyme transfers GalNAc in b(1!4)-linkage to a(2!3)-sialylated Gal residues

to generate the Sda or CAD antigen (Byrne et al. 2011). Although greater than 90%

of humans express the Sda antigen, individuals that lack this antigen show a strong

antibody response to the Sda (CAD) determinant (Donald et al. 1983). Along with

other carbohydrates, the identification of this putative Sda-like xenoantigen

suggests that before clinical xenotransplantation is common practice, the following

question still needs to be answered: “Just how human do we need to make the pig?”
(Ramsland 2005).

9.2.3 Progress Towards Clinical Xenotransplantation

The availability of genetically modified pigs with the gene for a(1!3)-galactosyl-

transferase knocked out (aGT-KO) has provided a source of aGal-deficient organs
for xenotransplants, initially in nonhuman primates. Removal of the aGal epitopes,
the target of most anti-pig natural antibodies, has largely eliminated hyperacute

rejection and allowed organ grafts to function for several months. However, even in

heavily immunosuppressed nonhuman primates, the xenografts are eventually

rejected by antibody and cellular responses. Similar decreases in hyperacute and

delayed xenograft rejection have occurred with pigs genetically engineered to

express human complement regulatory genes (e.g., CD46, CD55 or CD59), which

act on the effector complement mechanism for natural aGal antibodies [reviewed in
(Ekser and Cooper 2010; Cooper and Ayares 2011)]. As discussed above for non-a
Gal carbohydrate xenoantigens, the presence of foreign pig proteins and

carbohydrates, in addition to aGal, are possible initiators of delayed xenograft

rejection by adaptive and innate immune processes. Thus, the development of

pigs with multiple modifications is required before clinical xenotransplantation

will be a viable alternative to allotransplantation. Briefly, two of the genetic

modifications that are being tested are: (1) the expression of human leukocyte
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antigens (HLA-E and HLA-G) on pig endothelial cells to inhibit the innate natural

killer (NK) cellular response (Forte et al. 2001; Weiss et al. 2009), and (2)

introduction of human coagulation regulators with the goal of overcoming an

incompatibility between human and pig coagulation pathways (Cowan et al.

2009). With recent developments in approaches to rapidly introduce multiple

genetic modifications onto the aGT-KO or complement-regulator pig backgrounds

(Nottle et al. 2010), it is only a matter of time before donor pigs suitably compatible

with human transplant recipients are developed. However, understanding the rec-

ognition of carbohydrates by antibodies and innate receptors will almost certainly

impact on the future success of clinical xenotransplantation.

9.3 Antibody Targeting of Tumor-Associated
Carbohydrate Antigens

Characterization of the composition and structure of blood group antigens was

initially determined not from erythrocytes, but from benign cyst and stomach

secretions. Monoclonal antibody technology was subsequently used to show that

many blood group and related carbohydrate determinants are aberrantly or over-

expressed in cancer, and that specific monoclonal antibodies could be generated

that selectively recognize these tumor-associated carbohydrate antigens [see com-

mentary and references therein by (Ramsland 2005)]. Among the numerous

changes in glycosylation associated with cancer are the altered expression of

A, B, H (O blood group) and Lewis carbohydrates (Lea, Leb, Lex and Ley and

their sialylated forms) on the surfaces of many tumor cells (Sakamoto et al. 1986;

Hakomori 1999; Kobata and Amano 2005). The altered expression of multiple

glycosyltransferases in cancer has also led to markedly different expression of

gangliosides (ceramide-based glycolipids containing one or more sialic acids) in

many tumors compared to healthy tissues, making certain gangliosides (e.g., GD2

and GD3) promising candidates for cancer immunotherapy (Hakomori 2001).

Another glycolipid over-expressed in many cancers is Globo H, which is widely

expressed on many cancers of epithelial origin and has been identified on

a population of breast cancer stem cells (Slovin et al. 2005; Chang et al. 2008). In

addition to blood group related carbohydrates and glycolipids, neoepitopes are

formed in many cancers by the underglycosylation of glycoproteins. Common

examples are truncated O-linked carbohydrates including the Thomsen-

Friedenreich (TF or T), the Thomsen-nouvelle (Tn) and their sialylated antigenic

forms (sTF and sTn). These truncated O-linked carbohydrates occur at high

densities in tumor-associated mucins such as MUC1 and MUC4, are found at

lower densities on many other tumor proteins, and are expressed in a wide range

of cancers (Slovin et al. 2005; Cazet et al. 2010; Reis et al. 2010). A summary of the

key carbohydrate determinants associated with tumors that are recognized by

antibodies is presented in Table 9.1.

Crystallographic 3D structures have been determined for several antibodies

specific for tumor-associated carbohydrate antigens (Table 9.2). As previously
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discussed, antibody recognition of carbohydrate epitopes resembles the binding of

small molecules by antibodies generated against haptens (Ramsland et al. 2003).

A predominant binding mode involves the end-on insertion of an anchoring group,

which in the case of carbohydrates is often a monosaccharide unit within the

carbohydrate determinant. In most cases, the anchoring group enters a pocket,

varying in size and accessibility between antibodies, located between the CDR3

loops of both the light and heavy chains. In contrast to small molecules where the

binding site normally lacks ordered solvent molecules, carbohydrates tend to bind

in a more accessible site that can include a considerable number of solvent

molecules. However, the anchoring saccharide units are often bound in a solvent-

protected subsite. Depending on the size and branching patterns of the carbohydrate

epitope, an antibody combining site recognizing a carbohydrate can vary from

a pocket or cavity, to an extended groove, as well as a combination of the two

(i.e., a groove leading into a deeper cavity).

Table 9.1 Examples of carbohydrate tumor-associated antigens recognized by antibodies

Antigen

name

Carbohydrate determinanta Tumor typesb

Lewis carbohydratesc

Lea bGal(1!3)[aFuc(1!4)]GlcNAc�R Colon, gastric, small cell

lung cancer

Lex bGal(1!4)[aFuc(1!3)]GlcNAc�R Epithelial cancers

Leb aFuc(1!2)bGal(1!3)[aFuc(1!4)]GlcNAc�R Gastric cancer

Ley aFuc(1!2)bGal(1!4)[aFuc(1!3)]GlcNAc�R Epithelial cancers and

small cell lung cancer

Gangliosides/glycolipids

GD3 aNeu5Ac(2!8)aNeu5Ac(2!3)bGal(1!4)

Glc�Cer

Melanoma, neuroblastoma,

glioblastoma

GD2 aNeu5Ac(2!8)aNeu5Ac(2!3)[bGalNAc
(1!4)]bGal(1!4)Glc�Cer

Neuroblastoma,

melanoma, sarcoma

GM3 aNeu5Ac(2!3)bGal(1!4)Glc�Cer Meningioma, melanoma,

neuroblastoma

GM2 aNeu5Ac(2!3)[bGalNAc(1!4)]bGal(1!4)

Glc�Cer

Melanoma, neuroblastoma,

glioblastoma

Globo H aFuc(1!2)bGal(1!3)bGalNAc(1!3)aGal
(1!4)bGal(1!4)Glc�Cer

Breast, colon, small cell

lung cancer

Truncated O-glycansc

T or TF bGal(1!3)GalNAc�Ser/Thr Breast, colon cancer

Tn GalNAc�Ser/Thr Colon, ovarian cancer
aR, a variety of short or long carbohydrate chains attached to glycolipids or glycoproteins;

Cer, ceramide
bSome common examples of cancers known to express the tumor-associated carbohydrate

antigens [reviewed in (Scott and Renner 2001; Slovin et al. 2005; Cazet et al. 2010)]
cIn addition to the core determinants, sialylated forms of most of these antigens are frequently

over-expressed in cancer
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A range of carbohydrate binding modes can be seen in the crystal structures of

antibody complexes with tumor-associated carbohydrate antigens (Fig. 9.2).

End-on insertion of a key monosaccharide is observed in most of the structures,

with the possible exception of the Lex binding antibody 291-2-G3-A, where two

stacked saccharide units (Fuc and Gal) of the trisaccharide anchor into the

binding pocket. For the two Ley antibody complexes (chBR96 and hu3S193),

a dominant feature of recognition is the tight binding of the a(1!3)-linked Fuc

residue that enters deeply and is completely buried from bulk solvent (Ramsland

et al. 2004). The glycopeptide-specific antibody, 237mAb, binds the Thr-linked

GalNAc residue (Tn antigen) by end-on insertion and concomitantly recognizes

the peptide in an elongated groove located higher up in the binding site

(Fig. 9.2d, e) (Brooks et al. 2010). An overlay of all structures shows that the

carbohydrate epitopes are located almost centrally (shifted slightly towards H

chain) between the VL and VH domains, and all ligands penetrate the space

between LCDR3 and HCDR3 to approximately equivalent depths (see Fig. 9.2f).

Thus, binding of tumor-associated carbohydrates often (but not always) involves

antibody residues in a deep pocket in a structurally equivalent location. In

addition, the specificities for different epitopes depend on differences in shapes

(topographies) and surface chemistries (constituent residues) across the antibody

combining sites.

Table 9.2 Crystal structures of antibodies against carbohydrate tumor-associated antigens

PDB Resolution (Å) Antibody Specificity (C/U)a Reference

1CLY 2.50 chBR96 Fab Ley (C) Jeffrey et al. (1995)

1CLZ 2.80 muBR96 Fab Ley (C) Jeffrey et al. (1995)

1UCB 2.50 chBR96 Fab Ley (U) Sheriff et al. (1996)

1S3K 1.90 hu3S193 Fab Ley (C) Ramsland et al.

(2004)

3EYV 2.50 hu3S193 Fab Ley (C and U) Farrugia et al. (2009)

1UZ6 2.05 291-2-G3-A

Fab

Lex (U) van Roon et al. (2004)

1UZ8 1.80 291-2-G3-A

Fab

Lex (C) van Roon et al. (2004)

1BZ7 2.50 R24 Fab GD3 (U) Kaminski et al.

(1999b)

1R24 3.10 R24 Fab GD3 (U) Kaminski et al.

(1999b)

1PSK 2.80 ME361 Fab GD2 (U) Pichla et al. (1997)

1RIH 2.50 14-F7 Fab N-glycolyl GM3 (U) Krengel et al. (2004)

3-IU4 1.75 chP3 Fab N-glycolyl GM3 (U) Talavera et al. (2009)

3IET 2.20 237mAb Fab Tn, G[TNYb]KPPL

(C)

Brooks et al. (2010)

3IF1 2.20 237mAb Fab Tn, GalNAc (C) Brooks et al. (2010)
aC ¼ complexed with antigen and U ¼ unliganded
bTNY ¼ GalNAc modified threonine residue of the glycopeptide
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9.3.1 Recognition of Blood Group Related Lewis
Carbohydrates by Antibodies

Of the various Lewis carbohydrates that are over-expressed in cancer, crystal structures

for antibody complexes have only been determined with Ley and Lex determinants

(Table 9.2). The BR96 monoclonal antibody has been reported as complexes with

a Ley nonoate ester for both the murine and chimeric (murine-human) versions, and

Fig. 9.2 Crystal structures of antibodies in complexes with their tumor-associated carbohydrate

antigens. (a) Chimeric BR96 (PDB ID: 1CLY) with bound Ley-nonoate (Non) ester; (b) hu3S193
(PDB ID: 1S3K) with the bound Ley tetrasaccharide; (c) 291-2G3-A (PDB ID: 1UZ8) with bound

Lex trisaccharide; (d) 237mAb (PDB ID: 3IET) with a bound glycopeptide (carbohydrate epitope

is Tn; GalNAc-a-O-Thr) from the protein podoplanin; (e) 237mAb (PDB ID: 3IF1) with bound

GalNAc monosaccharide; (f) rigid-body overlay of variable regions of all complexes shown in

panels a–e. The antibody variable domains (VL cyan, VH magenta) are shown as ribbons-style

representations. Bound ligands are shown as stick representations with carbohydrate portions

in green and non-carbohydrate portions in grey. Table 9.2 provides further information about

the crystal structures depicted in this figure
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the chimeric version in its unliganded form (Jeffrey et al. 1995; Sheriff et al. 1996).

We have determined the structures of a humanized monoclonal antibody (hu3S193)

from two crystal forms in complex with the Ley tetrasaccharide (Ramsland et al.

2004; Farrugia et al. 2009). Interestingly, the interactions with the Ley carbohydrate

were extremely similar when the BR96 and hu3S193 antibodies were compared

(Ramsland et al. 2004). Contacts with the Lex portion of the ligand were almost

identical and involved a dominant contribution from aromatic binding site residues

through hydrophobic and multiple hydrogen bonding interactions. The convergent

recognition strategies of the BR96 and hu3S193 antibodies for Ley have resulted in

binding sites with equivalent shapes and surface chemistries, which are particularly

apparent in regions surrounding the Lex portion of the ligands (Ramsland et al.

2004; Yuriev et al. 2005). Differences between the two antibody interactions reside

in the a(1!2)-linked Fuc moiety, the addition of which converts Lex into Ley. In

hu3S193, this Ley-specific Fuc is held in place by hydrogen bonding to an Asn

residue in LCDR1, but due to subtle differences in the binding site topography, these

contacts do not occur in the BR96 interaction with Ley. The only other difference is

due to the form of the Ley ligands used for co-crystallization with the antibodies.

Specifically, the nonoate ester group attached to the Ley tetrasaccharide in BR96 is

bound in a shallow groove between HCDR1 and HCDR3 that is not present in the

hu3S193 binding site, which was crystallized with the free Ley tetrasaccharide

(Ramsland et al. 2004). Regardless of these minor differences, the overall similarity

in recognition of Ley by the BR96 and hu3S193 antibodies is shown in Fig. 9.2a, b.

Since the hu3S193 Fab complex with Ley was determined at a resolution of

1.9 Å, we were able to examine the role of solvent in antibody recognition

(Ramsland et al. 2004). Two of the key waters were also observed in an independent

crystal form of the hu3S193 Fab in complex with Ley, which was determined at a

resolution of 2.5 Å (Farrugia et al. 2009). In the high resolution hu3S193 structure,

a total of 13 ordered water molecules are involved directly and these greatly

increase the complementarity between the hu3S193 binding site and the Ley

tetrasaccharide (Ramsland et al. 2004; Yuriev et al. 2005). The waters function as

either bridges between carbohydrate and hu3S193 antibody residues or are

believed, through hydrogen bonding directly to the carbohydrate, to influence the

shape of the Ley determinant. The role of water in maintaining the biologically

active conformation of free Ley and Lex carbohydrates has been examined in detail

using molecular dynamics (MD) simulations (Reynolds et al. 2008). Remarkably,

the water molecule bridging events and solvent structure around free Ley observed

by MD closely corresponded to the hydrogen bonding network (water and binding

site residues) involved in the hu3S193 interaction with Ley (Ramsland et al. 2004;

Reynolds et al. 2008).

The Lex specific antibody 291-2-G3-A was not generated against tumor cells, but

from mice infected with schistosomes, which express complex Lex-containing

saccharides on their surface. All three residues of the Lex ligand are bound in a

shallow pocket and contact residues are contributed by all six CDRs in the 291-

2-G3-A binding site (van Roon et al. 2004). Consequently, the 291-2-G3-A binding

site shape and the orientation of Lex (Fig. 9.2c) bear no resemblance to the binding of
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Ley by the tumor-specific BR96 and hu3S193 antibodies (Yuriev et al. 2005). This

dissimilarity could be due to how the 291-2-G3-A antibody was generated (i.e.,

against a non-tumor source of the Lex antigen). However, the Lex interaction with

291-2-G3-A does illustrate that an alternate binding mode may occur in tumor-

specific antibodies generated against the various Lewis carbohydrates.

Although the antibody bound structures of Ley and Lex have shown the detailed

basis for recognition of these carbohydrate determinants, the same epitopes are

presented at high surface densities as both glycoproteins and glycolipids on tumor

cells. The restricted tissue distributions and lower expression levels in most healthy

adult tissues suggest that in vivo Ley and Lex are relatively inaccessible to

antibodies. Comparisons of both free and bound conformations of Lewis

determinants revealed an overall structural similarity and rigid nature of this family

of histo-blood group and tumor-associated carbohydrate antigens (Yuriev et al.

2005). Combined with the studies of solvent structure (outlined above), it appears

that the biologically active conformation of Lewis determinants is almost identical

for the free and bound forms, which is presumably similar for tumors and healthy

tissues. Therefore, for an antibody to selectively interact with Lewis-expressing

tumors the probable mechanism is carbohydrate cluster recognition (i.e., high local

densities of carbohydrates that promote multivalent antibody binding). We recently

reported the crystal structure of hu3S193 Fab and Ley derived from a crystal grown

in the presence of divalent zinc ions, which promoted the formation hu3S193

Fab–Fab interactions in crystals and in solution (Farrugia et al. 2009). A similar

metallic ion mediated association of hu3S193 in vivo is potentially involved in

binding to the high densities of Ley on tumor cells. Another mechanism for

carbohydrate cluster recognition has been reported for a HIV-1 gp120 binding

antibody, 2-G12, where domain swapped 2-G12 Fab homodimers were observed

in crystals, resulting in tightly packed carbohydrate recognition sites (Calarese et al.

2003, see also Chap. 7). Furthermore, homophilic antibody binding and VH-VH b-
pairing in crystals was reported for the GD3 binding R24 antibody (Kaminski et al.

1999b). These and other examples of antibody-antibody interactions may promote

the close association of antibody binding sites to facilitate carbohydrate cluster

recognition of tumor cells.

9.3.2 Antibody Recognition of Gangliosides

Structural studies with antibodies specific for tumor-associated gangliosides have

been performed, but no crystal structures have so far been determined for antibody-

ganglioside complexes (Table 9.2). Unliganded Fab structures have been deter-

mined for murine and chimeric R24 antibody that recognizes the disialoganglioside

GD3. The binding site of R24 is proposed to be formed by the three CDRs from the

heavy chain, which form a pocket lined by polar (Ser, Thr and His) and some Tyr

residues. The proposed R24 binding pocket was suggested to accommodate the

terminal sialic acid residue of GD3 (Kaminski et al. 1999b). The GD2 specific

ME36.1 Fab has also been examined by crystallography at a resolution of 2.8 Å.
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The ME36.1 binding site is formed by the six CDR loops that form a relatively large

groove at the VL-VH interface, with approximate dimensions of 20 Å � 10 Å � 8 Å.

In the absence of a co-crystal, the GD2 tetrasaccharide was manually fitted into the

binding site to examine possible interactions with the ME36.1 antibody. The best fit

placed the GD2 saccharide in the groove so that interactions were proposed

between five of the six ME36.1 CDRs (Pichla et al. 1997). While this method of

antibody-carbohydrate modeling could be reassessed using modern docking

techniques, the groove-type binding site of the unliganded ME36.1 Fab was clearly

of sufficient size to accommodate most of the tetrasaccharide headgroup of GD2.

The binding sites of two antibodies (14-F7 and chP3) specific for the

N-glycolylneuraminic acid form of GM3 (N-glycolyl GM3) have been examined

by crystallography (Krengel et al. 2004; Talavera et al. 2009). As discussed

(Sect. 9.2.2), humans cannot produce endogenous Neu5Gc, but it has been shown

that Neu5Gc can be present at low levels in some human tissues and at higher levels

in certain cancers. The source of Neu5Gc in both cases is most likely dietary

(Tangvoranuntakul et al. 2003). Using a combination of visual inspection, carbo-

hydrate docking and mutagenesis approaches, N-glycolyl GM3 was proposed to

bind in a site formed exclusively by the three HCDR loops. Binding modes for

N-glycolyl GM3 were suggested to involve end-on insertion of the terminal

Neu5Gc residue in a deep pocket, which may explain the specificity of 14-F7 and

chP3 for N-glycolyl GM3 over the N-acetyl GM3 (i.e., Neu5Ac residues) that is the

predominant form in healthy human tissues.

Previous attempts to determine the structures of ganglioside-antibody complexes

have focused largely on the selection of a single pose obtained from molecular

docking which is deemed to fit best with other experimental data (e.g., site-directed

mutagenesis). Our site mapping technique, which considers multiple binding

modes, may be used to augment or enhance the output of molecular docking

(Agostino et al. 2009a, 2010). Thus, we applied site mapping to reassess ligand

recognition by the four anti-ganglioside antibodies.

Site mapping predicts that antibodies 14-F7 and chP3, both of which recognize

N-glycolyl GM3, employ a tightly arranged set of residues for hydrogen bonding to

the target ligand (Fig. 9.3). The functionalities of the key hydrogen bonding

residues are similar in each case, although their arrangement is somewhat “rotated”

between 14-F7 and chP3. The similarity in ligand recognition between these two

antibodies is surprising, given their dramatically different combining site organiza-

tion; the binding site of 14-F7 consists of a small cavity made entirely of heavy

chain residues, whereas the binding site of chP3 is a very large, open cavity

consisting of residues from both the light chain and heavy chain. The binding site

topographies, in conjunction with these site maps, may be useful in explaining the

observed selectivity by these two antibodies for their N-glycolyl ganglioside

antigens (Vázquez et al. 1995; Carr et al. 2000).

The antibodies R24 and ME36.1 recognize GD3 and GD2 respectively, both of

which terminate in aNeu5Ac residues. Like the antibodies specific for N-glycolyl
GM3, R24 and ME36.1 both employ a tightly arranged set of residues for hydrogen

bonding to the ligand (Fig. 9.4). However, ME36.1 has a much larger, broader
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binding site compared to R24 and employs Tyr 55 of LCDR2 in ligand recognition,

primarily via van der Waals interactions. It is possible that this tyrosine residue is

involved in recognition of the GalNAc moiety of GD2 via a CH-p stacking

interaction between the hydrophobic face of the GalNAc and the phenol portion

of the tyrosine. This type of interaction has also been proposed for carbohydrate

recognition by anti-aGal antibodies and, in that particular case, may be important in

explaining the observed ligand selectivity (Agostino et al. 2010). Further in silico
studies with the ganglioside and other sialic acid containing carbohydrates

recognized by antibodies are currently underway and will be described in detail

elsewhere (Agostino et al., unpublished data).

Fig. 9.3 Site maps of anti-N-glycolyl GM3 antibodies. (a) Hydrogen bond map of 14-F7 Fab. (b)
van der Waals map of 14-F7. (c) Hydrogen bond map of chP3 Fab. (d) van der Waals map of chP3

Fab. (a and b) Generated using PDB ID: 1RIH (Krengel et al. 2004). (c and d) Generated using

PDB ID: 3-IU4 (Talavera et al. 2009). Site maps were generated as previously described (Agostino

et al. 2009b), but using GOLD (Jones et al. 1997) to carry out the initial docking. The missing

portion of HCDR3 in PDB ID: 3-IU4 was modeled using Prime 2.2 (Schr€odinger 2010a). Residues
most important for interactions are indicated on the maps. Antibodies are numbered using the

IMGT convention (Lefranc et al. 2003). Images generated using PyMOL (Schr€odinger 2010b)
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9.3.3 Other Antigens Resulting from Modified
Glycosylation in Tumors

Cryptic or neoepitopes can be unmasked in cancer as a result of loss of glycosyl-

transferases involved in N- and O-linked carbohydrate synthesis. The crystal

structures of a tumor-specific antibody (237mAb) bound to its truncated O-linked
glycopeptide (containing the Tn antigen) and the GalNAc monosaccharide were

recently determined (Brooks et al. 2010). The GalNAc was recognized by 237mAb

in a protected pocket that was formed by germline antibody residues, while the

peptide is located in a groove near the entrance to the binding site (Fig. 9.2d). In the

GalNAc complex with 237mAb, the free saccharide binds in the same binding

pocket as for the Tn-glycopeptide (Fig. 9.2e) and is consequently an example of

anchored or end-on recognition. In binding assays, only the Tn-glycopeptide

Fig. 9.4 Site maps of GD3 and GD2 binding antibodies. (a) Hydrogen bond map of R24 Fab. (b)
van der Waals map of R24. (c) Hydrogen bond map of ME36.1 Fab. (d) van der Waals map of

ME36.1 Fab. (a and b) Generated using PDB ID: 1BZ7 (Kaminski et al. 1999a). (c and d)
Generated using PDB ID: 1PSK (Pichla et al. 1997). Site maps were generated as previously

described (Agostino et al. 2009b), but using GOLD to carry out the initial docking. Residues most

important for interactions are indicated. Antibodies are numbered using the IMGT convention

(Lefranc et al. 2003). Images generated using PyMOL (Schr€odinger 2010b)
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(not the unglycosylated peptide or GalNAc) was shown to interact with 237mAb.

Since the Tn-glycopeptide sequence was derived from a mouse tumor-associated

protein (podoplanin), selectivity by 237mAb occurs by recognition of the Tn

antigen only in the context of the underglycosylated podoplanin protein (Brooks

et al. 2010). Antibodies with similar binding profiles against human tumor-

associated glycoproteins bearing Tn and TF antigens may be promising candidates

for cancer immunotherapy.

Another strategy for antibody recognition of tumor-associated glycoproteins is

the direct binding to protein residues that are unmasked by the decrease in glyco-

sylation. The SM3 antibody is an example of an antibody that binds to the MUC1

protein that is underglycosylated in many epithelial tumors such as breast cancer.

The crystal structure for SM3 Fab in complex with a MUC1 peptide shows that the

potential O-linked sites (Thr/Ser residues) are not directly involved in the interac-

tion. It was suggested that conformational changes induced by the underglyco-

sylation of MUC1 are responsible for the tumor specificity of SM3 (Dokurno et al.

1998). However, it is possible that this antibody only recognizes a cryptic MUC1

epitope that is unmasked in tumors, but is normally shielded by the extensive

O-linked glycosylation of this mucin in healthy tissues.

9.3.4 Potential Clinical Application for Antibody Targeting
of Carbohydrates in Cancer

Antibodies that specifically bind to tumor-associated carbohydrate antigens have

enormous potential for the immunotherapy of cancer. Although several antibodies

have been approved and are in general clinical use for treatment of certain cancers

(Gura 2002; Glennie and van de Winkel 2003), so far, none of these antibodies bind

directly to carbohydrate epitopes. However, a wide range of carbohydrate binding

antibodies are currently being explored in preclinical and clinical trials. Herein, we

summarize some studies of human in vivo antibody targeting of the Ley, GD3 and

GD2 antigens from two categories of tumor-associated carbohydrate antigens

(Table 9.1).

The Ley antigen is expressed in over 70% of epithelial cancers (e.g., breast,

colon, ovary and lung) and is an attractive target for monoclonal antibody based

therapy (Kitamura et al. 1994). Several clinical trials with Ley binding antibodies

have now been conducted. Early Phase I trials in patients with breast, colon and

small cell lung cancers were conducted with murine anti-Ley monoclonals (e.g.,

BR55-2 and ABL-364) and showed some minor indications of clinical efficacy.

Side-effects were mostly low grade including nausea and vomiting, diarrhoea and

hematuria. However, human anti-murine antibody responses (HAMA) prevented

repeated treatment cycles (Schlimok et al. 1995). A chimeric (mouse-human)

BR96-doxorubicin construct has been evaluated in a range of patients with

advanced Ley-positive cancers including metastatic breast and colon cancer.

There was some indication of partial responses in a Phase I trial from the maximum

tolerated dose (700 mg/m2) of BR96-doxorubicin (Saleh et al. 2000). In Phase II
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trials, the clinical efficacy was limited to one partial response in 14 metastatic breast

cancer patients (Tolcher et al. 1999) or no objective responses in 15 patients with

advanced Ley-positive gastric adenocarcinomas (Ajani et al. 2000). In these studies,

nausea and vomiting (mostly controlled by premedication) due to upper gastro-

intestinal tract toxicity was the most common side effect from BR96-doxorubicin

treatment, but mild hematemesis due to hemorrhagic gastritis occurred in a propor-

tion of patients, which may have been related to the doxorubicin component of the

construct.

The murine Ley binding monoclonal antibody 3-S193 was developed, and a

detailed specificity, affinity and cytotoxicity analysis of 3-S193 showed it to be

superior to BR55-2 and other anti-Ley murine monoclonal antibodies (Kitamura

et al. 1994). A CDR grafted humanized version of murine 3-S193 has been

produced (hu3S193), and has undergone extensive preclinical testing (Clarke

et al. 2000a,b; Scott et al. 2000). Hu3S193 has high affinity for the Ley antigen,

and has superior immune effector function (CDC IC50 ¼ 1.0 mg/ml and antibody-

dependent cellular-cytotoxicity (ADCC) IC50 ¼ 5.0 mg/ml) compared to the mouse

3-S193 antibody. The mediation of potent immune effector function, combined with

the humanization of this construct (reduced immunogenicity), indicates hu3S193 is

an excellent candidate for immunotherapy of Ley-expressing epithelial carcinomas

such as breast cancer. The hu3S193 antibody has been evaluated in the clinic, and

shown excellent targeting of Ley-expressing tumors, a long half-life, retention of

immune function in vivo, and no evidence of immunogenicity (Scott et al. 2007).

Preclinical studies have shown efficacy of hu3S193 as an immunotherapeutic and as

a carrier of payloads to tumor cells (e.g., isotopes) (Clarke et al. 2000b; Kelly et al.

2007, 2009). Phase I clinical trials in colorectal, lung, and ovarian cancer have

shown promising early results (Krug et al. 2007; Scott et al. 2007), and Phase II

trials are ongoing. Hu3S193 has also been evaluated as an immunotoxin, linked to

calicheamicin (CMD-193), in a Phase I trial (Herbertson et al. 2009).

Gangliosides such as GM2, GD2, and GD3 are promising targets for immuno-

therapy of human cancers because of their dominant expression on the tumor cell

surface, particularly for neuroectodermal cancers. A number of mouse or rat

monoclonal antibodies were previously established against a series of gangliosides

to study the nature of the molecules on the cell surface (Hanai et al. 2000). The most

promising antibodies were converted to chimeric or humanized versions with the

aim of developing these antibodies for immunotherapy of human cancer. It is

desirable for antibodies to remain on the cell surface for a long time so that they

can exert effector functions such as CDC and ADCC. We found that antibodies to

GM2, GD2, and GD3 remained on the cell surface for longer than 60 min after

binding, while antibodies to other types of carbohydrate such as sialyl-Lea are

quickly internalized (Lee et al. 2001). A chimeric monoclonal antibody to GD3,

KM871, bound to a variety of tumor cell lines, especially melanoma cells, including

some cell lines to which R24 failed to bind (Hanai et al. 2000). In vitro, the chimeric

KM871 antibody was more effective than its mouse counterpart KM641 in CDC

and ADCC killing of GD3-expressing melanoma cells (Shitara et al. 1993). In a

preclinical study, intravenous injection of KM871 markedly suppressed tumor
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growth, and radiolabeled KM871 efficiently targeted the tumor site in a nude mouse

model (Hanai et al. 2000). The KM871 chimeric monoclonal antibody has been

evaluated in a Phase I clinical trial in melanoma patients (Scott et al. 2001, 2005).

The long in vivo half-life and lack of immunogenicity of KM871 in patients

suggests that this antibody is a promising candidate for immunotherapy of GD3-

expressing tumors.

Targeting of GD2 in neuroblastoma patients with antibody/fusion constructs,

and payloads (e.g., isotopes), has also been shown to have clinical therapeutic

efficacy. The 3-F8 antibody, directed against GD2, has been evaluated as a murine

and humanized version and with payload delivery (e.g., I131) both systemically and

via cerebrospinal fluid, in a number of clinical trials in neuroblastoma patients

(Modak and Cheung 2010). The antibody 14.18 has also been developed for

targeting GD2 in neuroblastoma. Chimeric 14.18 has been explored alone

and in conjunction with cytokines in children with neuroblastoma, and therapeutic

responses have been observed, with manageable toxicity of pain, and capillary leak

syndrome. In a recent large randomized trial of 226 children with high risk

neuroblastoma and a response to induction therapy and stem cell transplantation,

the addition of chimeric 14.18 and cytokines (GM-CSF and IL-2) to standard

therapy of isotretinoin had a superior event-free survival and overall survival

compared to isotretinoin alone (Yu et al. 2010). The humanized 14.18 antibody

linked to the cytokine IL-2 (i.e., an antibody-fusion protein) has also been recently

shown to achieve over 20% complete responses in children with small volume

relapsed or recurrent neuroblastoma (Shusterman et al. 2010). Thus, the targeting of

GD2 in neuroblastoma patients has great promise, and further trials are ongoing.

Along with the examples discussed above, there are currently numerous anti-

bodies directed against carbohydrates and glycoprotein targets that are associated

with tumors. The next several years will undoubtedly bring further developments

in the design and testing of carbohydrate binding antibodies, some of which are

anticipated to be suitable for antibody-based cancer immunotherapy.

9.4 Concluding Remarks

Recognition of aGal xenoantigens appears to occur by the binding of the extended

carbohydrates in a variety of binding site shapes. Using in silicomethods, it has been

shown that both groove and end-on insertion type of mechanisms can occur, with

the majority of antibody recognition towards the terminal aGal(1!3)Gal disaccha-

ride. Since the production of aGal deficient pigs, the preferred donor animals for

human xenotransplantation, the search has been on to identify non-aGal antigens
responsible for antibody-mediated xenograft rejection. Structural and functional

studies of non-aGal carbohydrate recognition by antibodies will continue to facili-

tate progress in xenotransplantation.

The numerous genetic and epigenetic changes in cancer have resulted in changes

to the antigenicity of tumor cells. Of particular importance are the multiple

differences in glycosyltransferase expression in cancer, which results in several
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categories of tumor-associated carbohydrate antigens, including: (1) the over-

expression of blood group and related carbohydrates; (2) the altered expression of

gangliosides, and; (3) the production of cryptic epitopes by expression of truncated

oligosaccharide chains on tumor glycoproteins. Antibody recognition of these

carbohydrates occurs through extensive interactions that are dominated by the

anchored end-on insertion of one or two monosaccharide units, normally in a

deep cavity between the VL and VH domains. Solvent networks are involved in

maintaining the structure of free and bound carbohydrate tumor antigens. Carbohy-

drate cluster recognition probably has a major influence on antibodies selectively

binding to their carbohydrate targets, which are expressed at high densities on the

surface of tumor cells, but are at lower densities and with restricted expression

profiles in healthy tissues.

Combining experimental techniques with in silico approaches for studying

3D structures of carbohydrate-protein interactions has resulted in a wealth of

knowledge of antibody recognition of key tissue and blood group carbohydrate

antigens. In particular, these carbohydrate determinants are important targets for

antibodies in xenotransplantation and cancer immunotherapy. With recent

advances in all areas of glycobiology, the prospects and future are bright for

understanding and manipulating the recognition of carbohydrates by antibodies,

which is likely to be of significant importance in medicine.
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10.1 Introduction

Post-translational modifications of lipids and proteins are important determinants in

defining function in both normal- and disease-state biology (Apweiler et al. 1999;

Bertozzi and Kiessling 2001; Shental-Bechor and Levy 2009; Varki 1993). In

particular, the addition of glycan residues synthesized by the repertoire of glycosyl-

transferases and glycosidases provide the mammalian glycome a large array of

glycan structures that add to the diversity already created by the proteome

(Cattaruzza and Perris 2006). At the same time, many glycan structures are ubiqui-

tous in nature (van Die and Cummings 2009). Pathogen glycans can mimic host

mammalian glycosphingolipids, lending to their pathophysiology. This mimicry

provides insight into the processes contributing to their pathophysiology, including

elements of recognition, signaling, and evasion of the immune system by glycan

processing (Tsai 2001).

Notable among the glycans expressed on pathogens are the lacto-, globo-, and

ganglioside series (Apicella et al. 1994; Appelmelk et al. 1996, 1997; Mandrell and

Apicella 1993; Moran et al. 1996), which are also often expressed on cancer cells,

and are identified as tumor-associated carbohydrate antigens (TACAs) (Hakomori

2002). Changes in glycosylation are often a hallmark of the transition from normal

to inflamed or neoplastic tissue (Magnani 1984; Meezan et al. 1969; Singhal and

Hakomori 1990). This transition affects a myriad of processes that correlate with a

poor prognosis of cancer, affecting cell signaling and communication, cell motility

and adhesion, angiogenesis, and organ tropism (Hakomori 2001; Ono and Hakomori
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2004). Subsequently, the pathophysiological processes of infection and neoplasia

are profoundly affected by similar, or the same, carbohydrate forms.

Multivalent glycans are danger signals for the immune system, often playing a

role in immune recognition, but not necessarily the immune response. Many host

cell types, including endothelial and epithelial cells, neutrophils, monocytes, natu-

ral killer cells, dendritic cells, and macrophages, play a role in host immune defense

through the Toll-like receptors’ glycan signature recognition (Medvedev et al.

2006). Antibodies can also be glycan signature-decoding agents, functioning not

only as the first line of defense against pathogen infections but also targeting

TACA-expressing cancer cells (Pashov et al. 2010; Vollmers and Brandlein 2009).

Glycans also initiate cellular responses leading to tissue rejection in organ

transplantation. Natural antibodies targeting the xenogeneic galactosyl (Gal) car-

bohydrate antigen aGal(1!3)bGal(1!4)GlcNAc (aGal) mediate hyperacute

rejection of xenotransplants (Galili 2005). The expression of aGal(1!3)Gal and

the amount of aGal(1!3)Gal available for the binding of natural antibodies is

generally determined by analyzing the binding of the Griffonia simplicifolia type I

lectin (GS-I), which recognizes galactosyl moieties much like natural antibodies

(Lin et al. 1998). Thus, lectins and antibodies that recognize common antigens are

useful reagents for aiding in glycan identification, although some antibodies still

cannot distinguish their presentation on O-glycans, N-glycans, or glycolipids.

Nevertheless, these studies exemplify the critical need for understanding the role

of glycans in a variety of cellular and immunological processes.

It is now evident that one antibody does not necessarily bind to a single antigen,

but it may recognize antigens of similar structures. These findings draw attention to

the molecular basis for cross-reactivity between structurally diverse molecules.

Analysis of a larger repertoire of ligands reactive with an antibody-combining

site might establish structure–function relationships not evident from binding

to monoreactive antibodies. Functional antigen recognition is based on mole-

cular interfaces rather than on backbone conformations. Heterologous binding by

chemically unrelated moieties exposing homologous molecular surfaces may be

a common phenomenon in antigen–antibody interactions. This is especially evi-

denced by antibody binding mimics aimed at translating the knowledge acquired

from broadly reactive antibodies to the design of better immunogens for the induc-

tion of antitumor immune responses.

In this review, we focus on some of the structural features of carbohydra-

te–antibody complexes that allow development of antibody-based immune reagents

and are important in developing vaccine-design strategies. Continued progress

in immunotherapy depends on the identification of target molecules aberrantly

expressed on cancer cells and more efficient approaches for enhancing the immu-

nogenicity of weak antigens. TACAs are attractive targets for immunotherapy

strategies because the majority of cell-surface proteins and lipids are glycosylated,

and the glycosyl moiety is fundamental to the biological functions of these mole-

cules in cancer cells (Hakomori 2001, 2004). A unique advantage in targeting

TACAs is that multiple proteins and lipids on cancer cells can simultaneously be

modified with the same carbohydrate structure. Thus, targeting TACAs broadens
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the spectrum of antigens recognized by the immune system. This multiple antigen

targeting is crucial for thwarting tumor escape (Pashov et al. 2009).

10.2 Nature of Carbohydrate-Binding Antibodies

One of the key functions for natural immunoglobulin M (IgM) in limiting the

severity of infection is its immediate interaction with invading pathogens. Being

preformed, natural IgM functionality depends heavily on polyspecific binding,

which enables it to recognize phylogenetically conserved structures, such as nucleic

acids, phospholipids, and carbohydrates. In this context, induction of IgM-reactive

antibodies to TACA-expressing tumor cells is akin to the role played by circulating

natural IgM antibodies as a first-line immune surveillance for eradicating blood-

borne pathogens. Interestingly, multivalency, avidity, and polyspecificity are more

important factors in the biological function of IgM antibodies than affinity per se.

However, even though carbohydrate-reactive IgM antibodies possess these

features, they are not considered useful for therapeutics due to their transient nature.

10.2.1 IgM Antibodies at the Forefront

IgM can exhibit antitumor activity by a variety of mechanisms and can be used as a

biomarker to assess prognosis. Takahashi et al. (1999) suggested that carbohydrate-

reactive IgM antibodies might play an important antitumor role, as antiganglioside

IgM antibody levels correlated positively with improved survival in melanoma

patients. Stimulation of TACA-reactive IgM may signify an early endogenous

immune response to eliminate a “danger signal” from the tumor microenvironment

and circulation (Ravindranath et al. 2005). The functions of IgM glycan-binding

antibodies depend not only on the nature but also on the density of the target. Thus,

specific targeting of tumor cells is due in part to overexpression of the carbohydrate

antigen on tumor cells, which compensates for the low affinity of the carbohydrate

cross-reactive antibodies (Zuckier et al. 2000).

Mechanisms by which antibodies can induce tumor cell clearance may also

depend on whether the glycan is presented on glycolipids or glycoproteins (Ragupathi

et al. 2005). To a large extent, IgM-facilitated tumor cell death depends on comple-

ment and complement receptors (Ragupathi et al. 2005; van Montfoort et al. 2007).

While bound to a multivalent antigen, IgM antibodies change their conformations,

which in turn facilitate complement fixation and thus render complement-mediated

lysis more efficient. However, carbohydrate antibodies perform other functions as

well, including the mediation of apoptosis (Brandlein et al. 2003; Monzavi-Karbassi

et al. 2005; Vollmers and Brandlein 2005a, b; Vollmers and Brandlein 2009) and

immune regulation (Ravindranath et al. 2005). Interestingly, the ratio of IgG to IgM

may play a role in antitumor behavior (Ravindranath et al. 1998). TACA-directed

approaches not only enforce a natural antitumor antibody response but also conform

with a novel view of immunotherapy as being the control of complex immune
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processes more related to the interventions in autoimmunity, as opposed to a purely

vaccinological view of tumor vaccines. A better understanding of the immunoregu-

latory aspect of anti-TACA responses, for example, will help us understand the link

between TACA immunization, innate immunity, and cellular immunity.

10.2.2 Affinity Maturation and Structural Consequences

Affinity maturation provides important insights into the polyspecific and cross-

reactive nature of antibodies. The repertoire of germline antibodies is sufficiently

diverse to bind to any antigen. In fact, its completeness is ensured as much by its

diversity as by the polyspecificity of each clone. Isotype switch from IgM to IgG

roughly parallels but is not dependent on affinity maturation. For carbohydrate-

reactive antibodies, there are consequences in this transition. Generally, the evolu-

tion of the antigen-driven maturation process involves somatic hypermutations

that accumulate in the primary antibody repertoire, resulting in antibodies with

improved recognition of cognate antigens. The driving force of this selection is

increased affinity, which is argued to emerge from decreased flexibility and adjust-

ment of the complementary surface features in the antibody–antigen interface.

Epitope discrimination depends on fine-tuning of favorable interactions involving

hydrogen bonds and electrostatic and van der Waals interactions, which also define

antibody pliability.

Structural studies reveal that substitution mutations leading to antibody diversity

occur more often in the loop regions of the complementarity-determining regions

(CDRs) than in the framework regions, which predominantly have silent mutations.

The question that arises is whether somatic hypermutation modifies contact

residues, that is, those that are responsible for antigen binding during the primary

immune response. This has a direct impact on antigen recognition by the humoral

branch of adaptive immunity. The optimization of the binding by somatic mutations

fixes the particular binding conformation, the flexible variable region of the precur-

sor antibody attained upon antigen binding. In the context of evolution, the concept

of convergence is usually reserved for the finding of different ways in which

recognition occurs, or of antibodies originating from differing germline sequences

that undergo mutations converging onto the recognition of a particular determinant.

The possibility that some germline sequences have evolved to be adapted for carbo-

hydrate binding in particular remains, but is not essential, as somatic mutations are

observed within IgM antibodies.

Structural comparisons between antibody–antigen complexes of precursor or

germline antibodies and the respective mature antibodies demonstrate improved

short- and long-range interactions at the binding pocket. It might be expected that

the network of intermolecular hydrogen bonds that antibodies employ to bind to

an antigen increase upon antibody maturation, or that perhaps when compared

against a germline antibody, the total electrostatic interaction energy in antigen

binding might show enhancement. The immune system is able to solve the task of

generating high-affinity receptors for the same ligand in multiple ways. Although
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reduced in the process of structural adaptation, the polyspecificity of the antigen-

binding site does not have to disappear altogether. The different antibodies, evolved

for binding the same carbohydrate epitope, then can display different spectra of

cross-reactivity with additional structures.

10.2.3 A Case in Point

In early studies, we examined the recognition properties of the anti-Lewis Y (LeY)

monoclonal antibody BR55-2 conferring LeY specificity compared to other LeY-

reactive antibodies and GS-I (Blaszczyk-Thurin et al. 1996). The LeY determinant

aFuc(1!2)bGal(1!4)[aFuc(1!3)]GlcNAc is a neolacto-structure (type 2),

which is closely related to the lacto-series (type 1) of blood groups (Lea and Leb).

LeY is long recognized as a potential target for anticancer immunotherapy because

it is expressed in 70–90% of tumors of epithelial origin (breast, gastrointestinal,

lung, prostate, and ovary) (Steplewski et al. 1990). The conformational properties

of LeY and Leb indicate that the core tetrasaccharide is very rigid (Blaszczyk-

Thurin et al. 1996). Analysis of the binding profiles of lacto-series isomeric structures

by BR55-2 suggested that the binding epitope includes the hydroxyls (OH-4,

and OH-3 groups) of the b-D-galactose unit, the methyl (6-CH3) groups of the two

fucose units, and the N-acetyl group of the subterminal b-D-N-acetyl-glucosamine (b-
D-GlcNAc) (Blaszczyk-Thurin et al. 1996). We observed that a major source of

specificity for the LeY structure by anti-LeY antibodies emanates from interaction

with the b-D-GlcNAc residue in addition to the nature of the structures that extend at
the reducing site of the fucosylated lactosamine. The Gal(1!4)[Fuc(1!3)]GlcNAc

(LeX) portion contributes to about 90% of the surface area buried by the binding to

the BR55-2 antibody, with specificity for LeY over Leb being dependent on the

orientation of the GlcNAc moiety, in contrast to reactivity of Leb and LeY with GS-I

(Blaszczyk-Thurin et al. 1996).

Residues from the H chain form a highly complementary surface into which the

LeX trisaccharide is nestled. In contrast, the LeY-specific terminal aFuc(1!2)Gal

linkage resides at the top of the binding site and is stabilized by hydrogen bonding

to an Asn at L28 of the L chain, but also remains largely immersed in the bulk

solvent, much like that observed in the crystal structure of a humanized anti-LeY

antibody, hu3S193 (Ramsland et al. 2004). Both hu3S193, its murine counterpart

mu3S193, and the BR55-2 antibody are analogous to many antibodies that bind

small molecules primarily through end-on insertion and anchored binding strategies

(Ramsland et al. 2003, see also Chap. 9). Shape complementarity is not as apparent

with residues of the L chain that participate in only a relatively small contact

surface between CDR L1 and one face of the LeY-specific Fuc residue. The lack

of contacts involving the L chain has effectively resulted in sizeable portions of a

potential binding cavity remaining unoccupied by ligand.

Analysis of germline sequences for LeY-reactive antibodies suggests that the

germline VH7183.a13.20/VH50.1 encodes the majority of LeY-reactive antibodies

reported in the literature, with the light chain encoded by the Vkcr1 germline gene
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(Fig. 10.1). The single VH and VL gene segments used to encode LeY antibodies

stands in contrast to the multiple VH and VL segments used by antibodies against

other carbohydrate antigens. The use of a single VH segment from VH7183.a13.20/

VH50.1 gene family by antibodies against at least three different ligand

determinants (our unpublished data) is noteworthy. These structures provide insight

into how inherited germline genes code for immunoglobulins of limited flexibility

that are capable of binding a range of determinants from which affinity-matured

antibodies are generated. Molecular dynamics calculations of antibody–LeY

complexes, devoid of solvent effects, suggest that for the LeY-reactive antibodies

BR55-2, B3, 1S3K, and mu3S193, major hydrogen bonding contacts are associated

with residues found in the germline sequence (Table 10.1 and Fig. 10.1), yet each

antibody can recognize different epitopes on the LeY determinant (our unpublished

data). Only for BR96 have residue substitutions been identified that interact with

LeY (i.e., H:GLN 52A).

It is generally accepted that normal follicular B cells undergo selection for

mutations that lead to greater antigen-binding affinity. This selective pressure

causes an enrichment of replacement mutations in the CDRs of the B-cell receptor

(BCR), which have the most interaction with antigen, while they are limited in the

framework regions. In normal germinal-center B cells, somatic hypermutation of

the immunoglobulin genes occurs following stimulation of the BCR by antigen.

Somatic hypermutation results in the substitution of nucleotides in the VDJ

sequence of the immunoglobulin genes that can lead to either replacement or silent

mutations. These changes lead to greater B-cell diversity by altering the binding

Fig. 10.1 Amino acid alignment of germline genes with BR55-2. Amino acid sequence align-

ment of the variable domains of (a) the light chain and (b) the heavy chains of BR55-2 and

respective germline precursors. Dashes indicate identities with respect to BR55-2. Numbering

corresponds to the Kabat numbering scheme
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affinity of the BCR for the antigen. This pattern of replacement mutations indicates

selection for immunoglobulins that have increased affinity for antigen yet have

maintained their proper structure.

Because the maturation process is aimed at the development of antibodies with

specificities for each antigenic determinant, amino acid residues forming the

binding cavity should ideally undergo some sort of improvement in their binding

capacity with maturation. However, the other side of this process is that distant

mutations rigidify the best conformation out of those several that a flexible

germline is capable of attaining. A glimpse of these processes is observed in

analysis of a subset of murine anti-LeY antibodies and their germline precursor,

which indicates that the contacting amino acid residues in the mature antibodies

happen to be conserved even in the germline precursor. Selection rather acts on

VDJ joining of CDR H3 and dictates the fine specificity of epitopes for the LeY

determinate. This suggests that diversifying the repertoire of LeY reactivity does

not confer any obvious advantages in terms of antigen-binding capacities as

compared to the germline precursor.

Table 10.1 Major LeY–antibody contact sites among anti-LeY antibodies

Antibody–LeY complex Antibody contacting residuesa

BR55-2 H:TYR50

L:ASN28

L:ASN28

H:SER56

H:SER56

B3 H:TYR35

H:TYR35

H:TYR35

H:TYR50

L:HIS27D

L:ASN28

L:HIS93

1S3K L:HIS27D

L:ASN28

H:TYR33

L:HIS93

L:SER27E

BR96 H:TYR33

H:GLN52A

mu3S193 H:TYR33

L:SER27E

H:TYR50

L:HIS93
aSuggested contact residues are from molecular dynamics calculations of LeY–antibody

complexes without solvent factors included in the calculations. Antibody residue numbering

corresponds to that of Fig. 10.1
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We conclude that the repertoire for LeY reactivity did not confer any obvious

advantages in terms of antigen-binding capacities from the germline precursor and

is probably not an affinity-driven mechanism leading to convergence in binding of

LeY-reactive antibodies. This further suggests that despite convergence in the

antibody repertoire for an antigen, there is diversity in recognition of epitopes

that define the antigen due to the fact that there are differences in the amino acid

sequences, predominantly in the heavy-chain hypervariable (CDR H3) regions of

the murine antibodies. Consequently, LeY-reactive antibodies might reflect the

polyspecificities of natural antibodies with the use of a germline sequence that

defines most of their interactions with the antigen, while VDJ diversity is used to

reflect epitope specificity.

10.3 Molecular Mimicry Approach to Augment
Anticarbohydrate Responses

10.3.1 Understanding Molecular Mimicry

Natural antibodies are inherently degenerate or polyspecific and thus cross-react with

other structurally similar antigens with affinity in the micromolar range. The substi-

tution of one antigen by another for antibody binding can be referred to as antigenic

mimicry. There are numerous examples of antigenic mimicry of carbohydrate

antigens in the context of replacing the carbohydrate binding to an antibody with a

different ligand. Such surrogate antigens can also be immunogenic, inducing immune

responses to the original, nominal antigen. Early studies suggested that anti-idiotypic

(anti-Id) antibodies directed the triggering of pathogen-associated, antigen-specific

immune responses to the polysaccharide capsules of Escherichia coli K13 (Stein and
Soderstrom 1984), E. coli O111 (Klaerner et al. 1997), Neisseria meningitidis group
C (Westerink et al. 1988), Streptococcus pneumoniae (McNamara et al. 1984),

N. gonorrhoeae LOS (Gulati et al. 1996), and chlamydial exoglycolipid antigen

(An et al. 1997); and to the lipopolysaccharide of Pseudomonas aeruginosa
(Schreiber et al. 1991a, b) and the mucoid exopolysaccharide of P. aeruginosa
(Schreiber et al. 1991a, b). Anti-Id antibodies that mimic tumor-associated carbohy-

drate antigens were described for aFuc(1!3)Gal (Diakun and Matta 1989), sialyl

SSEA-1 (sialyl-LeX) (Tsuyuoka et al. 1996), sialyl-Lea (Furuya et al. 1992),

carbohydrates associated with tumor-associated glycoprotein TAG-72 (Schmolling

et al. 1995), the Globo H saccharide epitope (Viale et al. 1987), the disialogan-

gliosides GD2 (Sen et al. 1998) and GD3 (Chapman 2003), and the gangliosides

GM2 (Chapman et al. 2000) and GM3 (Kanda et al. 1994), just to mention a few.

The structural basis for mimicry by such anti-Id antibodies is still not entirely

clear. In one instance, it was found that both VH and VL regions contributed to the

antigenicity of an anti-Id antibody that mimics the melanoma-associated ganglio-

side GM3 (Kanda et al. 1994). Crystallographic analysis of an anti-Id carbohydrate

surrogate indicated that the anti-idiotope was found to be unable to carry an

“internal image” of the antigen and therefore would not induce polysaccharide-
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specific “anti-anti-idiotopes” because the polysaccharide-binding cleft on the

isolating antibody was too narrow and too deep to allow comprehensive contact

with the binding site of the anti-Id antibody (Evans et al. 1994). Some structural

mimicry has been observed in the complexes of several mimetic proteins. Examples

include the complex of a camel heavy-chain antibody against lysozyme, where

parts of some residues of the antibody mimic parts of the sugar substrate of

lysozyme (Transue et al. 1998), and also the complex of porcine pancreatic-

amylase with the proteinaceous inhibitor, where several specific hydrogen-bonding

and hydrophobic interactions with the carbohydrate substrate are mimicked by the

inhibitor (Bompard-Gilles et al. 1996).

In the case of the camel single-domain antibody, it was shown that a single

variable domain fragment derived from a lysozyme-specific camel antibody natu-

rally lacking light chains mimicked the oligosaccharide substrate functionally

(inhibition constant for lysozyme, 50 nM) and structurally (lysozyme buried surface

areas, hydrogen bond partners, and hydrophobic contacts similar to those seen in

sugar-complex structures) (Transue et al. 1998). Most striking was the mimicry by

the antibody’s CDR 3 loop (which is longer than in murine or human antibodies),

especially Ala104, which mimics the subsite C sugar 2-acetamido group. This

group was previously identified as a key feature in binding lysozyme. Of particular

note was the observation of the potential for the backbone of the CDR 3 loop to

parallel the three-dimensional position of the linkages of the carbohydrate substrate

within the binding site.

Insight also comes from an earlier analysis of amylase inhibitors (Mirkov et al.

1995; Murai et al. 1985). Seeds of the common bean contain three homologous

proteins: phytohemagglutinin (PHA)-E, PHA-L, and the lectin-like protein a-amylase

inhibitor. Structural studies suggest that the active site of a-amylase inhibitor consists

of the tri-amino acid contacts Trp188, Arg74, and Tyr190, which define an analo-

gous Trp-Arg-Tyr motif of loop 1 of tendamistat. In addition, the processing of the

polypeptide at Asn77 may be necessary to bring these residues in close proximity.

In tendamistat, loop 1 has the lowest B factors and is the major contributor to a-
amylase binding. Most of the side chains composing this loop point in the same

direction and are exposed to solvent. One of the two disulfide bonds in tendamistat

connects the bases of the antiparallel b-strands flanking loop 1. This conformation is

similar to that found for CDR 3 loops of antibodies. In this context, we found that the

CDRH3 of the heavy chain of an anti-Id antibody thatmimicked the C polysaccharide

ofN. meningitidis contained the residue tract YYRYD that contributed to the mimicry

of the nominal antigen (Westerink et al. 1995). This peptide proved able to elicit

a protective immune response against bacterial challenge (Westerink et al. 1995).

Just like anti-Id antibodies and natural proteins, peptides can substitute for

carbohydrate compounds to target pathways involving either protein–carbohydrate

interactions or carbohydrate-specific immunological reactions (Buchwald et al.

2005; Maitta et al. 2004; Melzer et al. 2003; Monzavi-Karbassi et al. 2002; Park

et al. 2004; Prinz et al. 2004). Early on, it was observed that p–p (i.e.,

aromatic–aromatic) interactions appear to play a role as mimics for a variety of

carbohydrate subunit interactions (Hoess et al. 1993; Murai et al. 1985; Oldenburg
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et al. 1992; Scott et al. 1992; Shikhman and Cunningham 1994; Shikhman et al.

1994; Valadon et al. 1996; Westerink et al. 1995). It is likely that the overall

mechanism of a peptide binding to an antibody can differ from that of carbohydrate

(Vyas et al. 2003), much like that observed for multiple peptides reacting with the

same antibody (Keitel et al. 1997). Nevertheless, similar groups on lectins or

antibodies can bind peptide mimetics as they do carbohydrate antigens (Luo et al.

2000). Structural similarity has been noted for a WYPYmotif peptide, reactive with

concanavalin A (ConA), that emulates an extended conformation observed in

Sesbania mosaic virus coat protein. This extended conformation overlaps

conformationally with the pentasaccharide within the ConA-binding site (Cunto-

Amesty et al. 2001), much like that observed for the CDR 3 loop of camel heavy

chains (Transue et al. 1998).

10.3.2 Carbohydrate Mimetic Peptides

With the use of chemical (peptide libraries) and immunological information, novel

peptide immunogens have been defined that function as mimotopes generating

immune responses to carbohydrate antigens. We previously reviewed the structural

concepts and approaches used in vaccine design that illustrate the value and

limitations of mimotopes targeting TACAs (Pashov et al. 2005) and the human

immunodeficiency virus (Pashov et al. 2007). In this context, we showed early on

that concepts associated with pharmacophore design could be used to define

carbohydrate mimetic peptides (CMPs) applied to vaccine design (Cunto-Amesty

et al. 2001; Luo et al. 2000).We demonstrated that a structure-assisted vaccine design

approach, whereby small molecules, defined in crystallographic databases, could be

used to theoretically define peptide mimetics emulating the three-dimensional inter-

action scheme of a native carbohydrate antigen (Luo et al. 2000). More important, it

was shown that virtual screening led to experimental observation of motifs (Luo et al.

2000). We also showed that by use of this approach, an immunogenic peptide could

be designed de novo (Cunto-Amesty et al. 2001).

The fine specificity of antibodies and lectins for glycan ligands can be used to

guide the development of CMPs. Figure 10.2 outlines the general development

of CMPs in vaccine design. However, the identification of patterns of amino

acids common for antibody- and lectin-selected peptides is challenging because

many of the carbohydrate binding antibodies and lectins are polyreactive and

bind with varying affinities. Polyreactive natural antibodies were previously

described to select diverse peptides that had either no obvious motif (Manivel

et al. 2002) or a general amino acid bias toward proline (Tchernychev et al.

1997). However, there may be biasing in the type of amino acids that are found

in peptides that bind to carbohydrate-binding proteins. Aromatic residues and

hydrophobic and hydrogen-bonding amino acids seem favored. Such biased

sequences do not necessarily converge on a canonical set of patterns, although

some motifs stand out.
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Analysis of peptide selection by antibody–lectin templates suggests possibilities

that can have an impact on design strategies. (1) Selected peptides can be consid-

ered as probes of the different conformations that the binding site can accommo-

date. Such is the situation observed for multiple peptides that react with the same

antibody (Keitel et al. 1997). (2) Templates can bind to many peptides with

different sets of molecular interactions. With few exceptions, most peptides display

a significant number of interactions with the heavy chain of antibodies (Nair et al.

2000). It has been suggested that the judicious choice of peptides for testing should

be based on the peptide interaction with both the heavy and light chain in order to

induce antibodies with similar antigen-specific properties (Luo et al. 2000), as the

combination of heavy and light chains will influence specificity (Kabat and Wu

1991). (3) If several carbohydrate-specific templates select the same peptide motif,

the peptide might be considered a mimic of multiple carbohydrate antigens. Such

a peptide either mimics a common epitope between diverse antigens (as we have

described as a basis for antibody cross-reactivity with the C polysaccharide of

N. meningitidis and the LeY antigen (Agadjanyan et al. 1997)) or is capable of

adopting different conformations. (4) To further assess the value of the motifs

identified and the amino acid–composition bias found, the structural features of

the motifs must be evaluated by molecular modeling, nuclear magnetic resonance

(NMR) spectroscopy, or crystallography.

Although structural analysis may raise confidence that the isolated peptide will

have functional value, the induction of cross-reactive immune responses remains

the ultimate proof of mimicry. In this context, we have shown that CMPs reactive

with lectins can induce antibodies with the same functionality (Monzavi-Karbassi

Fig. 10.2 Lectin-based vaccine design. CMPs can be defined in a four-step process. (1) Lectins

that trigger apoptosis of tumor cells are defined. (2) Biopanning against a random peptide display

library identifies potential CMPs, which are confirmed by carbohydrate-peptide inhibition assays.

(3) The potential of the CMPs to induce TACA-reactive antibodies is evaluated, as is (4) the ability

of CMP-induced antibodies to mediate apoptosis of tumor cells
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et al. 2005). To generate sustained immunity to TACAs, we developed CMPs as

immunogens with overlapping B and T cell epitopes to link TACA reactive

humoral responses with anti-tumor cellular responses. We observed that CMP

immunization led to significant tumor growth inhibition in therapeutic and prophy-

lactic mouse models, even when only the low-titer anti-TACA antibodies were

elicited (Kieber-Emmons et al. 1999; Monzavi-Karbassi et al. 2002, 2005, 2007).

CMPs can induce antitumor cellular responses, including CMP- and TACA-reactive

T-helper 1 (Th1) CD4+ cells and tumor-specific CD8+ cells, which may compensate

for low-titer humoral responses (Cunto-Amesty et al. 2001; Monzavi-Karbassi et al.

2005). Most of all, unlike TACAs, CMPs can prime for memory responses to TACAs

(Monzavi-Karbassi et al. 2003), suggesting that CMPs facilitate cognate interactions

between B cells and T cells that TACAs do not facilitate.

10.4 Making Use of Overlapping Recognition Sites
That Define Epitopes on Determinant

Despite our success in using CMPs to induce cross-reactive immune responses to

TACAs, surprisingly, we observed that the mimotopes induce low titers of serum

antibodies that cross-reacted with TACAs. It is desirable to increase the TACA-

reactive titers upon CMP immunization. Our working hypothesis is that this weak

TACA-cross-reactive humoral immune response does not reflect the low immuno-

genicity of CMPs but rather their poor mimicry of TACAs. In support of this

proposition is the fact that structural analysis of anti-Id antibody–antibody

complexes or peptide surrogates of antigens in complex with monoclonal antibody

(mAb) typically indicates that these molecules only approximate the topology of

interactions and are therefore not exact structural mimics of the original antigen.

The question of whether CMPs that elicit carbohydrate-binding antibodies are

structural mimics of carbohydrates, or merely functional mimics that may interact

with the antibody-combining site in a different manner from TACAs, is fundamen-

tal to our understanding of the immunological response parameters associated with

mimotope immunization.

10.4.1 Improving Mimicry by Rational Design

One common theme in glycomimetic studies is that peptides selected on template

biopanning do not necessarily mimic the structure of the nominal antigen; in

addition, they bind to their cognate partner with micromolar affinity. This raises

interesting questions: how is the weaker binding peptide able to mimic function and

how important is structural mimicry? One possible explanation for lower affinity is

that the carbohydrate–protein interactions involve solvents or metal ion at the

binding site. In the ConA-peptide structures, no such feature is observed (Jain

et al. 2000). It is possible that exclusion of solvents/ions by peptide might be

responsible for the weaker affinity without sacrificing functionality, and a true
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structural mimic might require fidelity of chirality. These possibilities raise

the question of how one can enhance the ability of TACA-mimetic peptides to

induce TACA-specific antibodies with higher titers and association constants. We

are testing the hypothesis that improving the hydrogen bond pattern through amino

acid substitutions in a CMP, to be coincident with that for the carbohydrate ligand,

will enhance the ability of CMPs to elicit anti-TACA antibodies with high titers and

association constants.

Hydrogen bonds, which are highly directional, represent an important set of

interactions to establish a basis for mimicry because they mainly confer the

specificity in binding of the peptide and the carbohydrate antigen. We previously

suggested that peptides could interact with similar amino acids on BR55-2 to those

on LeY and GD2 interacting with an anti-GD2 antibody. Among peptides reactive

with BR55-2 are those that contain a centralized WRY motif. We previously

showed that WRY-containing peptides, such as P106, could bind to BR55-2 and

that immunization with these CMPs could induce responses targeting LeY-

expressing cell lines. Using the recognition properties of BR55-2 as a model

system, we established a molecular perspective of peptide mimicry for LeY by

comparing the three-dimensional-binding basis of BR55-2 to LeY with the binding

of the same antibody to CMPs (Luo et al. 2000). In this case, computer-aided

structural design was shown to agree with motifs identified from biopanning with

BR55-2 against a random peptide library. Conformational studies indicate that the

(W/Y)(R/L)Y and (W/Y)PY motifs can adopt extended turn-like structures,

suggesting that a particular peptide structure is required for polysaccharide mimicry

(Luo et al. 2000). The peptide mimics compete with LeY, as demonstrated by

enzyme-linked immunosorbent assay (ELISA) and surface plasmon resonance

(Biacore Life Sciences) analysis (Luo et al. 2000). The computer program LUDI

(Accelrys, Corp., San Diego, CA) was used to map epitopes of the antibody-

combining site, correlating peptide reactivity patterns. This approach identified

amino acids interacting with the same BR55-2 functional residue groups that

recognize the aFuc(1!3) moiety of LeY. Molecular modeling indicates that the

peptides adopt an extended turn conformation within the BR55-2 combining site

that serves to overlap the peptides with the LeY spatial position. Peptide binding is

associated with only minor changes in BR55-2 relative to the BR55-2–LeY complex.

Antipeptide serum distinguishes the aFuc(1!3) from the aFuc(1!4) linkage, there-

fore differentiating difucosylated neolacto-series antigens (Luo et al. 1998). These

results indicate that peptides and carbohydrates can bind to the same antibody-

binding site and that peptides can structurally and functionally mimic salient features

of carbohydrate epitopes.

A WRY motif-containing CMP with the sequence GVVWRYTAPVHLGDG,

referred to as P10, was also identified as a GD2 mimic by panning of a peptide

library on the GD2-binding mAb ME36.1 (Qiu et al. 1999). P10 induces an

antitumor immune response either as simply a multiple-antigen peptide (MAP) or

after conjugation to KLH (Wondimu et al. 2008). The disialoganglioside bGalNAc
(1!4)[aNeuAc(2!8)aNeuAc(2!3)]bGal(1!4)bGlc(1!1)Cer (GD2) is a cell-

surface component that appears on the surface of metastatic melanoma cells and is
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a marker for disease progression. Determination of the crystal structure of the Fab

fragment of ME36.1 shows that its CDR forms a groove-shaped binding site (Pichla

et al. 1997). Molecular modeling has placed a four-residue sugar, representative of

GD2, in the antigen-binding site that not only shows much of the interaction with

GD2 contributed by heavy-chain interactions (predominated by His at position 35

of the heavy chain) but also displays strong interactions with Arg90 of the light

chain (Pichla et al. 1997). On the basis of hydrogen-bonding schemes with the GD2

antigen, ME36.1 has the potential to interact with the GalNAc moiety of GD2 by

ME36.1 residues Thr H33, Asn H59, and Asp H50; the Gal moiety of GD2 by

ME36.1 residues Thr H33, His35, and Ser 100 H; aNeuAc(2!3) residue by Ser

100 H; and aNeuAc(2!8) residue by Tyr L93. This primary interaction scheme

suggests that ME36.1 could react with GD2, possibly GD3, and perhaps with

GM2, GM3, GD1b, and GD1a. Such broad specificity for these important tumor-

associated TACAs in fact has been argued for by using ME36.1 in the clinic, and

emphasizes the importance of inducing multiple specificity toward tumor antigens

(i.e., binding of an antibody to two or more TACAs). Consequently, defining CMPs

reactive with ME36.1 might in turn induce antibodies with a broader spectrum of

ganglioside reactivity.

To understand how the CMP P10 might functionally mimic GD2 in binding to

ME36.1, we used conformational and energy analysis (Pashov et al. 2005) to define

potential binding modes of this peptide in the crystallographically defined ME36.1-

binding pocket (Monzavi-Karbassi et al. 2007). However, modeling of GD2

showed that the sugar formed extensive interactions, including hydrogen bonds

with CDR residues. The estimated free energy (DGGD2) was about –10.6 kcal/mol.

Comparison of the binding modes of P10 and GD2 showed a similar binding

energetic (DGP10 ¼ –17 kcal/mol); the interaction pattern, however, is quite differ-

ent. Whereas GD2 made at least two contacts each with CDR H1, H2, and H3, the

peptide made only two contacts, with CDR H3 and H1; much of its binding energy

derived from the hydrophobic contacts (Monzavi-Karbassi et al. 2007).

To relate the potential binding-mode conformation with solution structures, we

performed NMR spectroscopy on the P10 peptide. Preliminary 13C NMR spectros-

copy analysis of P10 defined 199 possible solution conformations based on nuclear

Overhauser effect distance constraints. Among these is a population of structures

similar to the calculated binding-mode structure of P10 (a root-mean-square deviation

of 2.2 Å). We calculated the transition energy (–2.8 kcal/mol) required to go from the

average solution structure to the binding-mode structure, based on our previous

approach to calculating transition energies. These data suggest that our modeling is

sufficiently robust to define binding-mode structures that reflect solution structures.

10.4.2 Redesigning P10 and Defining the Structure for Mimicry

The P10 peptide inhibited the binding of ME36.1 to GD2 and induced antitumor

immune responses (Wondimu et al. 2008). On the basis of hydrogen-bonding

schemes with the GD2 antigen, we wanted to determine whether we could modify
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P10 to increase the level of GD2 antigenic mimicry. From conformational studies,

we surmised that removing the first three residues of P10 would result in a binding

mode with ME36.1 with an increased number of hydrogen bonds in common with

the way the GD2 antigen binds to ME36.1 (Monzavi-Karbassi et al. 2007). To

reflect its shorter sequence (WRYTAPVHLGD), we refer to this peptide as P10

short (P10s). The redesigned CMP (P10s) shares five hydrogen bonds with GD2 in

binding to ME36.1 (Monzavi-Karbassi et al. 2007). Molecular docking calculations

indicated that the topographical binding mode of P10s overlaps that of GD2 in the

ME36.1-combining site.

Because P10 was selected against ME36.1, it was of interest to determine

whether P10s could also bind to another anti-GD2 mAb and compete with GD2

for binding to this second mAb. If cross-reactivity occurred with the second

antibody, one could conclude that P10s reflected the most salient feature of GD2

underlying the recognition by anti-GD2 antibodies. The mAb 14G2a is an anti-GD2

antibody that has been tested clinically. As expected, P10s competed with GD2 for

14G2a binding (Fig. 10.3). In this assay, GD2 was incorporated into a lipid

monolayer; incorporation was facilitated by coating onto a Biacore HPA sensor

chip. This immobilization to the chip is likely to represent GD2‘s anchoring into

cell membranes, better emulating the natural presentation of the antigen than in

ELISAs.

Lectins, such as Arachis hypogea agglutinin/peanut lectin, Amaranthus caudatus
lectin, or Artocarpus integrifolia/jacalin, have been extensively used to detect

TACAs on cell surfaces. CMPs have previously been defined by biopanning with

lectins. Binding of P10s to lectins would provide yet another perspective on the

mimicry properties of P10s. The lectins used included wheat germ agglutinin

(WGA), which is reactive with GlcNAc and sialic acid (aNeuAc) moieties; GS-I,

which is reactive with the aGal and aGalNAc moieties; and Vicia villosa, which is

reactive with aGalNAc moieties. Interestingly, GS-I and WGA showed the highest

reactivity with P10s (Fig. 10.4), suggesting that P10s might be a mimic for Gal

and GlcNAc/aNeuAc, which are sugar moieties found in ganglioside structures

such as GD2 (bGalNAc(1!4)[aNeuAc(2!8)aNeuAc(2!3)]bGal(1!4)Glc

(1!1)Cer) and the type 2 core structures [Gal(1!4)GlcNAc] of LeY aFuc
(1!2)bGal(1!4)[aFuc(1!3)]bGlcNAc(1!3)-R and LeX bGal(1!4)[aFuc
(1!3)]bGlcNAc(1!3)-R, respectively. P10 and P10s also contain a WRY motif.

Therefore, we tested P10 and P10s for binding to the anti-LeY antibody BR55-2 by

surface plasmon resonance analysis (Fig. 10.5), confirming the observation that

BR55-2 can bind to WRY-containing peptides.

Our modeling studies indicated that the P10s peptide represented a more

faithful mimic of ganglioside binding of the mAb ME36.1 than its P10 homologue,

based on hydrogen bonding of ME36.1 to GD2. The loss of three residues in the

N-terminus of P10s relative to the P10 peptide appeared to affect the P10s antibody

binding-mode conformation, more faithfully contacting antibody side chains in

a similar fashion to GD2 in its ME36.1-binding mode. P10s was observed to bind

with higher affinity to the mAb and to induce more robust immune responses to

the GD2 antigen without losing its ability to bind to LeY-binding antibodies.
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Consequently, P10s displayed both increased antigenicity and humoral immunoge-

nicity over the P10 peptide. This observation extended previous studies

demonstrating that it was the topological or conformational similarity of the

antigenic surfaces rather than sequence homology that dictated cross-reactivity

and molecular mimicry. Such results confirmed that conformationally peptides

and carbohydrates could bind to the same antibody-binding site and that peptides

Fig. 10.3 Inhibition of binding of the anti-GD2 mAb 14G2a to GD2 with P10s. Inhibition of the

binding of 14G2a antibody to GD2 by P10-MAP and P10s-MAP was measured by surface

plasmon resonance. Hydrophobic surface chips (HPA, Biacore) were coated with phosphatidyl

choline liposomes, and GD2 was incorporated into the lipid layer. The antibodies were passed over

this surface at 1 mg/mL with or without the respective (P10 or P10s) CMP-MAP. The maximum

binding and concentration of the ligand were optimized with BIAevaluation software (Biacore).

The derived effective concentration of antibodies in the presence of inhibitor was used to calculate

inhibition

Fig. 10.4 Lectin binding to P10s peptide. Plates were coated with 20 mg/mL of P10s-MAP and

incubated with serial concentrations of biotinylated lectins. Lectin binding was detected by

streptavidin-peroxidase (1:10,000 dilution, 100 mL/well). Absorbance at 450 nm as read after

30 min of color development. Assays were performed in duplicate, and the average values are

shown
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could structurally mimic salient features of carbohydrate epitopes. Tuning the

immune response by controlling the structural features of a designable immunogen

can be achieved. The potential remains to further identify CMPs that are immuno-

genic to amplify functional carbohydrate-directed immune responses against circu-

lating or disseminated tumor cells to have an impact on cancer survival.

10.4.3 P10s Binding to Human Antibodies

The broad carbohydrate cross-reactivity of P10s was mapped on the human pre-

immune IgG repertoire (intravenous immunoglobulin [IVIg]) with glycan arrays.

The set of cross-reactive glycans included several tumor-associated antigens and

short-chain gangliosides, but not the nominal antigen for the template antibody,

ME36.1. Some non-self-reactivities, such as the anti-aGal epitope or the anti-

globo-H epitope, were very high in the starting mixture, as these reactivities are

normally highly represented in the IgG repertoire; although they are not highly

enriched, they are very strong among the cross-reactivities of anti-P10s IgG. Other

Fig. 10.5 BR55-2 binding to P10s. P10s was immobilized on a C1 chip to reduce interference

with the dextran matrix. BR55-2 was run over the chip surface at 20 mL/min at 0.67 mM (lower
curve) and 1.33 mM (upper curve) concentrations. The sensograms represent the difference

between the positive and the control channels. The data were fitted by using the Langmuir binding

model. The dissociation constant (Kd) for binding was calculated to be 1.2 � 10–7 M
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reactivities were very weak in the normal IgG repertoire (e.g., anti-GD3), as was

expected because most of these antigens are well tolerated self-antigens. A high

reactivity to these antigens in the P10s fraction led to very high enrichment ratios.

As in the case of serum titers, these reactivities could not be attributed solely to

affinity or concentration per se but were instead likely to represent the biologically

relevant cross-reactivity of P10s.

Immunization of humans with CMPs will either induce new antibodies within the

repertoire or perhaps stimulate B cells with carbohydrate specificities. The carbo-

hydrate cross-reactivity of CMPs warrants searching for the respective specificities

in the human repertoire of preimmune or natural antibodies. A large proportion of

CMP-binding antibodies also bind to diverse carbohydrate epitopes in a polyspecific

manner. Indeed we were able to precipitate, from a human IgG preparation for

intravenous use (IVIg), IgG antibodies that bound to CMP as MAPs. Their broad

specificity prompted investigation into the level of their specificity for different

CMPs to rule out nonspecific stickiness. Immune complexes of IgG binding to

the CMPs were precipitated from IVIg. The precipitated antibodies were predomi-

nantly of IgG2 isotype, which is in line with our hypothesis that these CMPs are

recognized predominantly by carbohydrate-reactive antibodies (Fig. 10.6).
Because P10s is reactive with GS-I, we used a glycan array to compare

the binding of the enriched P10s human IVIg fraction with the reactivity of GS-I.

The polyspecificity of GS-I- and P10s-binding fractions of normal human IgG

(Gammagard S/D) were compared for glycan-binding patterns (Fig. 10.7). Both

reagents showed a degree of polyspecificity with a group of clearly negatively

charged glycans. Correlation of the binding patterns suggested a weak cross-

reactivity of the P10s-enriched serum antibodies with blood group A and B

antigens, LeY, disulphated-Lewis X trisaccharide, and a-D-Gal, with a high binding
affinity to bGalNAc (Tnb) antigen. This observation paralleled earlier studies

suggesting that the human anti-Tn antibodies that are able to bind to tumor tissue

are more prone to bind to the beta form than to the alpha form of the synthetic

antigen. Anti-Tnb IgG titers have been found to correlate with the grade of

gastrointestinal tumors (Smorodin et al. 2007). Possibly, this is the same reactivity

as that we found in natural antibodies.

An essential feature of antibodies is the isotype distribution, which affects the

involvement of different Fc and complement receptors and the subsequent func-

tional effects. Among these effects that are of special interest in tumor immuno-

therapy is antigen cross-presentation. The isotype composition reactive with P10s

and other CMPs verifies that CMPs are mimics of carbohydrates in that the predo-

minant reactive isotype within the human repertoire is IgG2. In humans, IgG1 and

IgG3 show higher affinity than IgG2 for most Fc receptors, which might translate

into diminished functional activity for such antibodies. However, a portion of

antibodies with the IgG1 isotype is reactive with P10s and other TACA forms.

The cross-reactivity between natural antibodies and tumor-associated antigens and

TACA, reflected, for example, by the high-molecular-weight mucin MUC-1, would

suggest that it might be difficult to ascertain the contribution of a de novo antibody

immune response to MUC-1 compared with a response by anti-TACA memory B
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cells stimulated in a thymus-independent manner. The presence of natural TACA-

reactive antibodies that are polyreactive would lead to the formation of immune

complexes taken up bymacrophages and dendritic cells if the isotype of the complex

lends itself to efficient uptake. In this context, uptake would facilitate cellular

responses, providing new interventions for enhancing antitumor immunotherapy

by facilitating epitope spreading.

10.5 Summary

As clinical correlates have highlighted carbohydrate-reactive IgM responses to

cancer cells in humans, attention to antibody subsets is warranted to further

understand and develop strategies to augment these responses, which might have

a further impact on tumor-reactive cellular responses. Natural polyreactive

antibodies that bind to tumor cells have been studied on several occasions. They

are germline-encoded antibodies mostly from CD5+ B cells (the B1 genotype), and

Fig. 10.6 Isotype composition of human preimmune IgG isolated from IgG by polyethylene

glycol precipitation of immune complexes on different CMPs. Enrichment in IgG2 was generally

observed. It is known that IgG2 antibodies (IgG3 in mice) can be produced in T cell-independent

type 2 (TI-2) responses to carbohydrates. One-half of CMPs are also recognized by IgG4 antibodies,

which sharewith IgG2 a lack of complement-activating activity but not a TI-2 origin. IgG4 antibodies

represent some carbohydrate specificities and function, mostly as inhibitory and anti-inflammatory

antibodies due to arm exchange. Apart from p106, P10, and P10s, the CMPs used included p107

(GGIYYRYDIYYRYDIYYRYD), PYPY (RGGLCYCPYPYCVCVGR), YPYRY (RGGLCYCY-

PYRYCVCVGR), D002 (RGGLCYCRYRYCVCVGR), and pMel (VLYRYGSFSV), gp100 (476-

485), or G10 (476)
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they bind to various tumor antigens, induce apoptosis of tumor cells, and detect not

only malignant cells but also the precursor cellular stages. Natural polyreactive IgM

autoantibodies, encoded by unmutated germline Ig V genes, represent a major

fraction of the normal circulating IgM repertoire. Such antibodies fulfill the defini-

tion of autoantibodies, as they are self-reactive but have broad reactivity and bind

mostly to altered antigens. Even in mouse models, nonimmunized mice of widely

differing genetic backgrounds have detectable IgM antibodies to tumor cell-surface

carbohydrates, their natural resistance to the tumor being related to their serum IgM

levels. Analysis of functional antipathogen and antitumor immune responses

involving glycan recognition suggests that multivalency, avidity, and polyreactivity

are more important factors in the biological function of the antibodies than affinity

per se. This provides insight into immune-surveillance paradigms to devise vaccine

strategies.

Such analyses suggest that we pay more attention to the role of the major B-cell

subpopulations and that carbohydrate-reactive IgM antibodies in particular may

help bridge cellular responses. Expansion of the pool of memory B and T cells by

CMP vaccination or activation of residual TACAmemory B and T cells might be of

benefit for the course of immunization. Multivalent CMPs target B1 cells and are

hypothesized to facilitate the Th1 responses observed with CMPs. Understanding
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Fig. 10.7 Correlation between the polyspecificity of GS-I and anti-P10s antibody binding. The

fraction of normal human IgG (IVIg, Gammagard S/D, Baxter/Hyland, Deerfield, IL) enriched on

a P10s column was tested on glycan arrays (in collaboration with the Consortium for Functional

Glycomics). The reactivity of GS-I is expressed in relative units after subtraction of the back-

ground, while that of the IVIg anti-P10s fraction is expressed as enrichment relative to the

reactivity of the nonfractionated IVIg or the ratio of the response units (RU) of the P10s binding

fraction and IVIg. The six reactivities that were strongest for both reagents are labeled. Note the

overall orthogonal profile of the polyspecificity, with the common recognition of bGalNAc as the
only true high binder for both P10s and GS-1
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how to manipulate carbohydrate-reactive natural antibodies suggests that targeting

the “natural memory” B-cell repertoire might provide novel mechanisms to prevent

recurrence of disease mediated through CD4+ T-cell responses. Unlike carbohy-

drate antigens and carbohydrate-conjugate vaccines, CMPs prime B and T cells for

subsequent memory of carbohydrate antigens, facilitating long-term surveillance

through recall of carbohydrate immune responses. This effect may minimize the

need for constant boosting. In addition, CMPs can functionally emulate conserved

structures of TACA, inducing antibodies that recognize multiple TACAs and

therefore function like a TACA-multivalent vaccine. Therefore, we hypothesize

that the immunotherapeutic potential of CMPs is related to their capacity to

stimulate B-cell compartments that bridge innate and adaptive immunity.
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Antitumor Vaccines Based on Synthetic
Mucin Glycopeptides 11
Ulrika Westerlind and Horst Kunz

11.1 Introduction

The interest in tumor-associated glycoconjugate antigens was particularly initiated

by Springer, who published in 1984 that glycoproteins on the outer cell-membrane

of epithelial tumor cells have an altered glycosylation consisting of the Thomsen-

Friedenreich (T-) antigen and its precursor the TN-antigen structure (Springer

1984). He and his coworkers also had found that monoclonal antibodies induced

with glycoproteins from tumor cell membranes showed cross-reactivity to

desialylated glycophorin A. It was concluded from these observations that the

T-and TN-glycoproteins on the epithelial tumor cells must be structurally related

to asialoglycophorin A (Springer et al. 1983) (Fig. 11.1a). Glycophorin A is the

major sialoglycoprotein on erythrocytes. In the N-terminal domain it contains

cryptic T-antigen structures which are covered by sialylation in the 30- and 6-

position. The glycophorin exists in two blood group specificities M and N, which

have identical glycoforms, but differ in two of the total 131 amino acids. One of

those differences concerns the N-terminal amino acid which is a serine in blood

group M, but a leucine in blood group N specificity (Tomita and Marchesi 1975).

Stimulated by these results glycopeptide vaccines representing the N-terminal

region of asialoglycophorin A were synthesized (Kunz and Birnbach 1986)

(Fig. 11.1b). Antibodies induced in mice with such synthetic glycopeptide vaccine

based on the blood group M N-terminal region of asialoglycophorin A specifically

recognized the T-antigen glycan structure linked to the N-terminal M blood group
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peptide backbone structure and differentiated between blood group M and N

asialoglycophorin, showing that both the glycan and peptide backbone structure

are relevant for the antibody binding specificity. These generated antibodies

showed affinity to epithelial tumor tissues, but also bound to normal epithelial

tissue. It was, concluded from these findings, that the synthetic T-antigen glyco-

peptide structure is tumor-associated, but not sufficiently tumor selective. In addi-

tion, the differentiation between the glycophorin blood group specificities observed

with the induced antibodies suggested that in a potential antitumor vaccine a tumor-

associated saccharide antigen should be combined with a tumor-selective peptide

structure. In this context, more recent investigations of the tumor-associated epi-

thelial mucin MUC1, expressed on almost all types of epithelial cells, had been of

particular interest (Gendler et al. 1990).

Mucins are a class of extensively glycosylated proteins expressed on the surface

of epithelial cells or secreted to function in mucus. They normally carry large

O-linked carbohydrate structures that obscure the protein core. Among the mucins

the membrane bound MUC1 is the most intensively studied glycoprotein with

Fig. 11.1 (a) Glycophorin A and asialoglycophorin A with M and N blood group specificities and

(b) immunogenic glycopeptide BSA conjugate consisting of clustered T-antigens
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regard to cancer immunotherapy (Taylor-Papadimitriou et al. 1999; Hanisch 2001).

Its large extracellular N-terminal region shares a structural feature common to all

mucins, which consists of a (variable) number of peptide tandem repeats (VNTR).

These repeats have identical or very similar amino acid sequences, which are rich

in proline, serine and threonine residues. In MUC1, variable numbers (20–125) of

tandem repeats consisting of 20 amino acids of the sequence HGVTSAPDTR-
PAPGSTAPPA (Swallow et al. 1987), which includes five potentialO-glycosylation
sites (italized), have been found. On epithelial tumor cells, MUC1 is extensively

overexpressed and its extracellular glycosylation pattern was found to be characteris-

tically altered. Concomitant down-regulation of glycosyl transferases, in particular the

core 2 b-1,6-N-acetylglucosaminyltransferase, and up-regulation of sialyltransferases

results in short saccharides often with premature sialylation on the extracellular

surface (Brockhausen et al. 1995; Brockhausen 1999; Burchell et al. 2001; Lloyd

et al. 1996). As a consequence, TN-, T-, sialyl-TN-, (2,3)-sialyl-T- and (2,6)-sialyl-T-

antigen structures constitute important examples of such tumor-associated saccharide

antigens (Fig. 11.2). Furthermore, the underglycosylation of the mucin extracellular

domain also results in the exposure of its peptide backbone. Tumor-associated

epitopes consisting of both the saccharide and the peptide structures are exposed for

interaction with components of the immune system.

By inducing sufficiently strong immune reactions specific to MUC1 tumor-

associated antigens, it should be possible to break the natural tolerance of the

immune system against these structures. In order to produce such a strong humoral

immune response a naı̈ve B cell needs to differentiate into an antibody-secreting

plasma cell and to proliferate. To this end, additional stimulation by activated CD4+

T helper cells is required. The naı̈ve T-helper (TH�) cells are activated when

their T-cell receptor (TCR) binds to the peptide epitope presented by the major

histocompatibility complex II (MHC II) on the surface of a antigen-presenting cell

(APC). The peptide epitope presented by the APCs is to be generated by proteolytic

fragmentation of the extracellular antigen that had been internalized via the B-cell

receptor. The peptide fragments formed by proteolytic cleavage can then bind to the

MHC class II complex resulting in T helper cell activation (Germain 1994).

Fig. 11.2 Tumor-associated glycosylation on MUC1 tandem repeat peptides
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A number of efforts have been made to synthesize MUC1 tandem repeat

glycopeptides that represent the aberrant glycoforms of cell surface glycoprotein.

These glycopeptides are the crucial antigens for the development of synthetic

vaccines which should elicit antibodies useful for immunotherapy or as diagnostic

tools. However, the tumor-associated MUC1 glycopeptides are only moderately

immunogenic, and additional stimulation is necessary to generate a strong humoral

immune response. Therefore, a foreign protein carrier, as for example keyhole

limpet hemocyanine (KLH) or bovine serum albumin (BSA), or an immunosti-

mulating TH-cell peptide epitope, e.g. a peptide epitope from ovalbumin, needs to

be linked to the MUC1 glycopeptides (Becker et al. 2006; Liakatos and Kunz 2007;

Wilkinson et al. 2011). During immunization it is also necessary to support the

innate immune system by adding an adjuvant to the vaccine, for example Freund’s

adjuvant or by using an adjuvant built into the vaccine, for example Pam3Cys

lipopeptide ligands of the Toll-like receptors 2 (Ingale et al. 2007; Wilkinson et al.

2011). Examples of synthetic vaccines based on tumor-associated MUC1

glycopeptides conjugated to various immunostimmulants will here be given.

11.2 Synthesis of TN-, T-, Sialyl TN-, Sialyl-T-Glycosyl Amino
Acid Building Blocks

MUC1 tandem repeat glycopeptides are synthesized on solid-phase according to

the Fmoc strategy using glycosylated amino acid building blocks. The chemical

synthesis of glycosylated Fmoc-serine and threonine building blocks for solid phase

peptide synthesis is a demanding task. The tumor-associated glycosyl amino

acid structures are accessible from the TN-antigen intermediate 12 by a unifying

biomimetic strategy (Fig. 11.3). Exploiting the relatively high reactivity of the

6- and 3-hydroxyl groups of galactose towards electrophilic attack in combination

with a proper protecting group strategy, regioselective glycosylations were

achieved affording the 2,6-sialyl TN-, 2,6-sialyl-T- and 2,3-sialyl-T-Fmoc-amino

acid building blocks, respectively (Fig. 11.3).

The TN-antigen threonine and serine conjugates are synthesized from acetobro-

mogalactose (Lemieux 1963) 1 via the corresponding galactal (Shafizadeh 1963)

2 by azidonitration (Lemieux and Ratcliffe 1979) yielding an anomeric mixture of

azido nitrate 3, which is subsequently converted to the corresponding a-glycosyl
bromide 4 by treatment with LiBr in acetonitrile (Lemieux and Ratcliffe 1979).

Fmoc-threonine t-Bu-ester (Kunz 1997), or its serine counterpart (not shown) is

then glycosylated with 4 under modified Koenigs–Knorr conditions (Koenigs and

Knorr 1901; Paulsen and Hoelck 1982; Liebe and Kunz 1997a) providing 5. The
azido function is then converted to the corresponding acetamide 6, for example by

thioacetic acid (Rosen et al. 1988; Meinjohanns et al. 1996), and the t-Bu-ester is
cleaved by TFA in presence of anisole as a scavenger, providing the fully protected

TN-antigen building block 7 which can be applied to solid phase peptide synthesis

(SPPS) (Scheme 11.1).
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The construction of 2,6-sialyl-TN-antigen (Liebe and Kunz 1997a) requires the

preparation of a sialyl donor 11. It has been proven that glycosylation reactions with
xanthate 11 activated through a thiophilic activator are superior to other sialic acid

donors (Marra and Sinay 1989). Peracetylation of sialic acid 8 gives the fully

acetylated intermediate 9, which is deprotonated with cesium carbonate and

benzylated to give 10 as an anomeric mixture (Furuhata et al. 1991). Treatment

of 10 with acetyl chloride followed by in situ reaction with KS(CS)OEt affords

xanthate 11 under thermodynamically controlled conditions as a single anomer.

Fig. 11.3 Synthetic strategy for glycosylated amino acid building blocks

Scheme 11.1 Reagents and conditions: (i) Zn-dust, CuSO4, H2O, HOAc, 85%; (ii) Azido-

nitration, CAN, NaN3, MeCN, 45%; (iii) LiBr, MeCN 92%; (iv) Fmoc-Thr-Ot-Bu, Ag2CO3,

AgClO4 80%; (v) AcSH, 75%; and (vi) TFA, anisole, 90%
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After careful deacetylation of TN-antigen-Fmoc-threonine (Liebe and Kunz 1994,

1997b; Zemplen and Kuntz 1923) 6, the resulting product 12 is sialylated regio- and
stereoselectively in the 6-position using of xanthate 11 activated by MeSOTf

(Dasgupta and Garegg 1988) in an acetonitrile containing solvent. At low tempera-

ture (�65�C), only the kinetically favored equatorial product is formed due to

assistance of the nitrile solvent (Braccini et al. 1993; Loenn and Stenvall 1992;

Schmidt et al. 1990). Further transformations include peracetylation of 13 and

cleavage of the t-Bu-ester 14 to give the Fmoc-SPPS-building block 15 (Liebe

and Kunz 1997a) (Scheme 11.2).

TN-intermediate 12 can also be converted into the T-antigen building block 19
by a simple procedure. Treatment of 12 with benzaldehyde dimethyl acetal under

controlled acid catalysis gives the corresponding 4,6-benzylidene acetal 16, which
is subjected to a subsequent Helferich glycosylation (Helferich and Wedemeyer

1949) with acetobromogalactose 1, to form the disaccharide conjugate 17. The
benzylidene acetal can be hydrolyzed under mild acidic conditions (Smith et al.

1962) providing 18. Peracetylation of 18 with acetic anhydride and pyridine

followed by removal of the t-Bu-ester affords the fully protected T-antigen Fmoc-

SPPS-building block 19 (Scheme 11.3).

The 2,3-sialyl-T-antigen is accessible from intermediate 16, which is glycosylated
with 6-O-benzyl-acetobromogalactose (Lergenm€uller et al. 1998) 20. The obtained

product 21 is subsequently carefully deacetylated in order to prevent b-elimination.

Scheme 11.2 Reagents and conditions: (i) Ac2O, pyridine, quantitative; (ii) Cs2CO3, BnBr, 77%;

(iii) 1. AcCl, H2O; 2. KS(CS)OEt, 64%; (iv) NaOMe, MeOH; (v) MeSOTf, MeCN, CH2Cl2 59%;

(vi) Ac2O, Pyridine, 90%; and (vii) TFA, anisole, 94%
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Sialylation of the more reactive equatorial 30-position using the sialic xanthate 11
under the conditions already described proceeds smoothly, thus providing 23.
The benzylidene acetal of 23 is removed under mild acidic (Smith et al. 1962)

conditions. After acetylation the t-Bu-ester is removed providing the Fmoc-

2,3-sialyl-T-building block 24 in good overall yield (Scheme 11.4).

The T-antigen intermediate 21 can also be transformed to the 2,6-sialyl-T-antigen

by selective sialylation in the 6-position of 25. Solvolytic removal of the

Scheme 11.3 Reagents and conditions: (i) PhCH(OMe)2, TsOH, 75%; (ii) Hg(CN)2, 68%;

(iii) 80% aq. HOAc, 87%; (iv) Ac2O, Pyridine, 92%; and (v) TFA, Anisole, 95%

Scheme 11.4 Reagents and conditions: (i) Hg(CN)2, 93%; (ii) cat NaOMe, pH 8.5, 34%;

(iii) MeSOTf, 58%; (iv) 80% aq. HOAc; (v) Ac2O, pyridine, cat. DMAP, 80% over two steps;

and (vi) TFA, anisole, quantitative
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benzylidene acetal in 21 yields the acceptor 25 with free OH groups in the 4- and

the 6-position. Due to the intrinsic low reactivity of the axial 4-OH of galactose,

a highly selective sialylation reaction takes place, again employing xanthate 11 as

the donor, providing 26. Removal of the t-Bu ester gives the Fmoc-2,6-sialyl-

T-antigen building block 27. Note that the 4-OH group was left unprotected.

Due to the steric hindrance by the sialic acid moiety, it is not necessary to

protect this OH group (Scheme 11.5).

11.3 Synthesis of TN-, T-, Sialyl-TN-, Sialyl-T-Glycopeptides
and Vaccines

The synthesis of glycopeptides can be realized by different strategies. Glycopeptides

can be prepared by attachment of saccharides to the already completed target

peptide (convergent synthesis), or by the use of glycosylated amino acid building

blocks incorporated into the stepwise peptide assembly. The use of the convergent

approach is limited since it is suffering from low yields of glycosylations due to

reactivity problems. Problems with a and b selectivity are more pronounced when

larger glycan structures should be coupled to serine/threonine residues within

a peptide. Synthesis of O-glycopeptides by Fmoc solid phase peptide synthesis

(SPPS) employing glycosylated amino acids is, therefore, the favorable approach

(Kunz 1987; Meldal 1994; Kihlberg and Elofsson 1997; Herzner et al. 2000).

During peptide backbone assembly, the glycosylated amino acid building blocks

are commonly protected. This is because of the lability of the O-glycosidic bond to
strong acid treatment. In addition, by treatment with a strong base O-glycopeptides
can undergo b-elimination of the O-linked glycans or epimerization at the amino

acid stereogenic centers (Sj€olin et al. 1996). After cleavage of the synthesized

Scheme 11.5 Reagents and conditions: (i) 80% aq. HOAc; (ii) MeSOTf; and (iii) TFA,

anisole, 98%
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glycopeptide from resin, the glycan protecting groups need to be removed under

mild conditions. O-Acetyl protecting groups are commonly used for the saccharide

portion which can be removed under mild conditions, e.g. using dilute sodium

methoxide in methanol (Peters et al. 1992; Jansson et al. 1992) or hydrazine hydrate

in methanol (Kunz et al. 1990; Bardaji et al. 1991). Glycopeptides can also be

prepared employing an enzymatic approach (Schuster et al. 1994).

MUC1 tandem repeat glycopeptides are normally synthesized by solid-phase

Fmoc peptide synthesis in a stepwise fashion starting with a suitable resin preloaded

with the C-terminal amino acid. The choice of the linker and the resin depends on

whether the peptide should later on be released with concomitant amino acid side

chain deprotection or under milder conditions not affecting these amino acid

side chain protective groups. For mild cleavage conditions preventing side chain

deprotection the trityl linker resin (Frechet and Haque 1975) can be used. This

linker is cleavable by 0.1% TFA. An alternative resin contains the PTMSEL linker

(Wagner et al. 2003) from which the peptide is released by treatment with tetrabutyl-

ammonium fluoride (TBAF) in dichloromethane. Another linker is the allylic

HYCRON linker (Seitz and Kunz 1997), which is cleavable by palladium

(0)-catalyzed allyl transfer. If the side chain protective groups should be simulta-

neously removed from the peptide during cleavage, Wang resin (Wang 1973) is most

commonly used and cleaved with a 95% TFAmixture. The choice of linker and resin

is also dependent on the C-terminal peptide sequence and the question whether it is

prone to diketopiperazine formation, such as proline and alanine containing

sequences. In such a case, a bulky linker is required, such as the trityl or the

fluoride-sensitive 2-phenyl-2-trimethylsilyl-ethylester linker (PTMSEL). The valu-

able glycosylated amino acid building blocks are often coupled manually using 1.5–2

equivalents activated with the more reactive coupling reagents N-[(dimethylamino)-

1H-1,2,3-triazolo[4,5-b]pyridin-1-ylmethylene]-N-methylmethanaminium (HATU)/

1-hydroxy-7-azabenzotriazole (HOAt) (Carpino 1993), while the other Fmoc

amino acids normally are coupled automatically in a peptide synthesizer using

5–20 equivalents and activated with N-[(1H-benzotriazol-1-yl)(dimethylamino)

methylene]-N-methylmethanaminium hexafluorophosphate N-oxide (HBTU)/

1-hydroxybenzotriazole (HOBt) (Dourtoglou et al. 1984). After detachment from

resin and purification by HPLC, the glycopeptides are either conjugated to the

immune stimulating component, or the glycopeptides are deprotected in the glycan

portions and then conjugated to the immunestimulant. Deprotection of the glycans

are performed by hydrogenolytic removal of the sialic acid benzyl ester followed by

removal of the O-acetyl protective groups by transesterification in methanol with

catalytic amounts of NaOMe at pH 9–9.5.

11.3.1 Synthesis of MUC1 Glycopeptides Conjugated
to a Peptide T-cell Epitope

Recently, sialyl-TN- and TN-mono-, di- and triglycosylated 38 amino acid MUC1

tandem repeat peptides connected to an OVA323–339 T-cell peptide epitope via
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a non-immunogenic spacer (28–30), were synthesized (Westerlind et al 2008). The

solid-phase synthesis was carried out according to above outlined strategy starting

with Wang resin preloaded with Fmoc arginine. The glycosylated sialyl-TN- (15)
and TN-amino acid (7) building blocks were used in two-fold excess and coupled

with HATU/HOAt. The other amino acids were coupled according to the standard

protocol (20 eq amino acid and HBTU/HOBt) in a peptide synthesizer. After

cleavage from resin and purification by preparative reversed phase HPLC, the

removal of the protective groups of the glycans was performed by hydrogenolysis

of the sialic acid benzyl ester and subsequent removal of the O-acetyl protective
groups by treatment with catalytic amounts of NaOMe in methanol at pH 9–9.5.

After completing the global deprotection, the glycopeptide–OVA–vaccine

constructs were purified again by preparative reversed phase HPLC and isolated

in overall yields (calculated from resin) of 36% (28) 17% (29) and 32% (30)
(Scheme 11.6). These fully synthetic vaccines were used in combination with

complete Freund’s adjuvant (CFA) for immunization of transgenic mice (DO11.10)

whose T-cells express an OVA-specific CD4 receptor. High antibody titers specific to

the corresponding MUC1-antigens were induced in one of three mice immunized

with vaccine 28 and in two of three mice immunized with vaccine 29. None of ten
mice immunized with the triglycosylated vaccine 30, containing additional glycosyl-
ation in the immunodominant PDTR domain, did generate an immune response. The

antibodies generated from vaccines 28 and 29 were further investigated by ELISA

and microarray binding specificity studies (Westerlind et al. 2009). The antibodies

displayed a very similar binding specificity. It turned out that the antibodies were

highly specific for glycosylation with sialyl-TN in the HGVT position of the tandem

repeat. If the glycan was removed or moved to another position within the tandem

repeat sequence the binding was totally lost. Glycopeptides with the required sialyl-

TN-glycosylation in the HGVT region, but additional glycosylation with TN or sialyl-

TN in the PDTR or GSTA region were accepted, and also glycopeptides consisting

of more than one tandem repeat are recognized. In addition, it was found that the

GSTA part was not important for binding recognition of these antibodies, while

removal of the immunodominant PDTR region resulted in a complete loss of binding

of the antibodies induced by 28 and 29 (Scheme 11.6).

11.3.2 Synthesis of MUC1-Glycopeptides Conjugated
to Protein Carriers

Vaccines consisting of carrier protein conjugates such as conjugates to BSA

or KLH, are well-established in immunology. A few examples of such vaccines

obtained by different conjugation methods and employing different carrier proteins

will here be outlined. MUC1-glycopeptides conjugated through coupling with

diethyl squarate, or using an alkene-thiol reaction, a maleimide-thiol addition or

glutaraldehyde coupling will be described. Common to all these reactions is that the

MUC1-glycopeptide must be deprotected on the peptide side chains and glycans

prior to the conjugation to the carrier protein.

264 U. Westerlind and H. Kunz



Immunizations with MUC1-glycopeptides coupled through diethyl squarate to

Tetanus Toxoid as an immune carrier have shown promising results (Kaiser et al.

2009; Hoffman-R€oder et al. 2010). Tetanus Toxoid conjugates have already been

applied to humans in several vaccines towards bacterial and viral targets. Therefore,

this carrier protein is considered attractive for a MUC1 glycopeptide vaccine.

MUC1 glycopeptides containing a sialyl-TN- 31, a T-antigen 32 or a di-fluoro-

T-antigen 33 MUC1-glycopeptide equipped with an oligoethylene glycol spacer

amino acid were conjugated to Tetanus Toxoid protein employing diethyl squarate

(3,4-diethoxy-3-cyclobutene-1,2-dione) as the coupling reagent (Kaiser et al. 2009;

Hoffman-R€oder et al. 2010; Tietze et al. 1991) (Scheme 11.7). The MUC1-

glycopeptides containing STN-, T- or di-fluoro-T-antigen and a triethylene glycol

Scheme 11.6 Synthesis of sialyl-TN MUC1-OVA323–339 glycopeptide vaccines

11 Antitumor Vaccines Based on Synthetic Mucin Glycopeptides 265



spacer with a free amine at the N-terminus (31–33) were prepared by solid-phase

synthesis according to Fmoc strategy in a similar fashion as described for the OVA-

vaccines. In this case, a trityl resin was used in order to avoid diketopiperazine

formation as the peptide sequence starts with Pro-Ala (Scheme 11.7). Employing

TFA the fully assembled peptides were cleaved from the resin with simultaneous

removal of the peptide side chain protective groups. The STN-disaccharide was then

deprotected by hydrogenation using palladium on charcoal and subsequent

deacetylation using NaOMe in methanol to yield the sialyl-TN-MUC1-glycopeptide

(31) in an overall yield of 61%. The T- and di-fluoro-T-glycopeptides are directly

treated with base to give the deacetylated compounds 32 and 33. The deprotected

MUC1-glycopeptides reacted with diethyl squarate by stirring in a mixture of

ethanol and water at pH 8 and yielded the activated constructs 34–36. The squarate
monoamide-glycopeptides were coupled to the Tetanus Toxoid in a sodium phos-

phate buffer at pH 9 and afforded vaccines 37–39 carrying on average more than 20

MUC1-glycopeptides conjugated to the protein. Immunological evaluation of these

vaccines showed that very strong immune responses were induced in almost all of

Scheme 11.7 Synthesis of sialyl-TN-, T-, and di-fluoro-T MUC1-Tetanus Toxoid protein

vaccines
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the immunized mice. The generated antibodies were further evaluated by ELISA and

neutralization experiments as well as by glycopeptide microarrays. The results gave

evidence that specific immune responses were elicited towards the MUC1 antigens

present in the vaccines. Furthermore, the binding of antibodies induced by the T-

antigen vaccines 38 and 39 to tumor cells were evaluated by FACS analysis. It was

shown that the antibodies recognized MCF-7 and T47D breast cancer cells

(Hoffman-R€oder et al. 2010) (Scheme 11.7).

Sialyl-T and T MUC1 glycopeptide vaccines have also been prepared. In one

example, these glycopeptides were connected to BSA as the carrier protein via

a thioether linkage and a non-immunogenic spacer (Wittrock et al. 2007). The

formation of thioethers via a radical-induced addition of thiols to alkenes appears

favourable in comparison to the more common peptide-protein conjugation

techniques employing squarates (Tietze et al. 1991) or maleimido (Shin et al.

2001; Keller and Rudinger 1975) linkers, which have immunogenic potential

themselves. A 2,3-sialyl-T-MUC1 glycopeptide with a thiol amino acid spacer at

the N-terminus was prepared starting from a trityl resin preloaded with proline. The

peptide backbone assembly and cleavage from resin according to the procedure

described above gave the partly protected glycopeptide 40 in 36% yield. Removal

of the protective groups was performed to give the thiol glycopeptide 41, which
was coupled to olefin-modified BSA in water employing UV-radiation. After

dialysis and lyophilization the pure antigen-BSA conjugate 42 was obtained

(Scheme 11.8a). The reverse thioether linkage was also constructed by the synthesis

of an allylamide-functionalized T-antigen MUC1 tandem repeat peptide (43) (39%
overall yield) and its photochemical coupling to BSA carrying a thiol spacer to give

44 (Scheme 11.8b). These glycopeptides vaccines have so far not been employed in

immunization experiments (Scheme 11.8).

Alternatively, enzymatic approaches have been used to prepare MUC1-glyco-

peptide vaccines. One example includes a 60-mer MUC1 tandem repeat peptide,

which was enzymatically glycosylated with TN- and sialyl-TN-glycans and conju-

gated to KLH as carrier protein (Sorensen et al. 2006; Tarp et al. 2007). The MUC1

60-mer peptide consisting of three tandem repeats (45) was prepared through

standard Fmoc solid-phase peptide synthesis. After cleavage and purification, the

peptide was completely TN glycosylated (46) in vitro through a concerted action of
GalNAc-T2 and GalNAc-T4 glycosyltransferases. This reaction was performed by

using UDP-GalNAc and N-acetylgalactosaminyl transferases (GalNAc T-2 and

GalNAc T-4) in a sodium cacodylate, MnCl2 and Triton X-100 buffer at pH 7.4,

yielding peptide construct 46 fully glycosylated on all potential glycosylation sites.
A part of the glycopeptide material was further sialylated with ST6GalNAc-I,

a human a-N-acetylgalactosamine a-2,6-sialyltransferase, and generated a MUC1

60-mer with sialyl-TN (47) at all 15 glycosylation sites. Sialylation was performed

in a MES, EDTA and DTT buffer of pH 6.5 with CMP-NeuAc as donor. The

sialyl-TN- and TN-MUC1 glycopeptides 46 and 47were conjugated to KLH through

reaction with glutaraldehyde resulting in a glycopeptide to conjugate ratio of 300:1

(Scheme 11.9). The resulting sialyl-TN- and TN-glycopeptide vaccines 48 and 49
were used for immunization of Balb/c mice and human MUC1 transgenic mice
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(MUC1 Tg). Strong immune responses specific to the MUC1 60-mer 15 STN and

TN immunogen structures were elicited in both the Balb/c and MUC1 Tg mice.

Serum generated from the TN glycopeptide vaccine 48 reacted strongly with the

Scheme 11.8 Synthesis of (a) Sialyl-T-antigen BSA conjugate (b) T-antigen BSA conjugate

through alkene-thiol reaction
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human breast cancer cell line T47D, which mainly carries TN- and some T- and

sialyl-T-glycans, but weaker with the MCF7 breast cancer cell-line partially based

on core 2 structures. The non-tumorigenic epithelial cell-line MTSV1-7, which

expresses high levels of the core 2 b-1,6-GlcNAc transferase was not recognized

by the sera. The sera generated from the sialyl-TN-glycopeptide vaccine 49 stained

primary breast cancer cells expressing MUC1 and STN and did not react with MCF7

breast cancer cells. Monoclonal antibodies (5E5) were also generated with the

MUC1 60-mer 15 TN-vaccine 48 as the immunogen. Antibody specificity studies

showed that these antibodies were in particular specific to antigen structures

glycosylated in the GSTA part of the MUC1 tandem repeat (Scheme 11.9).

Other examples of vaccines have been prepared consisting of glycan multi-

epitope peptides conjugated to KLH as the carrier protein. It was considered

attractive to prepare vaccines targeting more than one tumor-associated epitope

during the immunization. This could be done by combining vaccines targeting

different tumor associated glycosylation on the peptide backbone like TN-,

sialyl-TN-, T-and sialyl-T-structures or by combining vaccines with variation

of the position for glycosylation on the MUC1 tandem repeat. The problem with

immunization using combined vaccines with different antigens separately conju-

gated to the immune carrier protein is that there is a risk that the increased level of

the immune carrier, as for example KLH, can result in a decreased immunogenicity

of the individual antigens. To avoid this problem, unimolecular multi-epitope

vaccines were investigated (Zhu et al. 2009; Ragupathi et al. 2006; Lee and

Danishefsky 2009). Hybrid glycopeptide KLH conjugate vaccines were prepared

based on a mixture of tumor associated glycans linked through spacers to a peptide

backbone. Both tumor associated glycolipid glycans, like Globo-H, GM2, and

Scheme 11.9 Enzymatic Synthesis of Sialyl-TN- and TN-antigen KLH conjugate vaccine
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glycoprotein glycans like TN, sialyl-TN, and T were combined in this vaccine.

These hybrid glycopeptides were prepared through stepwise coupling of the indi-

vidual Fmoc protected glycosylated spacer amino acid building blocks employing

EDCl, HOBt, Et3N (scheme 11.11). The spacer glycosylated amino acid building

blocks were prepared by different strategies. TN-, sialyl-TN- and T-glycosylated

amino acids 50–53 with a four carbon spacer were obtained by coupling of glycosyl
trichloroacetimidates with a N-Fmoc protected hydroxynorleucine benzyl ester in

the presence of a Lewis acid, TMSOTf or ZnCl2 (Scheme 11.10b). The GM2 and

Globo-H amino acid building block 54 and 55 containing a six carbon spacer were

prepared by coupling of the Globo-H pentenyl glycoside to protected allyl glycine

through an olefin cross-methathesis in the presence of a ruthenium catalyst. Reduc-

tion of the alkene and concomitant removal of the benzyl ester protecting group

generated the glycosylated amino acid building block (Scheme 11.10a).

After assembly of the peptide backbone, the Boc protecting group at the

C-terminal diamine spacer was removed using TFA followed by introduction of

a thiospacer and removal of acetates from the glycans and the spacer employing

sodium hydroxide in methanol. The deprotected hybrid glycopeptide construct 56
was conjugated to KLH functionalized with a maleimide spacer by stirring at room

temperature in a pH 6.5–7 phosphate buffer for 4 h. On average 505 hybrid

glycopeptides consisting of Globo-H, GM2, TN-, sialyl-TN- and T-glycans had

been linked per KLH molecule. The prepared vaccine construct 57 was used for

immunization of mice. ELISA experiments with the obtained mice sera showed that

both IgG and IgM antibodies were generated, which specifically recognized each

individual carbohydrate antigen. Additional FACS analyses displayed that MCF-7

breast cancer cells were recognized by the sera. However, exclusively antibodies of

short lived IgM type recognized the tumor cells (Scheme 11.11).

Scheme 11.10 Methods to prepare glycosylated amino acid mimics: (a) through olefin cross-

metathesis and (b) through coupling with hydroxynorleucine to a trichloroacetimidate donor

glycan in the presence of a Lewis acid
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11.3.3 Synthesis of MUC1-Glycopeptides Conjugated to a Built-in
Immunostimulant and T-cell Epitope

Immunostimulants often have characteristic molecular patterns derived from

pathogens to which the immune system is commonly pre-exposed. An example

of a MUC1 glycopeptide vaccine conjugated to both an immunostimulant and

a T-cell epitope will here be described (Ingale et al. 2009; Ingale et al. 2006,

2007) The used stimulant, S-[(R)-2,3-dipalmitoyloxy-propyl]-N-palmitoyl-(R)-cysteine
(Pam3Cys) (Bessler et al. 1998) is a ligand of the Toll-like receptor 2. Through

interaction with the receptor, pro-inflammatory cytokines and chemokines are

produced, which stimulates the APCs that can process and present the immunogenic

Scheme 11.11 Synthesis of a unimolecular pentavalent vaccine
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epitopes contained in the vaccine to the T-cells. The lipopeptide Pam3Cys also

facilitates the formation of liposomes, which serves as efficient vaccine delivery

vehicles. As a TH-cell epitope, the peptide sequence 103-KLFAVWKITYKDT-115

derived from polio virus was included. The B-cell epitope consisted of a MUC1

decapeptide glycosylated with a GalNAc residue in the immunodominant domain.

The MUC1 glycopeptide was obtained by standard Fmoc solid-phase peptide

synthesis, and the single glycosylation was introduced using a TN-glycosylated

Fmoc amino acid building block as previously described. A cysteine peptide was

attached to the N-terminus prior to the release from the resin. The protective groups

of the glycan were removed using aqueous hydrazine, and the peptide 58 containing
the N-terminal cysteine was employed in a native chemical ligation (NCL) reaction

with the T-cell epitope peptide. Applying a safety-catch sulfonamide resin (Backes

et al. 1996) preloaded with a glycine, the T-cell epitope peptide 59 with an

acetamidomethyl (Acm) protected cysteine at the N-terminus and a S-benzyl
group at the C-terminus was obtained by general methods of peptide assembly.

After alkylation of the C-terminal acyl sulfonamide linker, cleavage with benzyl

mercaptan and sodium thiophenolate in THF yielded the peptide with protected side

chains. After purification, this peptide was treated with a TFA cleavage cocktail,

which removed the amino acid side chain protective groups and yielded 59. The
native chemical ligation was performed between the MUC1 peptide thiol 58 and

the T-cell epitope thioester 59 in a phosphate buffer (pH 7.5) in the presence of

tris-carboxyethyl phosphine and EDTA under ultrasonication. The ligation reaction

was initiated by addition of 2-mercaptoethane sulphonate and was completed after

2 h. After removal of the acetamidomethyl protective group from the primary

ligation product, peptide 60 was obtained in good yield. Subsequently, a second

liposome-mediated NCL was performed with the synthesized Pam3Cys peptide 61
having a S-benzyl group at the C-terminus, thus forming the three-component

vaccine 62 (Scheme 11.12).

The TN MUC1-polio103-115 Pam3Cys three-component vaccine 62 was

incorporated into phospholipid based liposomes and used for immunization of

mice. The antibody titers were detected by ELISA using microtiter plates coated

with the 11-mer MUC1 glycopeptide conjugated to BSA. A strong IgG immune

response was detected. These antibodies showed reactivity towards the MUC1

specific breast cancer tumor cell line (MCF-7) as was shown by FACS analysis.

Other examples of synthetic Pam3Cys conjugate vaccines are two component

vaccines containing the whole MUC1 tandem repeat peptide glycosylated with

TN-, T- or 2,6-sialyl-T-antigens (Kaiser et al. 2010). The unprotected MUC1-

glycopeptides having a triethylene glycol spacer with a free amino group at the

N-terminus (63–65) were prepared using Fmoc chemistry according to methods

described above. Vaccines were generated by fragment condensation between

the prepared Pam3Cys lipopeptide 66 and the MUC1 peptides 63–65 employing

HATU/HOAt activation in DMF to give construct 67–68. The T-antigen vaccine

68 was used for immunization of mice resulting in the induction of glycopeptide-

specific antibodies (Scheme 11.13).

272 U. Westerlind and H. Kunz



Scheme 11.12 Synthesis of Pam3Cys polio TN MUC1 three-component vaccine
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11.3.4 Synthesis of MUC1 Glycopeptide Dendrimer Vaccines

Employing multi-epitope presentation based on a dendrimer, as for example a

oligo-lysine core (Tam 1988), carrier-induced immune suppression, often occurring

during immunization with carrier protein vaccines, could be avoided. Vaccines

based on multiple antigen presentation could also be favourable for the uptake and

presentation of the antigen by antigen presenting cells. Synthesis of MUC1 and

MUC4 TN- and sialyl-TN-glycopeptide dendrimer vaccines were recently reported

(Becker et al. 2009; Keil et al. 2009). An example of a MUC1 sialyl-TN-glycopep-

tide dendrimer vaccine based on a di-lysyl-lysine core will here be given. The

vaccine was prepared either with or without an extra immunostimulating Tetanus

Toxoid T-cell peptide epitope (Keil et al. 2001). In order to separate the B- and

T-cell epitope and the di-lysyl-lysine core from each other a triethylene glycol spacer

amino acid was incorporated in between them. The sialyl-TN-MUC1-glycopeptide 70
and the Tetanus Toxoid T-cell epitope 71 with a triethylene glycol spacer at the

C-terminal end were prepared by Fmoc-solid-phase peptide synthesis. Starting with

aminomethyl-polystyrene resin (AMPS) functionalized with an allylic HYCRON

linker (Seitz and Kunz 1997) and a triethylene glycol spacer, the loading with

Fmoc-proline or Fmoc-valine amino acid and the assembly of the peptide backbone

were performed according to standard procedures. The MUC1 N-terminal amine

was then protected with an acetyl group, and the Tetanus Toxoid peptide amine

was protected with a benzyloxycarbonyl group. Palladium(0)-catalyzed cleavage

from allylic linker then gave the MUC1 glycopeptide 70 and the Tetanus Toxoid

Scheme 11.13 TN-, T- and Sialyl-T-MUC1 Pam3Cys two-component vaccines
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peptide 71 in overall yields of 36% and 42%, respectively (Keil et al. 2001)

(Scheme 11.14).

The di-lysyl-lysine core for multiple antigen presentation was prepared starting

with an amide coupling of di-benzyloxycarbonyl (Z) lysine to the lysine tert-
butylester 72. The formed Z-protected di-lysyl-lysine ester core 73 was

hydrogenated over palladium on carbon to give the deprotected amine core 74
in 96% yield (Scheme 11.14a). For construction of the dendrimers, fragment

condensation of sialyl-TN-glycopeptide 70 (8 eq) to the di-lysyl lysine core 74

Scheme 11.14 Synthesis of (a) sialyl-TN-MUC1-glycopeptide and (b) synthesis of Tetanus

Toxoid peptide
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Scheme 11.15 Synthesis of (a) di-lysyl-lysine dendrimer core, (i) Z-Lys(Z)-OH, TBTU,

HOBt, NMM, DMF, 20�C, 2 d, 36%; (ii) Pd/C (10%), H2, MeOH, 20�C, 2 h, 93%. (b) sialyl-
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was performed employing HATU/HOAt and N-methyl morpholine for activation

and resulted in the MUC1-glycopeptide dendrimer. Acidolytic removal of the

peptide side chain protecting groups and glycan deprotection by catalytic

hydogenation of the benzyl ester and careful deacetylation using catalytic sodium

methoxide in methanol generated the dendrimer vaccine 75 (Scheme 11.14b). In a

similar fashion a glycopeptide dendrimer vaccine also including a Tetanus Toxoid

T-cell epitope was prepared (Scheme 11.14c). Starting with a solid phase synthesis

of the Tetanus Toxoid peptide (8 eq) followed by N-deprotection of the di-

benzyloxycarbonyl group employing hydrogen over palladium on carbon, a frag-

ment condensation to the solid-phase-linked 76 was carried out. Coupling of the

carboxy-activated MUC1-glycopeptide (8 eq) and subsequent removal of the pep-

tide and glycan protecting groups gave the dendrimer vaccine 77. The prepared

synthetic dendrimer vaccines are currently under investigation in immunization

studies (Scheme 11.15).

Conclusions

During the recent years, a number of vaccines consisting of tumor-associated

MUC1-glycopeptides containing the TN-, T-, sialyl-TN- and sialyl-T-saccharide

antigens have been synthesized by their conjugation to various immunostimulants.

Immunological evaluation of these vaccines has shown that antibodies were

induced which are specific towards these tumor-associated glycopeptides and do

recognize the membrane glycoproteins on cancer cells. A number of these syn-

thetic vaccines showed promising effects, in particular the MUC1 Tetanus Toxoid

vaccines. Tetanus Toxoid-based vaccines have already been applied in humans,

and they generally induce very strong immune responses, which can override the

natural tolerance of the immune system. Furthermore, the antibodies induced by

the MUC1 Tetanus Toxoid vaccines are of the IgG type and specifically bind to

epithelial tumor cells, such as the MCF-7 and T47D breast cancer cells. These

properties make them promising candidates for the development of an active

immunization against cancer diseases.

�

Scheme 11.15 (continued) TN-MUC1-glycopeptide dendrimer, (i) HATU, HOAt, NMM, DMF,

20�C, 2 d, 65%; (ii) Pd/C (10%), H2, MeOH, 20�C, 3 h; (iii) CH2Cl2/TFA/thioanisole/ethanthiol

(10:10:1:1), 20�C, 4 h, 66%; (iii) NaOMe, MeOH, pH 8.5, 20�C, 18 h, prep. HPLC gave 30% pure

75 and 35% impure 75. (c) sialyl-TN-MUC1-T.Tox dendrimer vaccine, (i) HATU, HOAt, NMM,

DMF, 20�C, 2 d, 49%; (ii) Pd/C (10%), H2, MeOH, 20�C, 3 h; (iii) HATU, HOAt, NMM, DMF,

20�C, 2 d, 73%; (iv) Pd/C (10%), H2, MeOH, 20�C, 4 h; CH2Cl2/TFA/thioanisole/ethanthiol

(20:20:1:1), 20�C, 3 h, 23%, by-product 57%; (v) NaOMe, MeOH, pH 8.5, 20�C, 18 h, prep.

HPLC gave 77
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Glycan Microarray Analysis
of Tumor-Associated Antibodies 12
Ola Blixt, Irene Boos, and Ulla Mandel

12.1 Introduction

A change in glycosylation is a common feature of tumor cells and may affect

any type of glycoconjugate such as N-glycans and O-glycans on glycoproteins,

and oligosaccharides on glycolipids and glycosaminoglycans (Altmann 2007;

Hakomori 1985). These changes in glycan structures have marked influence on

many diverse biological functions of complex carbohydrates and contribute to the

malignant phenotype. Historically, changes in glycan structures on cancer cells

have also served as the first biomarkers of cancer from early studies of histo-blood

group antigens by immunohistochemistry (Hakomori 1984; Dabelsteen 1996;

Kannagi et al. 2001) to more advanced techniques applied today involving

mass spectrometry. Throughout the last 40+ years antibodies and, in particular,

monoclonal antibodies (mAb) have served as a prominent tool for defining glycan

changes in cancer, and a large number of antibodies to different carbohydrate

structures have been developed and the fine specificities characterized by a number

of different approaches (Heimburg-Molinaro and Rittenhouse-Olson 2009). In this

chapter we review representative monoclonal antibodies with cancer-associated

reactivity patterns and how their specificities can be analyzed by emerging microarray

technologies.

Arguably the most widely studied tumor carbohydrate antigens are those produced

by incomplete biosynthesis of mucin-type O-glycans (Springer 1984), and they

constitute a good example for how cancer-associated glycans emerge through altered

biosynthesis of glycosylation in cells (Fig. 12.1). At least the three tumor associated

antigens (TACA), Tn, T and STn differ from other epitopes in that they are
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immunogenic in the host and every individual has an appreciable amount of natural

antibodies to these epitopes (Kurtenkov et al. 2005)

Carbohydrates are immunogenic and many of the early studies of immunity

to cancer cells in animals resulted in antibodies with cancer-associated reactivity

that eventually were shown to be directed to distinct glycan epitopes. The first

and most prominent example being an antibody specific for a colon carcinoma

ganglio-oligosaccharide SLea (Koprowski et al. 1981; Magnani et al. 1982) and

many others followed this (for review see Kannagi and Hakomori 2001). Many

antibodies to carbohydrate structures are more difficult to develop because of the

T-cell-independent response to carbohydrates (Cunto-Amesty et al. 2001). This

can result in the production of low affinity IgM antibodies and difficulties with

screening technologies can cause selections of antibodies with low-affinity binding

sites because of the net avidity enhancement. Unfortunately, the low-affinity

binding site can also have a similar affinity for unwanted structures. However,

several IgG antibodies do exist.

Production of antibodies using cellular extracts can result in antibodies that

react with multiple related structures, and therefore the resultant bioassays have

sensitivity or specificity problems. Protein conjugates of saccharides for the pro-

duction of polyclonal and mAbs to carbohydrate structures can be used to solve

these problems. The development of the hybridoma technique by K€ohler and

Milstein (1975) allowed the production of specific mAbs, which could help to

identify specific proteins and glycoproteins for example in embryonic development,

and cell differentiation as well as oncogenesis and several other diseases. The

Example of tumor related carbohydrate determinants

O-linked Lewis Ganglio-

Blood
group

GaINAc

GaI

Neu5Ac

GlcNAc

Glc

Fuc

R

R

R

R

R

R

R

+/–+/–

+/–
+/–

+/– +/–

Su Su

Globo-

Fig. 12.1 Examples of tumor related carbohydrate epitopes. Abbreviations Su sulfate, R penulti-

mate glycans or lipid
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problem is that one need to isolate clones, grow them up and select them one by one

but also are limited by responses in mice (and later rats, guinea pigs and man).

A more recent technology is based on natural or random phage antibodies in phage

display assays which allows for large screening and cloning of antibody domains

(Nelson et al. 2010) which provides genes encoding recombinant antibodies against

antigens of interest. This approach was recently applied towards production of anti-

carbohydrate antibodies (Yuasa et al. 2010). It was also determined, that the use and

production of IgY, a chicken immunoglobulin, has some advantage over mamma-

lian IgG antibodies in immunodiagnostics. The IgY can be purified easy out of egg

yolk, so that blood or cell collection is not necessary but additional research is

required to make useful specific anti-carbohydrate-IgY comparable to hybridoma

produced mAb (Kaltgrad et al. 2007).

Monoclonal antibody preparations can be used as either culture supernatant

or ascites fluid. Further purification of immunoglobulins can be performed with

affinity chromatography, and Protein A- or Protein G-Sepharose is applied based on

the immunoglobulin binding ability of Protein A or Protein G respectively.

Established methods for mAb characterization are dot- and western-blotting, agglu-

tination tests, immunofluorescence as well as enzyme-linked immunosorbent

assays (ELISA) (Geng et al. 2005). Monoclonal antibodies to oligosaccharides

are particularly important in mapping the remarkably diverse cell-surface glycome

but there is also considerable heterogeneity of the carbohydrate specificity of these

antibodies to identify specific carbohydrate ligands involved in cell adhesion and

various recognition events (Kannagi et al. 2001). Determination of the reactivity of

the produced antibodies with related oligosaccharide structures is essential prior

to utilization.

12.2 Methods for Characterization of Fine Specificities
of Anti-Carbohydrate Antibodies

Characterization of anti-carbohydrate antibodies requires access to glycoconjugates

with a single epitope as shown with glycolipids (Young et al. 1981) or later with

neo-glycolipids produced from glycoproteins (Larkin et al. 1991). Initially libraries

of glycolipids were used for fine specificity analysis but limited by availability and

purity of carbohydrate antigens. Advances in the field of carbohydrate chemistry

(Seeberger 2008) and chemoenzymatic synthesis (Blixt and Razi 2006) in combi-

nation with new technologies for high-throughput screening (Alvarez and Blixt

2006), have enabled further characterization of the fine specificities of these

mAbs. Current methods for mAb binding to immobilized ligands are based on

sandwich assays with fluorescently labeled mAbs or fluorescently labeled anti-mAb

antibodies. Depending on methods used, significant differences in binding

specificities can be obtained due to molecular presentation of the carbohydrate

ligand (Rinaldi et al. 2009) as illustrated in Fig. 12.2. In addition, the glycan

microarray approach mostly presents haptens and although this may be sufficient

to map epitopes final confirmation with native glycoconjugates seems necessary.
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12.2.1 Printed Glycan Microarrays (PGA)

The glycan array technology offers a unique opportunity to display hundreds if not

thousands of defined glycan structures in minute amounts at high density for

probing fine specificities of mAbs or scarce serum antibodies in comparative

analysis. Over the past decade several different platforms have been established

containing respected numbers of glycan features (Rillahan and Paulson 2010). One

of the most advanced glycan microarray with >600 unique glycans is offered from

the Consortium for Functional Glycomics (CFG) and binding studies of animal and

plant lectins, antibodies, toxins, and pathogens, including viruses and bacteria have

been successfuly evaluated (Blixt et al. 2004). These printed glycan microarrays

are sensitive, robust, and require very small quantities of glycans and glycan

binding proteins (GBPs) which makes this technology also suitable for diagnostic

developments. An inherent problem with carbohydrate-protein interactions is their

often low affinity (mM–mM) due to fast-off rates resulting in reduced binding.

However, this can be in many cases overcome by creating multimeric complexes to

increase binding avidity (Blixt et al. 2004). Monoclonal antibodies have affinities that

are generally stronger even for carbohydrate ligands and the glycan microarray

performs relatively well in such binding studies as exemplified in sections below.

12.2.2 O-Glycopeptide Microarrays (O-GPM)

Much information on glycoprotein recognition has been derived by extrapolating

data from glycan microarrays, which present the glycans in isolation. However,

it does not fully account for the contributions from the larger glycoprotein environ-

ment that can have an important role in the specificity and recognition.

The complexity and heterogeneity of non-template driven nature of O-glycan
biosynthesis with the initiation step of the 20 distinct GalNAc transferases, together

with the aberrant alteration of the O-glycosylation mechanism in disease, the

formation of O-glycopeptide epitopes (O-PTMs) is large. In fact, development of

Fig. 12.2 Glycan-antibody interactions on surfaces
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anti-carbohydrate mAbs occur in most cases through immunization protocols where

the hapten is a conjugate of a non-natural protein or peptide carrier or attached to

its native protein which complicates the identification of the target as the antigen

can be found on numerous different peptide sequences and can be presented to the

host as clusters or as individual small epitopes. Therefore it is imperative to also

include libraries covering parts of the underlying peptide sequence that can have

a profound effect on mAb recognition. We recently reported a strategy to assemble

an O-glycopeptide microarray platform (Fig. 12.3) for screening and characteriza-

tion of GBPs and anti-carbohydrate antibodies as well as serum antibodies (Blixt

et al. 2010) and several examples are illustrated in the following sections.

12.3 Anti-Carbohydrate Tumor Antibody Specificities

One of the first anti-carbohydrate antibodies produced was the asialo-GM2 (Young

et al. 1979). Since then many additional mAbs to other glycan determinants

have been generated and their specificities are well established with different

biochemical assays (Kannagi et al. 2001). Along with the new glycan microarray

technology development in glycomics many of these mAbs are now being increas-

ingly re-evaluated to confirm their specificities but also to gain new insights into

potential cross-reactivities and/or fine subspecificities. In Table 12.1 we have

Fig. 12.3 Fabrication of O-glycopeptide microarrays. (a) Chemical synthesis with N-acetylation
capping steps. (b) On-slide enrichment of crude product via amine-reactive N-hydroxysuccinimide

microarray glass surface. (c) Microarray analysis with monoclonal antibodies followed by detec-

tion with fluorescent labeled secondary antibody
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Table 12.1 Tumor associated carbohydrate antigens defined by monoclonal antibodies

Antibody clone

name (isotype)

Tumor antigen (reference) Immunogen Reported cross-

reactivity by array

HBTn/5 F4 (IgM) Tn (Thurnher et al. 1993) AOSM Tn-cluster

1E3 (IgG2a) Tn (Mandel et al. 1991) AOSM Tn-cluster

5E5 (IgG1) Tn-MUC1 (Sorensen et al.

2006)

Tn-MUC1-

peptide

Tn-peptide

2D9 (IgG1) Tn- MUC1 (Tarp 2007) Tn-MUC1-

peptide

Tn-peptide

HBsTn/3F1

(IgG1)

STn (Clausen, unpublished) OSM STn-cluster

TKH2 (IgG1) STn (Kjeldsen et al. 1988) OSM STn-cluster

B72.3 (TAG72)

(IgG1)

STn (Nuti et al. 1982) Breast cancer STn-peptide

HH8 (IgM) T (Clausen et al. 1988) Galactosyl-A

glycolipid

R-Ta-R

JAA-F11 (IgG3) T- (Heimburg et al. 2006) T-BSA R-Ta-
3C9 (IgM) T (Clausen et al. 1988) Galactosyl-A

glycolipid

Ta-

KL-6 (IgG) ST- (Ohyabu et al. 2009) MUC1 ST-MUC1 peptide

1B2 (IgM) LacNAc (Young et al. 1981) Glycolipid Not tested

FH6 (IgM) SLex (Fukushi et al. 1985) Glycolipid Specific

KM93 (IgM) SLex (Shitara et al. 1987)

CalBiochem

Lung cancer Cross react Sialyl-

lacNAc

Ab1 (IgM) 6-Su-SiaLex (Hirakawa et al.

2010)

CHO cells Cross react with

Lec

NS-CA19-9

(IgG1)

SLea (Magnani et al. 1981)

DAKO

Colon cancer Specific

7E3 (IgM) SLea (Sawada et al. 2011)

MabVax Ther

SLea -KLH Specific

2D3 (IgM) SLea (Takada et al. 1991)

Seikagaku

Pure lipid Cross react

MC-480/SSEA-1

(IgM)

Lex (Kannagi et al. 1982) teratocarcinoma Specific

SH1 (IgG3) Lex (Singhal, Cancer Res,

1990)

Purified

glycolipid

Specific

7LE (IgG1) Lea (Rouger et al. 1987) Ovarian cyst

mucin

Cross react

2.25LE (IgG1) Leb (Rouger et al. 1987) Ovarian cyst

mucin

Lea

AH6 (IgM) LeY (Abe et al. 1983) MKN74

carcinoma cell

line

Cross react

9A (IgG3) Blood group A (AbCam) A431 carcinoma

cells

Non-type specific

HH6 (IgG3) PanA Blood group A

(Clausen, unpublished)

Blood group A

glycolipids

Non-type specific

(continued)

288 O. Blixt et al.



selected several commercially available anti-carbohydrate antibodies as well as

other published mAbs where data are publically available on the CFG database.

In the subsequent section we will highlight their reactivities while discussing the

different methods used for their characterization.

12.3.1 Anti-Tn-, STn-, T- and -Antibodies

The GalNAc-(Tn-) antigen was initially described as carbohydrate antigen on

erythrocytes (Dausset et al. 1959) or Tn-syndrome (Berger 1999). The extent to

which the peptide backbone and pattern of Tn displayed (i.e. single versus clustered

sites) has not been fully clarified for many anti Tn- and STn antibodies. One of the

first describing the importance of this was Yamashina with mAb MLS 102

(Kurosaka et al. 1988). Since then it has been believed that GalNAc-Ser/Thr is

involved in Tn-antigen but the exact epitope structure is unknown. It is well known

that the Tn-antigen is a tumor-associated antigen (Springer 1989) and the fact that

it is expressed in a variety of malignant disorders have opened up a new interest

for this antigen as a cancer-associated marker (Hakomori 1985). The Tn-antigen

shows some structural similarity to the A antigen, and blood type A individuals

have less antibody immune response against the Tn antigens (Hirohashi et al. 1985).

Specific expression of Tn-antigen on a surface of malignant cells enabled to develop

anti-cancer vaccine containing Tn (Springer 1997; Xu et al. 2004). Research on

passive administration of antibodies directed against carbohydrate antigens could

also have a potential effect in cancer therapy (Zhang et al. 1998).

Several anti-Tn mAbs have been developed with Tn-antigens on different carrier

molecules as immunogens. Despite a clear and defined structure of the carbohydrate

Table 12.1 (continued)

Antibody clone

name (isotype)

Tumor antigen (reference) Immunogen Reported cross-

reactivity by array

NaM87-1 F6

(IgG3)

Blood group A (Commercial

various)

Non-type specific

CLCP-19B (IgM) Blood group B (Commercial

various)

ASPC-1 Pan Ca

Cell Line

Unspec.

Z5H-2 (IgM) Blood group B (Commercial

various)

B human blood

protein

Non-type specific

Bric231 (IgG1) Blood group H (Commercial

various)

HEL cell line H-type-2 specific

17-206 (IgG3) Blood group H (Commercial

various)

SW-403 Col Ca

Cell Line

H-type-1 specific

BE2 (IgM) Blood group H (Young et al.

1981)

Glycolipid H-type-2 specific

ME361 GD2 (Thurin et al. 1986) Human

melanoma

GD2 specific

GMR7 GD2 (Ozawa et al. 1992)

Seikagaku

Glycolipid GD2 specific
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part of Tn-antigen, the real epitope structure was found to have a complex nature

(Li et al. 2010) and Tn-specific mAbs can recognize the Tn-antigen differently. A few

examples of anti Tn-antibodies with distinct specificity differences are illustrated

with the printed glycan array (PGA) (Sect. 12.2.1) and the glycopeptide microarray

(Sect. 12.2.2) above. Either of the tested Tn-mAbs HBTn/5 F4 (Thurnher et al. 1993),

1E3 (Mandel et al. 1991), were able to bind significantly to the PGA although binding

to other glycans have been reported for 1E3 on an alternative platform where glycans

were conjugated to BSA (Li et al. 2009). It has been noted that a certain density of the

Tn-epitope is needed for some Tn-mAbs to bind, whereas for others, it does not,

illustrating the widespread characterization problem of these Tn-specific mAbs. The

O-GPM array analysis of HBTn/5F4 and 1E3 is a representative example on how

both, density and peptide sequence, affect binding (Fig. 12.4). The immunogen for

HBTn/5F4 was AOSM and the mAb is commercially available for histochemistry

analysis (Dako Cytomation, Carpenteria, CA). As illustrated in Fig. 12.4, a selection

of Tn-glycopeptides from the MUC1 20mer tandem repeat covering all possible

combination of glycosylation sites (Blixt et al. 2010) revealed a rather complex

reactivity pattern of the HBTn/5F4 mAb. The mAb binds to both mono- and clustered

di-glycosylated Tn-epitopes, influenced by the underlying peptide sequence. Specifi-

cally the GSTAPP epitope ofMUC1a (Fig. 12.4) is preferred over other glycosylation

sites (compare compounds 1–5). Binding can either be increased with addition of

other distant sites (compound 9) or decreased (compound 14) but strongly increased

with clustered di-glycosylated sequences in the GSTAPP site (compounds 23, 46,

54–59). The monovalent reactivity can also be influenced by the penultimate amino

acids as illustrated in Fig. 12.5 for mAb HBTn/5F4.

The other Tn-hapten mAb, 1E3 (BM8) derived from immunization with AOSM

(Mandel et al. 1991) showed a more restricted preference for clustered Tn-

glycopeptides. Only di-glycosylated sequences were tolerated at the GSTAPP

sequence site on MUC1 (Fig. 12.4). Both the HBTn and 1E3 mAbs are also reactive

towards other Tn-peptides (not listed here) have also shown similar reactivities

towards clustered Tn-antigens (Nakada et al. 1993; Coltart et al. 2002; Kato et al.

2008). Recently two Tn-glycopeptide specific mAbs, 5E5 and 2D9, were identified

to be specific towards MUC1 expressing tumors (Sorensen et al. 2006) with

a distinct preference for mono- and bis-Tn-peptide specific sequences (Blixt et al.

2010; Kracun et al. 2010).

A structurally related tumor hapten is the sialylated Tn-hapten, aNeu5Ac
(2!6)aGalNAc(STn-) where several mAbs have been raised and evaluated in

clinical studies, in vitro diagnostics, in vivo diagnostics, and active immunotherapy

(Nuti et al. 1982; Kjeldsen et al. 1988). Because of its association with cancer, it has

been suggested that STn epitopes are actively involved in the cell adhesion and

metastatic spread of tumor cells to endothelial cell surfaces (Reddish et al. 1997).

The mAb TKH2 which was generated following immunization with ovine sub-

maxillary mucin (OSM), a well characterized mucin that displays clusters of STn

and Tn epitopes (Nuti et al. 1982; Kjeldsen et al. 1988) and the mAb, HBsTn/3F1,

demonstrate specific STn-binding to the PGA (Fig. 12.6) but with a preference

for clustered di-STn-glycosylated peptide sequences using STn-glycopeptides

(Reddish et al. 1997) (data not shown).
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Fig. 12.4 Binding of HBTn/5F4 and 1E3 mAbs to a Tn-glycopeptide microarray (O-GPM array)

detected with anti-mouse IgG-Cy3 labeled antibody. Glycopeptides (a 1–31, MUC1a-20mer

of TR, b 32–62, MUC1b 10mer overlap of MUC1a TR) with marked amino acids in red are

glycosylated with GalNAc
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The clustered reactivity might be due to the mucin glycoprotein specificity

of these monoclonal reagents because mucins typically present multiple tandems

of serine/threonine in the peptide core sequences. Interestingly, the related and

Fig. 12.5 Binding of HBTn/5F4 mAb to arrayed Tn-MUC1 analogs detected with anti-mouse

IgG-Cy3 labeled antibody. Marked amino acids in red are glycosylated with GalNAc and amino

acid marked in blue are mutations

Fig. 12.6 Printed glycan microarray (PGA) analysis of HbsTn/3F1 mAb on the CFG v3.2 (www.

functionalglycomics.org). Primary antibody was detected with anti-mouse-IgG-Cy3 labeled anti-

body. Symbols in figure: Neu5Ac; Neu5Gc; GalNAc
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commercially available B72.3 STn mAb (TAG72), raised against human, meta-

static mammary carcinoma cells (Nuti et al. 1982), did show a more selective

reactivity to the underlying peptide structure (Fig. 12.7a) as seen with the

Tn-reactive mAbs. Only clustered bis-STn-epitopes within the GSTAPP sequence

were able to bind to B72.3 mAb after on-chip glycosylation with hST6GalNAc

transferase (Blixt et al 2010) whereas mono-glycosylation either at serine or

threonine within the same site were inactive. In addition, altered or extended glyco-

forms of the GSTAPP site such as Core-1 and Core-3 structures were negative

(Fig. 12.7b) (Blixt et al. 2011).

Thomsen-Friedenreich antigen (TF- or T-antigen), or more precisely, the epitope

bGal(l!3)aGalNAc-attached to proteins by an O-serine or O-threonine linkage, is
expressed in many carcinomas, including those of the breast, colon, bladder, and

prostate. The T-antigen is important in adhesion and metastasis and therefore

a potential immunotherapy target. Several mAbs to the T-antigen have been

developed but many of these show cross-reactivities towards extended glycoforms

(Heimburg-Molinaro and Rittenhouse-Olson 2009) as well as specificity for both

anomeric forms of this disaccharide (TFa and TFb, including related structures on

glycolipids) (Dessureault et al. 1997; Karsten et al. 1995). Only a few anti T-antigen

mAbs have been evaluated on the PGA, the JAA-F11 (Heimburg et al. 2006), HH8

(Clausen et al. 1988) and 3C9 (Bohm et al. 1997). All three mAbs showed specific

binding to a-linked bGal(l!3)GalNAc-antigen and their extended glycoforms

except for 3C9 that also bound b-linked T-antigen and the Core-2 branched

glycoforms (Table 12.2). Both HH8 and 3C9 were derived from the same immuno-

gen, a galactosyl-A glycolipid antigen having the terminal structure, bGal(l!3)a
GalNAc(1!3)[aFuc(1!2)]bGal(l!R), which is the precursor for type 3 chain

A (repetitive A) and type 3 chain H (A-associated H). On the PGA only HH8 did

bind extended A oligosaccharides (Table 12.2, entries 13, 14) in agreement with

a previous report with de-sialylated erythrocytes of O- and B-type (Clausen et al.

1988). The 3C9 mAb did not show any binding to blood group related antigens.

Another tumor related mAb, KL-6, used for determination of sialylated MUC1

is strongly expressed on various carcinomas (Inagaki et al. 2009). Recently the

epitope was defined by a glycopeptide ELISA assay (Ohyabu et al. 2009) and con-

firmed by the O-GPM array to be a aNeuAc(2!3)T-PDTR-epitope on MUC1

(Blixt et al. 2011). Reactivity to the same epitope was previously described by

the mAb MY.1E12 (Takeuchi et al. 2002).

12.3.2 Anti-Lewis Antibodies

Cancer-associated glycans, SLea and SLex are well established tumor markers

and they were recently shown to appear after epigenetic silencing of some

glycan genes during early carcinogenesis (Kannagi et al. 2001). Detection

and appearance of tumor related Lewis antigens have been greatly facilitated

with panels of anti-Lewis mAbs many that are now commercially available and

frequently used in histology.
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Fig. 12.7 Binding of B72.3 (TAG72) mAb to an O-glycosylated MUC1-20mer microarrays

(Blixt et al. 2011). Primary antibody was detected with anti-mouse-IgG-Cy3 labeled antibody.

(a) Analysis to STn-MUC1a glycoforms. Glycopeptides (1–31, MUC1a-20mer with marked

amino acids in red are glycosylated with Neu5Ac(2-6)GalNAc. (b) Analysis to extended glyco-

forms of MUC1a and MUC1b. * ¼ R not included for Core3 glycoforms
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Two anti-sialyl Lewis X (SLex) mAbs, FH6 (Fukushi et al. 1985) and KM93

(Shitara et al. 1987), have been analyzed for their ability to bind to 16 human colon

carcinoma cells by flow cytometry. The binding profiles of these two anti-SLex

mAbs were different suggesting that they recognize different subtypes of SLex

carbohydrate epitopes (Nemoto et al. 1998). Detailed PGA analysis of these mAbs

showed different binding profiles (Table 12.3) where mAb KM93 demonstrated

broader reactivities towards non-fucosylated and sulfated SLex ligands whereas

mAb FH6 had a much stricter specificity towards the terminal SLex ligands.

Another anti-sulfo-SLex mAb, Ab1 (Hirakawa et al. 2010), showed specific reac-

tivity with sulfated Lewis structures, both fucosylated and non-fucosylated.

The isomeric sLea structure was discovered in patients with colon cancer and

pancreatic cancer more than 30 years ago. Several SLe-specific mAbs have been

used extensively for histochemistry and to aid in diagnosis of cancer. For example

the commercially available mAb NS-19-9 (Magnani et al. 1982) and 7E3 mAb

(MabVaxTher) are both directed to the SLea epitope and have been extensively

utilized for diagnosis of colon and pancreatic cancers (Sawada et al. 2011).

Analysis on the PGA showed strict specificities to the terminal SLea epitope present

on linear oligosaccharide chains (Table 12.3). Another related mAb, 2D3 (Takada

Table 12.2 Binding of anti-T-antigen mAbs to selectedO-glycans. The mAbs JAA-F11 and HH8

were analyzed as described (www.functionalglycomics.org) and mAbs 3 C9 was applied as cell

culture supernatant (1:4 dilution) and detected with anti-mouse-IgM-Cy3 labeled antibody. # Data

for 3 C9 is unpublished and not available at CFG database

List

no.

Glycan no.

CFG v3.2

Selected glycan structures for T-antigen

specific mAbs

mAb reactivity

(þbinding)

JAA HH8 3C9#

1 124 Galb1�3GalNAca�Sp8 þ þ þ
2 275 Galb1�3GalNAc�Sp14

3 125 Galb1�3GalNAcb�Sp8 þ
4 160 GlcNAcb1�3GalNAca�Sp8

5 121 Galb1�3(Neu5Aca2�6)GalNAca�Sp8 þ þ
6 122 Galb1�3(Neu5Acb2�6)GalNAca�Sp8 þ þ
7 58 Fuca1�2Galb1�3GalNAca-Sp8
8 120 Galb1�3(GlcNAcb1�6)GalNAca�Sp8 þ þ þ
9 119 Galb1�3(Galb1�4GlcNAcb1�6)

GalNAca�Sp8

þ þ þ

10 174 GlcNAcb1�6GalNAca�Sp8

11 201 Neu5Aca2�3Galb1�3GalNAca�Sp8

12 212 Neu5Aca2�3(Neu5Aca2�6)GalNAca�Sp8

13 376 Galb1–3GalNAca1–3(Fuca1–2)
Galb1–4GlcNAc–Sp14

þ not

tested

14 387 Fuca1–2Galb1–3GalNAca1–3(Fuca1–2)
Galb1–4GlcNAcb–Sp0

not

tested
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et al. 1991) (Seikagaku), binds to the SLea but cross-reacts to sulfated and

non-fucosylated analogs.

Monoclonal antibodies to the corresponding non-sialylated Lewis structures Lex

(Takada et al. 1991) and Lea are also available and have been evaluated on the PGA

(Rouger et al. 1987). Several mAbs have been raised to the stage-specific embry-

onic antigen SSEA-1 (Lex) such as the anti-SSEA1 (480) (Kannagi et al. 1982) and

SH1 mAb (Fukushi et al. 1984). Both mAbs react with Lex, but SSEA-1 also

showed additional binding to Ley structure (Table 12.3). The Ley antigen is also

frequently observed in gastric cancers and to some extent in normal tissues. The

mAb, AH6 developed by immunization with human gastric cancer cell line MKN74

(Abe et al. 1983), did react selectively to Ley antigens on the PGA. Some cross-

reactivity was seen to Lex structures.

12.3.3 Anti-Blood Group Antibodies

Cell-surface glycoconjugates often carry carbohydrate structures related to the

histo-blood-group (ABO) antigens, which are expressed in both normal and cancer-

ous tissues. Aberrant expression of the ABO-antigens in tumor development is

not clear but loss of antigen expression has been reported in carcinomas (Le Pendu

et al. 2001; Mandel et al. 1992; Hakomori 1978) as well as incompatible expression

(Breimer et al. 1987). A blood group A antibody 9A (AbCam) prepared by

immunizing with human vulval squamous carcinoma cell line A431, had on the

PGA terminal aGalNAc(1!3)Gal-antigen and type specific blood group A type-2

reactivity but not to type-1 or lactose chains (Table 12.4). A second general

A-specific mAb, HH6 (H. Clausen unpublished), recognizes terminal

A-tetrasaccharide epitopes (Table 12.4, entries 13–15) in a non-type specific

manner (Abe et al. 1984). Blood group B antibodies such as CLCP and Z5H2

(Table 12.1) showed a similar un-restricted group B reactivity (Table 12.4, entries

6–10). In contrast, evaluated H-type specific mAbs, BRIC231, 17–206 and BE2

showed much better type-specificities. BRIC231 accepted aFuc(1!2)type-2 and

aFuc(1!2)lactose structures whereas 17–206 and BE2 showed only aFuc(1!2)

type-1 and type-2 restricted reactivity respectively (Young et al. 1981).

12.3.4 Anti-Ganglio- and Globo-Oligosaccharide Antibodies

Anti-carbohydrate mAbs directed to ganglio-oligosaccharides are the best-studied

antibodies since methods for preparation, characterization and detection were

established earlier than for other glycoconjugates. A few of these mAbs have

been studied on the PGA. The GD2 ganglioside is an excellent target for active

specific immunotherapy due to its restricted distribution in normal tissues and

its high expression on tumors of neuroectodermal origin (Wondimu et al. 2008).

The mAbs ME36.1 (Thurin et al. 1986) and GMR7 (Ozawa et al. 1992) showed
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specific reactivity with the printed GD2 oligosacharide on the PGA (www.

functionalglycomics.org).

The Blood group�H glycolipid oligosaccharide Globo H is a hexasaccharide,

which is a member of a family of antigenic carbohydrates that are highly

expressed on various types of cancers and is also targeted by the mAb MBr1 in

immunohistochemistry studies (Canevari et al. 1983). Printed glycan microarray

data showed that the minimal binding epitope of globo-H was the terminal trisac-

charide epitope aFuc(1!2)bGal(1!3)a/bGalNAc- (Wang et al. 2008; Kaltgrad

et al. 2007) in agreement with Clausen et al. (1986). Attempts to produce anti-

carbohydrate IgY antibodies from chicken have proven to be an alternative path to

obtain relative specific polyclonal reactivities. A unique feature of IgY antibodies is

that they have a broader antigen-binding host range, due to the great evolutionary

distance between chickens and mammals. The IgY production process is also non-

invasive and accumulative from collecting eggs. One PGA example is the anti-

globo-H-IgY antibody that also showed reactivities to the terminal trisaccharide

structure as MBr1 (Kaltgrad et al. 2007) (Fig. 12.8).

12.3.5 Anti-Tumor Serum Antibodies

Very few reports in the literature describe human serum anti-glycan antibodies for

diagnostic purposes, despite of the fact that the occurrence of tumor-associated

carbohydrate antigens is reflected by altered glycosylation. A few anti-glycan

antibodies directed towards tumor-associated cell-surface carbohydrates have

been identified by glycan array technology (Huang et al. 2006; Lawrie et al.

2006). The anti-carbohydrate antibody repertoire in human sera is complex (Blixt

et al. 2004, 2009; von Gunten et al. 2009) and makes identification of a specific

response with biological significance problematic (Jacob et al. 2011).

Immune responses to peptides are more specific and via high-throughput screen-
ing methods, auto-antibodies to several tumor associated peptides have been iden-

tified (Tan et al. 2009). Recently, auto-antibodies to glyco-peptides (Fig. 12.9) were

found elevated in various cancer patients compared to healthy controls (Blixt

et al. 2011; Wandall et al. 2010). Altered O-glycosylation of proteins is a hallmark

in cancer but immunity to their combined glyco-peptide sequences constitutes

a relatively undiscovered set of biomarkers and further studies are warranted.

12.4 Perspectives

The microarray platform offers a major advance in detailed analysis of fine

specificities of antibodies to glycans and glycoconjugates. A limiting factor is

access to compound libraries, but combined use of chemical and enzymatic synthe-

sis have in recent years allowed production of increasingly complex structures and

international consortia such as CFG and EuroGlycoArray greatly facilitate access to

libraries and glycan arrays. It is clearly necessary to validate identified binding

12 Glycan Microarray Analysis of Tumor-Associated Antibodies 299



specificities with array analysis in more complex biological assays such as serum.

It is also important to include libraries covering parts of the underlying peptide

sequence that can have a profound effect on mAb recognition. We are now using
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Fig. 12.8 Binding of MBr1 mAb (a) and anti-globo-H-IgY pAb (b) to PGA v2.0 (Diagram

extracted and modified from Kaltgrad et al. (2007)
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glycopeptide arrays to further identify different binding specificities in polyclonal

sera of immunized mice prior to development of screening strategies for isolation of

valuable hybridoma mAbs. We foresee an increasing use of both the glycan

and glycopeptide microarray array technologies to determine fine-specificities of

GBPs and antibodies as well as for identification of new biomarker epitopes.
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A Novel Mannose 6-phosphate Specific
Antibody Fragment for Diagnosis
of Mucolipidosis type II and III

13

Sandra Pohl, Thomas Braulke, and Sven M€uller-Loennies

13.1 Introduction

Eukaryotic cells of animals have developed a specialized organelle for the degra-

dation and recycling of macromolecules, called the lysosome (De Duve 1963). The

breakdown of these macromolecules is carried out by more than 60 acid hydrolases

such as proteases, nucleases, glycosidases, phosphatases, lipases etc. (Luzio et al.

2007). Newly synthesized lysosomal hydrolases are equipped with mannose

6-phosphate (Man6P) residues on high-mannose type N-glycans. This marker is

generated in the Golgi apparatus in a two-step enzymatic process in which first

a N-acetylglucosamine 1-phosphate (GlcNAc1P) residue is transferred to a terminal

mannose (Man) residue. In a second step the enzymatic hydrolysis of the GlcNAc

uncovers the Man6P residue. Man6P functions as recognition marker for specific

receptors required for lysosomal targeting of acid hydrolases. Importantly, from

a medical point of view, also extracellular Man6P-containing proteins can be

internalized and transported to the lysosomes via Man6P-receptors which are

located also at the plasma membrane (Kornfeld and Mellman 1989; Braulke and

Bonifacino 2009). Whereas the majority of the over 50 known lysosomal storage

disorders are caused by inherited defects of single lysosomal enzymes or lysosomal

membrane proteins, the failure to generate Man6P leads to a deficiency of multiple

enzymes resulting in mucolipidosis (ML) type II and type III (Futerman and

van Meer 2004).
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The diagnosis of MLII and III is only carried out in a few specialized

laboratories throughout the world and is based on the biochemical and genetic

analysis of biomaterial isolated from patients. Diagnosis of MLII and III would

greatly benefit from the development of confirmatory assays easier to perform also

in routine analytic laboratories on suspicious patients. For this purpose the specific

detection of Man6P in glycoproteins by an antibody would be ideal.

This application in mind, we have immunized a rabbit with a neoglycoconjugate

of a mixture of oligosaccharides from yeast containing Man6P residues and bovine

serum albumin (BSA) known to induce a polyclonal anti-Man6P response (Braulke

et al. 1987; Braulke et al. 1988). The antigen binding domain of an antibody can be

expressed in Escherichia coli as a single-chain antibody fragment (scFv) in which

the VH and VL domains of the antibody are joined by a flexible polypeptide linker

(Bird et al. 1988; Huston et al. 1988) and genetically fused to surface proteins of,

e.g., filamentous phage. The surface display then allows selection and amplifi-

cation, a technique called “Phage Display” [for further information see (Barbas

et al. 2001)]. Since the generation of monoclonal antibodies (mAb) from rabbits is

far from being routine due to the lack of appropriate fusion cell lines, we have

referred to phage display technology to generate a scFv specifically binding to

Man6P (M€uller-Loennies et al. 2010).
In this review we describe the genetic and biochemical background of

mucolipidoses and the development of a novel antibody scFv (scFv M6P-1) for the

• Easy diagnosis of MLII and III by western blots.

• Selective purification of recombinant high-affinity uptake forms of lysosomal

enzymes on an affinity matrix.

• Immunohistological staining of lysosomes.

Furthermore, scFv M6P-1 can be applied to the quantitation of Man6P in

glycoproteins, the isolation of the Man6P-proteome of cells and organs and has

aided in the investigation of alternative protein trafficking pathways to the

lysosome.

13.1.1 Generation of the Man6P Recognition Marker

Soluble lysosomal enzymes and secretory proteins are synthesized in the endoplasmic

reticulum (ER). The N-terminal signal sequence directs their translocation into the

ER lumen and is subsequently cleaved off by the signal peptidase. For N-glycosy-
lation a preformed oligosaccharide core composed of three glucoses (Glc), nine

Man and two GlcNAc, (Glc3Man9GlcNAc2) is transferred to selected asparagine

residues on the nascent protein prior to protein folding [Fig. 13.1, (Rothman et al.

1978; Ruddock and Molinari 2006)]. The transferred core oligosaccharides are then

subject to ‘trimming’ reactions initiated by glucosidase I in the ER before comple-

tion of translation (Kornfeld and Kornfeld 1985). The two other glucose residues

are subsequently hydrolyzed by glucosidase II in the ER. The monoglucosylated

core glycan intermediate is recognized by the lectins calnexin and calreticulin

which function as molecular chaperones until the protein is properly folded
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(Parodi 2000). The removal of the third glucose residue releases the folded glyco-

protein from the chaperones and allows the attack of a-mannosidase I for further

trimming reactions in the ER resulting in the formation of octamannosyl high-

mannose type chains.

An important modification of N-glycans on lysosomal enzymes is the for-

mation of Man6P residues distinguishing these glycoproteins from other classes

of newly synthesized glycoproteins. Two enzymes catalyze the generation of

Man6P residues: UDP-N-acetylglucosamine (UDP-GlcNAc):lysosomal enzyme

N-acetylglucosamine-1-phosphotransferase (GlcNAc-1-phosphotransferase; EC

2.7.8.17) and the N-acetylglucosamine-1-phosphodiester a-N-acetylglucosa-
minidase (‘uncovering enzyme’, UCE; EC 3.1.4.45).

The initial transfer of GlcNAc1P from UDP-GlcNAc to selected C6 hydroxyl

groups of mannoses occurs in a cis-Golgi compartment that results in a phosphodiester

intermediate. The hydrolysis of the covering GlcNAc residue from the phosphodiester

Fig. 13.1 Schematic drawing of the enzymatic formation of Man6P residues on N-glycans of
lysosomal proteins. The generation of these residues is catalyzed in a two-step reaction initiated

by the transfer of UDP-GlcNAc to selected C6 hydroxyl groups of mannoses in a cis-Golgi
compartment by UDP-N-acetylglucosamine (UDP-GlcNAc):lysosomal enzyme N-acetylglu-
cosamine-1-phosphotransferase (GNPT, GlcNAc-1-phosphotransferase; EC 2.7.8.17) followed

by hydrolysis of the GlcNAc residue in the trans-Golgi apparatus by the N-acetylglucosamine-

1-phosphodiester a-N-acetylglucosaminidase (UCE, ‘uncovering enzyme’; EC 3.1.4.45). Some

of the N-glycan chains are equipped with a second phosphodiester group. Phosphorylation of

mannose residues in the a(1!6)-branch occurs before the trimming of mannoses in the a(1!3)-

branch by a-mannosidase I. Therefore, phosphorylated glycans may contain 5–7 mannose residues.

Depending on the lysosomal enzyme and the cell type, certain oligosaccharides are converted into

hybrid or complex type sugar chains (not shown). Therefore, monophosphorylated oligosaccharides

are also found in the a(1!6)-branch of hybrid-type oligosaccharides. The subcellular compartments

in which the reactions take place are indicated as boxes
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by the UCE in the trans-Golgi apparatus exposes the Man6P marker (Fig. 13.1).

Within the Golgi apparatus, some of the monophosphorylated oligosaccharide

chains are equipped with a second phosphodiester group. Phosphorylation of

mannose residues in the a(1!6)-branch occurs before the trimming of mannoses

in the a(1!3)-branch by a-mannosidase I, resulting in high-mannose type

oligosaccharides containing 5–7 mannose residues (Fig. 13.1). Depending on the

lysosomal enzyme and the cell type, different numbers of oligosaccharides can be

converted into hybrid or complex type sugar chains by the transfer of GlcNAc,

galactose (Gal), fucose (Fuc), or N-acetylneuraminic acid (Neu5Ac) residues.

Therefore, monophosphorylated oligosaccharides are also found in the a(1!6)-

branch of hybrid-type oligosaccharides (Varki and Kornfeld 1983; Goldberg and

Kornfeld 1983; Lazzarino and Gabel 1989).

13.1.2 Mucolipidosis Type II and III

The GlcNAc-1-phosphotransferase complex is composed of three subunits (a2b2g2)
that are encoded by two genes, GNPTAB and GNPTG (Kollmann et al. 2010).

The GlcNAc-1-phosphotransferase activity is lacking or reduced in two distinct

autosomal recessive human diseases impairing lysosomal enzyme trafficking and

lysosomal function, mucolipidosis (ML) II and MLIII, respectively. Although rare

diseases, they have been the subject of extensive studies in the last 40 years since

their first description. These studies were crucial for the discovery of the Man6P-
dependent lysosomal enzyme trafficking pathway [reviewed in (Kornfeld and Sly

2001; Kollmann et al. 2010)].

Patients diagnosed with MLII alpha/beta or MLIII alpha/beta (formerly known

as I-cell disease or MLII and MLIIIA, respectively) are either homozygotes

or compound heterozygotes for mutations in the GNPTAB gene localized on

chromosome 12q23.3 (Kudo et al. 2005; Tiede et al. 2005b). The MLIII gamma

patients (formerly known as pseudo-Hurler polydystrophy or MLIIIC) are

homozygotes or compound heterozygotes for mutations in the GNPTG gene

localized on chromosome 16p13.3 (Raas-Rothschild et al. 2000). The revised

nomenclature of mucolipidoses is based on the clinical phenotype and the dis-

ease-causing gene defect and is important for clinicians and patients, as GNPTG
mutations cause a milder phenotype and have better prognosis than do GNPTAB
mutations (Cathey et al. 2008). Until now approximately 100 mutations in the

GNPTAB gene have been described whereas 20 different mutations were reported

in the GNPTG gene of MLIII gamma patients (Kollmann et al. 2010).

Clinical symptoms of MLII patients are characterized by dwarfism, skeletal

abnormalities, facial dysmorphism, stiff skin, delayed development, mental retar-

dation and cardiomegaly leading to death between 5 and 8 years of age. In MLIII

gamma patients a later onset of clinical symptoms and a more slowly progressive

course is observed allowing survival into the 8th decade. Because of progressive

stiffness of hands and shoulders and musculoskeletal changes, MLIII gamma is
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often misdiagnosed for a rheumatological disorder (Kelly et al. 1975; Spranger

et al. 2002; Cathey et al. 2008).

13.1.3 Current Diagnostic Analysis of MLII and MLIII

The clinical diagnosis of MLII or III can be confirmed by biochemical

analyses. The loss or reduced capability to generate Man6P leads to a massive

secretion of the lysosomal enzymes into the extracellular milieu and the circulation,

and an intracellular deficiency of multiple lysosomal enzymes (Kornfeld and Sly

2001). The intracellular deficiency of lysosomal enzymes causes subsequently an

accumulation of undegraded material in lysosomes, which is visible by light

microscopy as phase-dense inclusion bodies in fibroblasts of affected patients

(Leroy and Demars 1967). The activity of several lysosomal enzymes (e. g. b-
hexosaminidase, b-glucuronidase, b-galactosidase, a-mannosidase and arylsulfatase

A) can be measured in serum, or media and cell extracts of cultured fibroblasts from

clinically diagnosed MLII and MLIII patients. In comparison to cells of healthy

individuals the activities of lysosomal enzymes are reduced in patient cells but

increased in serum and conditioned cell media demonstrating the missorting of

lysosomal enzymes (Kornfeld and Sly 2001). During the transport along the

biosynthetic pathway in healthy cells many inactive lysosomal precursors undergo

proteolytic processing steps leading to mature, active enzymes. The modifications

of lysosomal enzymes are dependent on the pH and the intracellular compartment

and can be used as an indicator for proper sorting processes (Hasilik and Neufeld

1980). Radioactive pulse-chase experiments in fibroblasts of diagnosed MLII or

MLIII patients followed by immunoprecipitation of certain lysosomal enzymes is

useful to demonstrate the missorting of lysosomal enzymes (Tiede et al. 2005a;

Pohl et al. 2010b). The direct measurement of the GlcNAc-1-phosphotransferase

activity in fibroblasts requires the synthesis and purification of metabolically

labelled [32P]UDP-GlcNAc (Reitman and Kornfeld 1981). Both methods are cum-

bersome and therefore cannot be routinely used for diagnosis.

Despite the major progress made during the last decade allowing the identifica-

tion of the molecular defects in MLII and MLIII by direct sequencing of GNPTAB
and GNPTG, these methods are laborious and expensive, and intronic mutations are

not always detectable. Therefore, a rapid, convenient and sensitive method would

greatly facilitate the diagnosis of MLII and MLIII.

13.2 Generation and Characterization of scFv M6P-1

13.2.1 Immunization and Selection

Upon mild hydrolysis of Pichia (Hansenula) holstii NRRLY-2448 yeast mannan

oligosaccharides can be obtained which contain Man6P. The structural analysis

revealed that the hydrolysate consists of a mixture of oligosaccharides (Fig. 13.2)
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and the majority are pentasaccharides (Bretthauer et al. 1973; Parolis et al. 1996;

Parolis et al. 1998). Therefore, this preparation is referred to as pentamannose

6-phosphate (PMP). As opposed to N-glycans, in which the terminal phosphorylated

mannose residues are connected aMan(1!2)aMan, the PMP contains terminal

a(1!3)-linked mannoses in which only the reducing end is formed in an a(1!2)-

linkage [Fig. 13.2, (Fischer et al. 1980; Parolis et al. 1996; Parolis et al. 1998)].

The conjugation of PMP to BSA and immunization with this conjugate induces

a polyclonal antibody response in rabbits which binds Man6P also in glycoproteins

[PMP-BSA, (Braulke et al. 1987)]. The basis for this observation is an apparent

structural similarity of a(1!2)- and a(1!3)-linked Man2 leading to a cross-reaction

with antibodies.

For the generation of a Man6P-specific scFv from an immunized rabbit, a library

of scFv was assembled by standard genetic procedures (Barbas et al. 2001). This

was achieved by taking bone marrow from both legs and spleen, extraction of total

RNA, reverse transcription into cDNA and PCR amplification of genes coding for

the variable domains of antibody heavy (VH) and light (VL) chains. The amplified

genes were then assembled into full length scFv by PCR overlap extension and

ligated into the phagemid vector pComb3XSS (Barbas et al. 2001). Transformation

of E. coli yielded 5.7 � 106 transformants and after induction of phage-production

Fig. 13.2 Chemical structures of Man6P-containing oligosaccharides from Pichia (Hansenula)
holstii (Bretthauer et al. 1973; Parolis et al. 1998; Ferro et al. 2002)
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by superinfection with M13KO7 helper phage, 1012 phages were obtained for the

selection. The selection and enrichment of phage bound scFv (“panning”) specific

for Man6P was performed on PMP-BSA immobilized on ELISA plates. The

selection of carbohydrate antibodies by phage display is difficult to achieve due

to often low avidities. Because the conditions to achieve optimum binding were

unknown, we have varied the amounts of immobilized PMP-BSA (3–100 pmol/well)

used for panning. The outcome of each panning round was analyzed by phage-

ELISA and successful enrichment was only seen at 50 pmol immobilized antigen

after five rounds of panning. Some binding was also seen after three rounds, which

was, however, not specific for Man6P.

13.2.2 Expression and Biochemical Characterization

For purification by immobilized metal ion affinity chromatography (IMAC) and

detection 5xHis-tag and a c-myc were attached to the C-terminus of the scFv M6P-1

protein sequence, respectively. Expression in E. coli following the protocol of

MacKenzie and To (1998) yielded soluble protein, which was extracted from the

periplasm by treatment of harvested cells with the polycationic membrane active

peptide Polymyxin B (0.1 mg/ml final conc. in ice cold buffer). The soluble protein

could be collected from the supernatants of three extractions by IMAC. Separation

of monomers from oligomeric scFv was achieved by gel filtration (Fig. 13.3).

The cDNA sequence analysis revealed an unpaired cysteine at the beginning of

complementarity determining region (CDR) 2 VH (Fig. 13.4) which is also present

in the germline sequence IGHV1S40*01 (Giudicelli et al. 2006). The substitution of

this residue by serine (scFv M6P-1S) or alanine improved expression levels in E. coli
three- to four-fold and increased the protein stability whereas the affinity towards

Man6P was not affected (Fig. 13.5). After purification to homogeneity and lyophili-

zation in phosphate buffered saline (PBS) pH 7.2 containing 1% PEG 8,000, 5 mM

EDTA and 250 mM trehalose (Carpenter et al. 1993; Draber et al. 1995) the protein

was stable for over a year without loss of activity.

13.2.3 Analysis of Binding by ELISA

To achieve comparable results in ELISA and ELISA inhibition studies using scFv,

in general, freshly prepared solutions of purified mono- or dimer scFv should be

used to avoid influences from avidity effects. Although scFv contain only a single

antigen binding site, they are prone to form fully functional oligomers (Dolezal

et al. 2000) and the ratio at equilibrium depends on the affinity between the VL and

VH interfaces and the length of the linker (Glockshuber et al. 1990).

13.2.3.1 ELISA with Soluble scFv M6P-1
For ELISA, the outcome of the experiment largely depends on the amount of

immobilized antigen and the concentration of the primary antibody. Due to the
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monovalent nature of scFv and the often low affinities of anti-carbohydrate

antibodies, the ELISA is even more affected by these factors. Thus, when using

neoglycoconjugates made with isolated oligosaccharides a high ligand to protein

Fig. 13.3 Gelfiltration on

Superdex HR75 (GE Health-

care; 30 cm � 1.5 cm in PBS,

pH 7.2, 0.5 ml/min) of recom-

binantly expressed scFvM6P-

1S after purifica-tion by

affinity chromatography. Two

major and one minor fraction

can be separated consisting of

monomeric (1), dimeric (2)

and oligomeric (3) scFv. All

fractions are able to bind

the antigen

Fig. 13.4 Primary structure of the scFv M6P-1 deduced from its cDNA sequence. The CDR of

heavy and light chains are indicated and alignment to its germline precursor assigned according to

Giudicelli (2006)
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ratio would be desirable. However, neoglycoconjugates with a high ligand to

protein ratio not always give the best results in ELISA binding assays when native

BSA is used (own observation). It may thus be advantageous to use denatured and

reduced BSA for the generation of neoglycoconjugates (Houen and Jensen 1995)

for this purpose.

In any case, to determine the ligand concentration suitable for ELISA the

binding reactivity should be tested in an ELISA checkerboard titration in which

binding at different scFv starting concentrations is measured against varying

concentrations of immobilized ligand. For ELISA using scFv M6P-1 (Fig. 13.5)

we have used PMP-BSA (molar ratio of PMP:BSA of 20:1) containing 3–100 pmol

of ligand with 45 pmol giving the best result when purified scFv was added at

a starting concentration of 5 mg/ml. Bound scFv was detected by incubation with the

anti-c-myc mAb 9E10 (gift from Dr. C. R. MacKenzie, NRC, Ottawa, Canada),

a HRP-conjugated goat-anti-mouse IgG H + L (Dianova, Hamburg, Germany) and

diammonium 2,20-azino-bis(3-ethylbenzothiazoline-6-sulfonate (AzBTS-(NH4)2,
Sigma-Aldrich) as substrate.

13.2.3.2 ELISA Inhibition
Inhibition of binding in ELISA is performed conveniently by first titrating the

inhibitor in buffer in a separate non-treated polystyrene plate (e.g., Nunc V96

MicroWell) starting in the first row at double concentration of the highest inhibitory

concentration to be tested in a volume of, e.g., 30 ml. The same volume of antibody

is then added at a constant concentration which yields an OD within the linear range

Fig. 13.5 ELISA binding assay of recombinant scFv M6P-1 (broken line, triangle down) and
scFv M6P-1S (solid line, triangle up) against immobilized PMP-BSA (45 pmol/cup). The scFv

starting concentration was 0.18 mM (5 mg/ml)
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of the colour reaction and which is sufficiently strong to allow sampling of the

inhibition (OD 1.0–2.0). For best results quadruplicate measurements at each

inhibitor concentration should be performed and titrations starting at a concentra-

tion sufficiently high to achieve complete inhibition over a few titrations and ending

with several dilute concentrations of inhibitor at which no inhibition is seen. After

preincubation (1 h, 37�C) 50 ml are then transferred to a plate coated with ligand

and developed like a regular ELISA. The ELISA inhibition data should then be

analyzed by plotting the OD versus the inhibitor concentration and applying an

error-weighted non-linear logistic fitting function as implemented in statistical

analysis software.

For ELISA inhibition with scFv M6P-1 (Fig. 13.6) we have used 0.6 mg/ml final

concentration of scFv and inhibitor concentrations ranging from 0.01 to 100 mM.

Binding was measured against 45 pmol PMP-BSA/well. The amount of bound

antibody was then determined as for normal ELISA. Using one plate per inhibitor,

data points can be measured in quadruplicates over 22 concentrations spanning six

orders of magnitude which is sufficient to sample the whole inhibition curve and

determine the concentration yielding 50% inhibition (IC50) by fitting to a logistic

function. Such an analysis for scFv M6P-1 is shown in Fig. 13.6 showing the strong

Fig. 13.6 ELISA inhibition data using scFv M6P-1 as primary antibody, PMP-BSA as

immobilized antigen and Man6P, Glc6P, Fru1P, Man, and Glc as inhibitors (a) at the indicated

concentrations. Experimental details are described in M€uller-Loennies et al. (2010). Structural
comparison of Man6P and Fru1P (b). Fig. (a) fromM€uller-Loennies et al. (2010), with permission
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inhibition by Man6P and fructose 1-phosphate (Fru1P) and no inhibition by Man,

Glc and Glc6P.
The observed cross-reaction of Man6P and Fru1P can be explained by the

structural similarity due to the same relative orientation of hydroxyl groups at

C2-C3-C4, and C3-C4-C5, respectively, with a similar position of the phosphate.

Thus, the discrimination between Glc6P and Man6P is likely due to an unfavou-

rable equatorial position of the C2 OH for binding.

13.2.4 Analysis of Binding by ITC-Microcalorimetry

The comparison of ELISA IC50 values allows the ranking of different ligands

according to their relative affinities; however, the absolute affinities in terms of

Kd cannot be obtained. Therefore we have performed isothermal titration microcal-

orimetry (ITC) measurements. Using 10 mM of Man6P or Fru1P as ligands and

purified dimeric scFv M6P-1 (11 mg/ml in 100 mM PBS, pH 7.2 containing

150 mM NaCl) we have performed ITC experiments using an ITC200 calorimeter

(Microcal Inc., Northampton, MA, USA). As an example, the measurement of scFv

M6P-1S against Fru1P is shown in Fig. 13.7. For this experiment the measurement

cell of the calorimeter was filled with the antibody solution and the ligand loaded

into the injection syringe from where it was injected into the cell in 2 ml portions.
Twenty injections were performed with 3 min equilibration times between

injections and the evolved heat measured with the first injection not considered

for data analysis. The heat of dilution was measured for the same number of buffer

injections which was subtracted from the sample data. The Kd values of Man6P and

Fru1P were 30 mM for the germline derived scFv sequence (M€uller-Loennies et al.
2010) and for the VH Cys/Ser mutant (Fig. 13.7).

13.2.5 Western Blot and Immunoprecipitation

Western blot analysis against the purified lysosomal enzyme arylsulfatase B (kindly

provided by M. Vellard, Biomarin, Navato, USA) immobilized on a nitrocellulose

membrane at concentrations ranging from 1 to 10 ng revealed that scFv M6P-1 can

be used for the detection of lysosomal enzymes with a detection limit of a few ng,

depending on the degree of phosphorylation (Fig. 13.8). For comparison the PMP-

BSA glycoconjugate used for the immunization and in ELISA binding assays is

shown. This is of particular importance for the commercial production of recombi-

nant proteins for enzyme replacement therapy (ERT) of lysosomal storage diseases.

By Western blot analysis the expression levels of bioactive enzyme which contains

the essential Man6P modification can be assessed easily, allowing the selection of

clones producing high levels of recombinant protein and therefore leading to

a considerable reduction of production costs. A comparison of methods for the

quantitative analysis of Man6P in glycoproteins revealed that the degree of phos-

phorylation maybe underestimated in Western blots (Schr€oder et al. 2010), possibly
due to steric hindrance.
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Fig. 13.7 Isothermal titration microcalorimetry (ITC) measurement using scFv M6P-1 in the cell

and Fru1P as ligand in the injection syringe. The measurement was performed in 100 mM

phosphate buffered saline (150 mM NaCl) at pH 7.2. The cell was filled with the antibody solution

(11 mg/ml ¼ 0.4 mM) and the ligand (6 mM) loaded into the injection syringe from where it was

injected into the cell in 2 ml portions. Twenty injections were performed with 3 min equilibration

times between injections and the evolved heat measured with the first injection not considered for

data analysis. The data were then subjected to non-linear least squares curve fitting (1 set of

binding sites) using MicroCal Origin v. 7.0 analysis software

Fig. 13.8 Sensitive detection of Man6P-modified lysosomal enzymes. Recombinant lysosomal

enzymes arylsulfatase A (ASA), arylsulfatase A (ASB) and a glycoconjugate of pentamannose-6-

phosphate and BSA (PMP-BSA) (1 and 10 ng) were separated by SDS-PAGE, blotted onto

nitrocellulose and analysed by scFv M6P-1 Western blotting. The positions of the molecular

mass marker proteins in kDa are indicated. ASB was kindly provided by M. Vellard, Biomarin,

Nevato, CA
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As a first step towards the generation of an affinity support for large scale

chromatography we have first tested whether it would be possible, in principle,

to couple the scFvM6P-1 to beadswithout its inactivation. ScFvM6P-1 coupled beads

allowed the subsequent immunoprecipitation of Man6P-containing glycoproteins

from conditioned cell culture media. When a solution (0.5 ml) of iodinated

arylsulfatase A (ASA) was incubated for 10 h at 4�C with 50 ml of scFv M6P-1S-

conjugated Affi-gel 10 beads (BioRad), the ASA could be precipitated with the beads

shown by SDS-PAGE and subsequent visualization by autoradiography (Fig. 13.9).

Addition of 5 mM Man6P to the reaction abrogated the binding indicating that the

reaction was Man6P specific. Evaluation of the intensity of the [125I]-labelled poly-

peptide bands by densitometry or, alternatively, after excision from the dried gel and

g-counting revealed that 18% of the input was precipitated.

Similar results were obtained when conditioned serum-free media from BHK

cells which stably overexpressed human ASA (hASA) or transiently expressed

mouse cathepsin D (mCtsD) were used (M€uller-Loennies et al. 2010). After mixing

aliquots of media (0.25 ml, 1:1 ratio) with medium from non-transfected cells or

from the other overexpressing cell line, a Man6P-dependent precipitation with

50 ml of scFv M6P-1 coupled beads could be shown by Western blotting using

anti-hASA and anti-mCtsD polyclonal antibodies (Fig. 13.10).

13.2.6 Immunofluorescence Microscopy
and Immunohistochemistry

The scFv M6P-1 antibody can be used as lysosomal marker colocalizing with

lysosomal enzymes such as cathepsin D as showed by double immunofluorescence

microscopy (Fig. 13.11a). In cerebellar sections of mouse brain cells Man6P-
containg proteins are detectable by immunohistochemistry (Fig. 13.11b). The

stainings were performed in COS7 cells derived from kidney cells of the African

green monkey and mouse tissue demonstrating the species-independence of the

antibody.

Fig. 13.9 Man6P-dependent precipitation of [125I]-labelled ASA after incubation with scFv

M6P-1-coupled beads in the absence (100%) or presence of the inhibitors Man6P, PMP-BSA

and arylsulfatase A (ASA). Bound material was eluted, separated by SDS-P AGE, and visualized

by autoradiography
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13.2.7 Diagnostic Application of scFv M6P-1

The high specificity of the scFv M6P-1 antibody for Man6P and its ability to

recognize these residues on lysosomal enzymes allows its diagnostic application.

In MLII and MLIII patients the activity of the GlcNAc-1-phosphotransferase is

absent or reduced by mutations in GNPTAB or GNPTG, respectively. The antibody
scFv M6P-1 permits the indirect determination of GlcNAc-1-phosphotransferase

activity by western blotting. In detail, cultured fibroblasts obtained from controls

and patients clinically diagnosed forMLIII were lysed and cell extracts were separated

by SDS-PAGE followed by Western blot analysis. Several Man6P-containing

Fig. 13.10 Precipitation of Man6P-containing lysosomal enzymes. Purification of Man6P-
containing lysosomal enzymes from media of overexpressing cells. Serum-free media from

BHK cells stably overexpressing human ASA or transiently expressing mouse cathepsin D

(mCtsD) were conditioned for 24 h. Aliquots of the media (0.25 ml) were either mixed with

0.25 ml of the other overexpressing cell line or of non-transfected cells and incubated with 50 ml of
scFv M6P-1–coupled beads in the presence or absence of Man6P (5 mM) for 10 h at 4�C. Then the
samples were centrifuged and the supernatant removed. The proteins bound to the scFv M6P-1–

coupled beads were solubilized and analyzed by Western blotting using anti-ASA and anti-mCtsD

polyclonal antibodies (From M€uller-Loennies (2010))

Fig. 13.11 For double immunofluorescence microscopy COS7 cells were fixed, permeabilized

and incubated with myc-tagged scFvM6P-1 and the lysosomal marker protein cathepsin D (a). The
merged picture reveals overlapping distribution (yellow). Scale bar, 80 mm. For immunohisto-

chemistry (b) paraffin-fixed cerebellar sections of an adult mouse were incubated with myc-tagged

scFv M6P-1 and HRP-coupled anti-myc antibodies followed by the peroxidase-diaminobenzidine

reaction. The scFv M6P-1 immunostaining is strong in cerebellar Purkinje cells. Scale bar, 80 mm
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proteins in the range between 20 and 100 kDa were detected with different intensities

in extracts of human fibroblasts from healthy controls or in HeLa-cells (Fig. 13.12).

Man6P containing proteins are also detectable in conditioned media of cultured

fibroblasts representing secreted lysosomal enzymes (Pohl et al. 2010a). By contrast,

extracts of four MLIII gamma patients exhibiting different mutations in the GNPTG
gene (Persichetti et al. 2009) contained only one prominent Man6P-containing
protein. The experiment showed that the method is a rapid tool for diagnosis which

is less expensive than sequencing of GNPTAB and GNPTG genes.

13.3 Conclusion and Outlook

The posttranslational modification with Man6P is essential for the viability of

eukaryotic cells and the generation of functional lysosomes. As such, inherited

genetic defects in the biosynthesis of Man6P derivatized glycoproteins lead to

severe diseases called mucolipidosis. The diagnosis of these diseases has been

technically difficult to achieve and could be only carried out in specialized

laboratories.

From an immunized rabbit we have isolated by a genetic approach and phage

display a novel scFv specifically binding to Man6P residues on glycoproteins. Our

experiments have shown that the scFv M6P-1 and its derivative M6P-1S can be

used for the diagnosis of MLII and MLIII by simple western blotting. Furthermore,

the scFv M6P-1S can be used for immunohistological stainings and immuno-

fluorescence microscopy.

Enzyme replacement therapy (ERT) is possible for eight lysosomal storage

diseases at present, with recombinant enzymes which have to be expressed in

eukaryotic cells and have to be equipped with Man6P for cellular uptake with the

Fig. 13.12 Protein extracts

of HeLa cells, and fibroblasts

from a healthy control and

from four MLIII patients were

separated by SDS-PAGE,

blotted onto nitrocellulose

and analyzed by scFv

M6P-1 western blotting.

The positions of the

molecular mass markers

are indicated
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exception of b-glucocerebrosidase (Keutzer and Yee 2008). The purification of

enzymes for ERT requires expensive chromatographic procedures which do not

discriminate between therapeutically active and inactive forms, i.e., with or without

Man6P modification. Since usually only less than 20% of recombinant proteins

when expressed in eukaryotic cells are equipped with Man6P, and only a fraction

contains high level phosphorylation at more than one site, it would also be desirable

to enrich such enzymes because it can be anticipated that such preparations yield

enzymes binding with higher affinity to the Man6P-receptor at the cell surface

leading to an efficient uptake and transport to the lysosomes.

The successful use of scFv M6P-1 coupled to beads in immunoprecipitation

experiments indicates that they may be of use in a purification procedure of Man6P-
containing glycoproteins. Conveniently, a very mild elution of bound proteins

would be achievable by the addition of Man6P or Fru1P without the risk of enzyme

inactivation during the purification process. Such beads could also prove useful in

studies aiming at the characterization of the Man6P-proteome of cells and organs

as described for a soluble form of the Man6P-receptor purified from bovine serum

(Sleat et al. 2007; Sleat et al. 2008; Sleat et al. 2009).
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Anti-glycolipid Antibodies in Guillain-Barré
Syndrome and Related Neuropathies:
Therapeutic Strategies for Disease
Treatment

14

Robert K. Yu, Seigo Usuki, and Toshio Ariga

14.1 Summary

Guillain-Barré syndrome (GBS) and its variants are autoimmune neuropathies that

frequently occur as a result of enteritis resulting from an infectious event caused by

bacterial pathogens such as Campylobacter jejuni. These neuropathies are classified
as several disorders characterized by an immune-mediated attack on the peripheral

nervous system, particularly on the myelin sheath and axon of sensory and motor

nerves. Increased antibody titers in GBS and its variants are thought to be caused by

production of antibodies to C. jejuni-containing carbohydrate antigen(s) that also

show cross-reactivity with gangliosides of the myelin sheath and the axons of

peripheral nerve cells. For this reason, the most common diagnostic test of GBS

is to detect circulating anti-glycolipid antibodies in patients thought to have GBS.

Pathogenesis of GBS is believed to involve a molecular mimicry mechanism

between epitopes on bacterial (e.g., C. jejuni) lipo-oligosaccharides (LOSs) and

peripheral nerve glycolipids, particularly gangliosides, resulting in demyelination

and/or axonal degeneration. It has been reported that sera of 60% of patients with

GBS contain one or more anti-ganglioside antibodies. Other glycolipid antigens

include sulfatides and sulfated glucuronosyl glycolipids (SGGLs). These antibodies

contribute to the pathogenesis of GBS, and their presence represents an important

diagnostic marker for GBS. Recently it has been shown that these antibodies

are often concealed in certain patients’ sera that are “anti-ganglioside antibody

negative” but they react with a mixed form of gangliosides (e.g., GD1a and GD1b),

and not with individual purified ganglioside alone. This novel class of

autoantibodies has been termed anti-ganglioside-complex (GSC) antibodies.
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These anti-GSC antibodies also are involved in the pathogenesis of GBS and its

variants. Antibody- and/or cell-mediated immune responses are believed to induce

pathological lesions of the nerve, resulting in loss of conduction velocity or

conduction block. Recent studies also revealed that interruption of neurotransmis-

sion could occur as a result of interaction of anti-ganglioside antibodies with ion

channels at the nodes of Ranvier. Accumulating ex vivo electrophysiological

evidence suggests that ganglioside molecular mimicry may be responsible for

muscle weakness, possibly via the action of anti-ganglioside antibodies on

cell-surface ganglioside antigens of the neuromuscular junction. Although plasma-

pheresis and intravenous immunoglobulin (IVIG) are commonly used for the

treatment of patients with GBS, we have recently developed novel and effective

therapeutic strategies employing glycomimics such as anti-idiotypic antibodies and

phage-displayed peptides to target specific pathogenic antibodies for elimination in

an animal model of GBS. These treatment strategies should represent a novel

approach for treatment of GBS and related autoimmune disorders.

14.2 Introduction

Glycosphingolipids (GSLs), and their sialic acid-containing derivatives called

gangliosides, are a family of diverse, highly complex molecules localized primarily

on the plasma membrane and are particularly abundant in the nervous tissues

of vertebrates. GSLs are the important constituents of microdomains or lipid

rafts of the extracellular leaflet of plasma membranes (Iwabuchi et al. 1998;

Hakomori 2000; Simons and Toomre 2000). Research interest in GSLs, including

gangliosides, is not limited to their biological functions in the usual condition, such

as neurotrophicity, cell-cell recognition and adhesion, cellular differentiation and

growth, intercellular signaling, and trafficking and/or sorting (Hakomori 1990,

2003; Yu 1994; Yu et al. 1994a, 2008, 2010) Evidence of research is also focused

on the role of GSLs, particularly gangliosides, in the pathogenic mechanisms of

several immune-mediated neurological disorders, such as Guillain-Barré syndrome

(GBS) (Willison and Yuki 2002; Ariga and Yu 2005; Yu et al. 2006; Kaida et al.

2009) and in those of Alzheimer’s disease (Yanagisawa 2007; Ariga et al. 2008).

Accumulating evidence for the putative pathogenic roles of GSLs, including

gangliosides, in GBS, indicates that: (a) they are localized in peripheral nerve

system (PNS) myelin, axolemma, and synapse, and degeneration of myelin and

axons accounts for the loss of sensory and motor functions; (b) animal models of

peripheral neuropathies can be established using certain pure glycolipids, including

gangliosides, as immunogens; (c) sera from patients with GBS include several

antibodies that react with human GSLs of PNS, including GM1, GD1a, GD1b,

GalNAc-GD1a, GQ1b, cerebroside (GalCer), sulfatide, sulfated glucuronosyl

glycolipids (SGGLs); (d) the pathophysiological effects of the antibodies could

be due to one or several more of the following mechanisms, including an antibody-

mediated, complement-dependent process, a cell-mediated degenerating process,

and/or conduction block at the node of Ranvier (Willison and Yuki 2002; Yu et al.
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2006). The presynaptic motor nerve terminal at the neuromuscular junction (NMJ)

may be a prominent target because it is highly enriched in gangliosides and lies

outside the blood-nerve barrier, allowing antibody access (Plomp and Willison

2009).

14.3 Guillain-Barré Syndrome and Related Neuropathies

GBS is the most frequent cause of acute flaccid paralysis in humans, occurring with

an annual incidence of 1–2 cases per 100,000 people. GBS is slightly more common

in men than in women, occurring at a ratio of 1.3:1. GBS is primarily an immune-

mediated disorder of the PNS. The immune system attacks spinal nerve roots,

peripheral nerves, and cranial nerves, resulting in focal inflammation, with variable

damage to myelin sheaths and axon fibers. In recent years, studies have shed

new light on a number of disease aspects that have enhanced understanding of

the pathogenic mechanisms of GBS. As an acute inflammatory polyradiculo-

neuropathy, GBS frequently develops following a gastrointestinal infection. Clinical

symptoms often occur 1–3 weeks after a bacterial or viral infection (Willison and

Yuki 2002; Yu et al. 2006). The most commonly identified triggering agents are

C. jejuni (in 13–39% of cases), followed by cytomegalovirus (5–22%), Epstein-

Barr virus (1–13%), and Mycoplasma pneumoniae (5%) (Hadden et al. 2001;

Schwerer 2002; Yu et al. 2006). All of these pathogens have carbohydrate

sequences (antigenic epitopes) in common with glycoconjugates of peripheral

nerve tissue.

GBS is recognized as several disorders characterized by an immune-mediated

attack on the peripheral nerves, particularly in the myelin sheath or Schwann cells

of sensory and motor nerves (Yu et al. 2006). Several subtypes of GBS have been

characterized based on their clinical manifestations. The most common form is a

multifocal demyelinating disorder caused by damage to the myelin sheath of the

peripheral nerves and is called acute inflammatory demyelinating polyneuropathy

(AIDP). Clinically, AIDP is characterized by progressive areflexic weakness and

mild sensory changes. Sensory symptoms often precede motor weakness. About

20% of AIDP patients eventually have respiratory failure. The chronic variant

is called chronic inflammatory demyelinating polyneuropathy (CIDP). It is

characterized by progressive weakness and impaired sensory function in the legs

and arms. Several variants of CIDP are known, including one form that has no

sensory involvement, i.e., no numbness or tingling in the hands or feet. This pure

motor chronic acquired demyelinating neuropathy variant is also called multifocal

motor neuropathy (MMN). Patients with MMN frequently demonstrate signs of

conduction block in the peripheral nerves. On the other hand, sensory nerve

conduction evaluations are normal in patients with MMN. Other cases of GBS

are associated primarily with axonal processes with axonal degeneration and

sparing of the myelin; these cases are called acute motor axonal neuropathy

(AMAN). However, another form of GBS is found and characterized by an

involvement of both sensory and motor axons and is termed acute motor and
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sensory axonal neuropathy (AMSAN) (Hughes and Cornblath 2005). More than

90% of patients with GBS in Europe and North America have AIDP or CIDP. The

most distinct feature that distinguishes MMN from CIDP is the presence in serum of

anti-GM1 ganglioside antibodies, which occur in approximately 50% of MMN

patients. Some motor neuropathies have been classified as amyotrophic lateral

sclerosis (ALS) variants, with predominantly lower motor neuron signs and axonal

changes based on electrodiagnostic studies. AMAN occurs in less than 10% of

persons with GBS in the Western hemisphere but in more than 40% of those

affected in China and Japan (Yu et al. 2006). The incidence of AMSAN is very

low, less than 10% of those with AMAN. Miller Fisher syndrome (MFS) is another

GBS variant that occurs in about 5% of people affected by GBS. MFS is

characterized by ophthalmoplegia, areflexia, ataxia, and, in some cases, facial and

bulbar palsy. The incidence of the pharyngeal-cervical-brachial variant, which

is characterized by proximal descending weakness, is very low. When IgM

M-proteins react with myelin-associated glycoprotein or sulfated glucuronosyl

glycolipids (SGGLs), there is a correlation with a specific syndrome called IgM

paraproteinemia neuropathy (Freddo et al. 1985; Yu et al. 1990).

14.4 Anti-ganglioside Antibodies in Guillain-Barré Syndrome
and Related Neuropathies

Much of the research into GBS over the last decade has focused on the forms that

are mediated by anti-ganglioside antibodies (Ariga et al. 2001; Willison and Yuki

2002; Willison 2005a; Kaida et al. 2009). The target antigens for antibodies in GBS

have been identified by a solid-phase immunoassay, such as thin-layer chromatog-

raphy (TLC)-immunostaining and/or enzyme-linked immunosorbent assay,

employing purified ganglioside as the test antigens. It has been reported that the

sera of 60% of patients with GBS contain one or more anti-ganglioside antibodies.

Measurements of these antibody titers are therefore very important for diagnosing

GBS and evaluating the effectiveness of clinical intervention (Willison and Yuki

2002; Ariga and Yu 2005; Yu et al. 2006; Yuki 2007). Early studies performed

on the basis of elevated anti-ganglioside antibody titers had identified patients

with CIDP, ALS, and MMNs (Pestronk et al. 1988). More than 200 publications

have reported the presence of serum antibodies against at least 15 individual

gangliosides, including GM1, GM1(NeuGc), Fuc-GM1, GM1b, GalNAc-GM1b,

GD1a, GalNAc-GD1a, GD1b, 9-O-acetyl-GD1b, GD3, GT1a, GT1b, GQ1b, LM1,

and GQ1ba. In addition, four other GSLs such as asialo-GM1, galactocerebroside,

and SGGLs have also been found to be target antigens (Willison and Yuki 2002;

Ariga and Yu 2005).

From the pathological point of view, C. jejuni neuritis strains are associated with
up to 75% of patients with AMAN accompanied by anti-GM1, anti-GD1a (Ho et al.

1999; Yoshino et al. 2000; Neuwirth et al. 2010), GM1b, and GalNAc-GD1a

antibodies (Yuki et al. 1999); 10–15% of patients with CIDP and AIDP develop

anti-GM1 (Melendez-Vasquez et al. 1997; Trojaborg 1998). Anti-GD3, GT3, and

330 R.K. Yu et al.



9-O-acetyl GD3 antibodies were observed in GBS and less in MFS (Koga et al.

1999). In rare cases, anti-GD3 and anti-GT3 antibodies were found in the patho-

genesis of CIDP and AIDP (Usuki et al. 2005); 96% of patients with MFS present

elevated anti-GQ1b antibody titers (Chiba et al. 1992); patients with the pharyn-

geal-cervical-brachial variant often develop associated IgG anti-GT1a antibodies

(Koga et al. 1998). Salloway et al. (1996) reported that anti-GD3 antibody

was observed in a patient with MFS. Pers et al. (2009) reported an overlap

syndrome associating MFS and AIDP. The patient presented unusual neurological

manifestations including headache, T10 sensory level, urinary urgency, and gado-

linium enhancement of the spinal roots. One year follow-up was characterized

by clinical recovery and persistent high rates of anti-GQ1b, -GD1b and -GT1b

antibodies. In addition, Dewil et al. (2010) reported an unusual presentation of GBS

following a cytomegalovirus (CMV) infection associated with IgG monospecific to

GD1b. The clinical feature consisted of predominantly asymmetric motor involve-

ment with respiratory insufficiency, limited sensory complaints and the combina-

tion of unilateral facial and contralateral abducens palsy. Lardone et al. (2010)

recently reported the relationship between anti-GM1 antibodies and clinical severity

of GBS. Thirty-four GBS patients with anti-GM1 IgG antibodies were grouped into

two categories according to disease severity at nadir: mild (grades 1–3 by Hughes

functional scale, n ¼ 13) and severe (grades 4 and 5, n ¼ 21). No differences in

antibody titer were found between the two groups. However, the severe group

showed a significantly higher frequency (95% vs 46% in the mild group,

p ¼ 0.002) of specific anti-GM1 antibodies that did not cross-react with anti-

GD1b antibodies. Nonetheless, measurements of these GSL antibody titers

remain the most effective and reliable way for diagnosing GBS and evaluating

the effectiveness of treatment in the clinic (Willison 2005a; Yu et al. 2006; Kaida

et al. 2009).

14.5 Antibodies Against Ganglioside Complexes
in GBS and Its Variants

Recently, Kaida et al. (2004) reported that 8 of 100 patients with GBSwhowere tested

had little or no antibody reaction based on ELISA against individual ganglioside

species, including GD1a and GD1b. However, using the TLC-immuno-overlay

technique employing a crude mixture of whole brain gangliosides, they identified

a strong immunoreactive band migrating between GD1a and GD1b in these sera.

This finding suggests that these patients’ sera contain a special antibody reacting to

a complex form of GD1a and GD1b, but not reacting to either GD1a or GD1b alone.

This novel class of autoantibodies has been termed “anti-ganglioside-complex

(GSC) antibodies”. The presence of antibody specificity to GD1a/GD1b and/or

GD1b/GT1b is significantly associated with severe disability and a requirement for

mechanical ventilation (Kaida et al. 2007). Further study revealed that 39 of 234

GBS patients (17%) had IgG anti-GSC antibodies against at least one ganglioside

complex such as GD1a/GD1b, GM1/GD1a, GD1b/GT1b, GM1/GT1b, or GM1/
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GD1b. Among the 39 patients who were anti-GSC-positive, all had IgG anti-GM1/

GD1a antibodies, and 27 had anti-GM1/GT1b antibodies. Sixteen patients had anti-

GD1a/GD1b antibodies, 13 had anti-GD1b/GT1b antibodies, and 6 had anti-GM1/

GD1b antibodies, 10 patients had both anti-GD1a/GD1b and anti-GD1b/GT1b

antibody activities. Anti-GSC-positive GBS had antecedent gastrointestinal infec-

tion and lower cranial nerve deficits more frequently than control GBS. These

results indicate that the anti-GSC antibodies might have been involved in GBS

sera in which anti-ganglioside antibodies were not detected in the past employing a

single ganglioside alone. Indeed, GBS sera without anti-ganglioside antibodies

contained anti-GSC antibodies against GSC such as GD1a/GD1b, GD1a/GM1,

GM1/GT1b, and GD1b/GT1b ((Kaida et al. 2008), see Table 14.1). In this regard,

Hamaguchi et al. (2007) reported that a 42-year-old male patient with GBS had

anti-GD1a/GD1b antibody, but not antibody to the corresponding individual

gangliosides. The clinical features were similar to those patients with anti-GD1a/

GD1b antibodies as previously reported byKaida et al. (2007), includingAMAN-type

GBS with cranial nerve deficits and severe disability. In addition, Kuijf et al. (2007)

reported that 2 of 21 patients with GBS had serum IgG to theGM1/GD1a complex and

two other patients had IgG to the GQ1b/GD1a complex. These pairs of patients were

clinically distinct. More recently, a CIDP patient accompanied by anti-GD1b IgM

presented an additional new reactivity to GT1b/GM1 and GT1b/GM2 GSCs, and in

one with peripheral neuropathy who had reactivity to GM2/GD1b IgM but not to

individual gangliosides (Nobile-Orazio et al. 2010). The origin of those anti-GSC

antibodies remains unknown, and it would be of considerable interest to investigate

the epitope they react to and their pathogenic roles in GBS.

MFS is considered a variant of GBS, in which at least three different MFS-

associated antibodies are known: anti-GQ1b, anti-GQ1b/GM1, and anti-GQ1b/

GD1a. In patients with MFS, not only GQ1b itself but also clustered epitopes of

GSCs, including GQ1b, may be considered to be the prime target antigens for serum

antibodies. A tendency to escape sensory disturbances is shown by anti-GQ1b/

GM1-positive MFS (Kaida et al. 2006; Kanzaki et al. 2008). Further studies

indicated that a serum antibody sample from an MFS patient reacted with GA1/

GQ1b, but not with GA1, GQ1b, or GT1a, although GA1 had not been considered

to be an important antigen in GBS. Thus, anti-GSC antibodies can be used as

markers of severe GBS and its variant and may provide a clue to elucidate its

pathogenetic role (Kaida et al. 2007) (see Table 14.1). Moreover, in sera without

anti-ganglioside antibodies, it may be necessary to examine the antibody activity

using appropriate ganglioside complexes and suitable methodologies, such as

liposome-incorporated GSLs (Willison 2005b).

Gangliosides, along with other components such as cholesterol, are known

to form lipid rafts in which the carbohydrate portions of two different gangliosides

may form a novel conformational epitope. Within the rafts, gangliosides are

considered to interact with important receptors or signal transducers. The anti-

bodies against ganglioside complexes may therefore directly cause nerve conduc-

tion failure and severe disability in GBS (Kusunoki et al. 2008). Structural and

functional analyses of epitopes of GSCs in membranes should provide new insights
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Table 14.1 Relationship between anti-glycosphingolipid antibodies, putative infectious

pathogens, and clinical symptoms

Anti-

glycosphingolipid

antibodies Infectious pathogens Clinical symptoms

GM1 C. jejuni (antecedent
gastrointestinal infection)

AMAN, injury to motor axons axonal

degeneration, occasional persistent

motor weakness, distal-dominant

weakness of the extremities, rare cranial

nerve palsy

ALS, MN (cross-reactivity with GA1),

AIDP/CIDP

GM1 and GD1a C. jejuni AMAN, injury to motor axons

GA1 Mycoplasma pneumoniae MND, MN, ALS (cross-reactivity with

GM1) motor variant of CIDP

GD1b and other

b-series

gangliosides

C. jejuni MN, ALS (cross-reactivities with GM1

and GA1), chronic sensory ataxia motor

and sensory disturbance

IgM paraproteinemia with chronic

Polyneuropathy

GD1a-GalNAc C. jejuni (antecedent
gastrointestinal infection)

AMAN, injury to motor axons distal-

dominant, weakness, no sensory signs,

axonal dysfunction. Pure motor variant

of GBS cranial nerve involvement

(facial palsy)

GM1b-GalNAc C. jejuni (antecedent
gastrointestinal infection)

IgG, axonal degeneration of the motor

nerves (cross-reactivity with

GD1a-GalNAc)

GM2 CMV (antecedent respiratory

infection)

Sensory dysfunction, frequent facial

palsy (cross-reactivity with

GD1a-GalNAc or GM1b-GalNAc)

GT1a and GM1b Dysphasia (aspiration

pneumonia etc) botulinum

toxin

GBS with oropharyngeal involvement

pharyngeal-cervical-brachial weakness

bulbar palsy, tendon reflexes

GQ1b C. jejuni (antecedent
respiratory tract infection)

MFS

Bickerstaff’s brain stem encephalitis,

muscle paralysis, ataxia, hyporeflexia,

ophthalmoplegia

GM1b, GM1a C. jejuni (gastrointestinal
infection)

Acute motor neuropathy, AMAN limb

weakness

Mycoplasma pneumoniae Flaccid quadriparesis

GQ1ba C. jejuni GBS with sensory ataxia, IgM

GD3, GT3,

OAc-GT3

C. jejuni MFS, cranial nerve and oculomotor

nerve involvement

GM3, GD3, GT3 C. jejuni AIDP, CIDP

LM1 C. jejuni IgG, AMSAN/AMAN motor and

sensory fiber involvement (cross-

reactivities with GM1, GM1b, GD1a,

GD1a-GalNAc, GD1b and GQ1b)

(continued)

14 Anti-glycolipid Antibodies in Guillain-Barré Syndrome and Related Neuropathies 333



on antibody-antigen interaction in GBS and shed light on microdomain function

mediated by carbohydrate-carbohydrate interactions, which may lead to novel

treatments for GBS and MFS (Kaida and Kusunoki 2010).

The origin of antibodies to GSCs, as new immuno-targets for GBS and MFS, is

unknown. From the above observations, there is an intriguing possibility that

certain bacterial LOSs may present an epitope that mimics a mixed GSC antigenic

determinant, resulting in the generation of an autoantibody that recognizes the new

epitope rather than the individual ganglioside alone. It remains to be addressed

whether bacteria or viruses may singly or jointly lead to formation of GSCs, and if

so, how anti-GSC antibodies may be involved in the pathogenesis of GBS and

related diseases. Moreover, it needs to be determined the nature of GSCs in their

natural environment by structural analyses, which is not a trivial task.

14.6 Anti-sulfated Glycolipid Antibodies in Peripheral
Neuropathies: Anti-sulfatide and Anti-sulfated
Glucuronosyl Glycolipids

In addition to gangliosides, sulfated GSLs have frequently been found to serve as

important antigens in GBS and related neuropathies. Anti-sulfatide serum

antibodies were first found in patients with chronic axonal, predominantly sensory

Table 14.1 (continued)

Anti-

glycosphingolipid

antibodies Infectious pathogens Clinical symptoms

F-GM1, F-GD1b,

B-GM1, and

B-GD1b

Unidentified ALS, cerebral infarction (cross-

reactivity with GM1) GBS with sensory

ataxic neuropathy

GalCer Mycoplasma pneumoniae
(antecedent sore throat

pulmonary infection)

Broncho pneumonia, muscle pain,

febrile seizures, GBS with encephalitis

and meningitis

Sulfatide C. jejuni? Chronic axonal sensory neuropathy

GBS and CIDP demyelinating IgM

paraproteinemia

SGGLs CMV; C. jejuni IgM paraproteinemia demyelinating

neuropathies CIDP autoimmune inner

ear disease or Menieres disease

Ganglioside-

complex

C. jejuni? GBS and MFS

GD1a/GD1b GBS severe disability

GD1b/GT1b GBS severe disability

GQ1b/GM1,

GQ1b/GD1a, and

GQ1b/GA1

MFS

GalNAc-GD1a/

GM1

GBS, preserved sensory system; cranial

nerve defect

334 R.K. Yu et al.



neuropathy (Pestronk et al. 1991). Subsequent studies have shown an association

between highly elevated titers of anti-sulfatide antibodies and peripheral neuropa-

thy (Nemni et al. 1993; Shigeta et al. 1997; Ferrari et al. 1998; Dabby et al. 2000),

GBS (Fredman et al. 1991; Ilyas et al. 1991; van den Berg et al. 1993), CIDP

(Pestronk et al. 1991; Melendez-Vasquez et al. 1997), and demyelinating IgM

paraproteinemia (Ilyas et al. 1992; Fredman et al. 1993; Nobile-Orazio et al.

1994; Petratos et al. 2000). Anti-sulfatide antibodies have been detected in 65%

of GBS patients and also in 87% of CIDP patients. However, 15% of the control

sera also contain these antibodies (Fredman et al. 1991; Petratos et al. 2000).

Sulfatide is known to be an important constituent of myelin and is localized mainly

on the external surface of the myelin sheath (Dupouey et al. 1979). Its specific

localization suggests that anti-sulfatide antibodies can induce immune-mediated

demyelination if these antibodies gain access to the peripheral nerve compartment

and cause the pathogenesis of GBS.

Patients with IgM paraproteinemia and peripheral neuropathy are also found to be

associated with antibodies against myelin antigens, including myelin-associated

glycoprotein (MAG) and two sulfated GSLs (Ilyas et al. 1984; Nobile-Orazio et al.

1984; Shy et al. 1984; Freddo et al. 1985). Ilyas et al. (1984) first reported that the

IgM paraproteins in patients bound to gangliosides of human sciatic nerve. We

(Freddo et al. 1985) and Chou et al. (1986) subsequently showed that the reactive

GSLs lack sialic acid and therefore are not gangliosides. These glycolipids are

characterized as two novel SGGLs, including sulfated glucuronosyl paragloboside

(SGPG) and sulfated glucuronosyl lactosaminyl paraglobosides (SGLPG) (Chou

et al. 1986; Ariga et al. 1987). SGGLs are more abundant in adult peripheral nervous

tissues (Chou et al. 1986, 1987; Yu 1994; Yu et al. 1994b), which accounts for their

involvement in neuropathies. The structure of the carbohydrate determinant con-

tains the 3-sulfoglucuronic acid residue as an essential element that interacts with

MAG and the monoclonal antibody anti-HNK-1 (Leu-7), which recognizes a surface

antigen of natural killer cells (Ariga et al. 1987; Yu and Ariga 1998). In the

pathogenesis of peripheral neuropathy with anti-SGGL antibodies, the immune

response against SGGLs is presumed to participate in demyelination on axonal

degeneration in the peripheral nervous system (PNS) (Kohriyama et al. 1987;

Kusunoki et al. 1987; Maeda et al. 1991a, b; Yoshino et al. 1992; Yamawaki et al.

1996). Recent studies have documented that anti-SGPG and anti-SGLPG antibodies

are detected in sera of patients with GBS, CIDP (Ilyas et al. 1991; Yuki et al. 1996;

Tagawa et al. 2000; Capasso et al. 2010) and autoimmune inner ear disease or

Menieres disease (Yamawaki et al. 1998). Thus, the presence of these antibodies

may be more widely distributed in GBS and related neurological disorders.

14.7 Ganglioside-Molecular Mimicry

It has generally been accepted that the etiology of GBS is an autoimmune disease in

which the immune system mistakenly attacks myelin or axons, the nerve conduits

for signals transmitting to and from the brain (Hahn 1998). Emerging evidence

14 Anti-glycolipid Antibodies in Guillain-Barré Syndrome and Related Neuropathies 335



suggests that certain infectious agents trigger the disease because clinical symptoms

occur frequently after an antecedent infection (for a review, see (Yu et al. 2006)).

The most well-studied microbial agent is the Gram-negative bacterium C. jejuni
which contains a LOS coat that also shares putative antigenic epitopes with those

found in human nerve tissues. This resemblance has been termed “molecular

mimicry,” which is defined as the dual recognition, by a single B- or T-cell receptor,

of a microbe’s structure and an antigen of the host tissue; this recognition is the

mechanism by which infectious agents trigger cross-reactive antibodies or T cells

that can lead to autoimmune diseases (Ang et al. 2004) (Fig. 14.1).

The molecular-mimicry hypothesis postulates that a cross-reactive immune

response is originally directed to bacterial LOS, and autoantibodies and/or

autoreactive T cells induced by infection are initially directed against the microbial

antigens (Ang et al. 2004). Subsequently, immune responses against nerve tissue

gangliosides are expected as a result of molecular mimicry between gangliosides of

the nerve axolemmal membrane and the LOSs of C. jejuni. Anti-ganglioside

antibodies can arise through molecular mimicry with GBS-associated C. jejuni
oligosaccharides (Schwerer 2002; Willison and Yuki 2002; Usuki et al. 2006,

2010a, b). This concept has gained strong support from Moran et al. (Moran and

Prendergast 2001; Moran et al. 2005), who reported that sera of rabbits immunized

with ganglioside-mimicking C. jejuni LOSs revealed high titers of anti-LOS

antibodies that were cross-reactive with a panel of gangliosides. In addition,

sensitization of Lewis rats with a C. jejuni LOS bearing the GD3 epitope induced

Fig. 14.1 Molecular mimicry of C. jejuni LOS and GM1 ganglioside. Gangliosides are highly

expressed in nerve cell membranes. They consist of a ceramide portion and a polar head group that

contains glucose (Glc), galactose (Gal), N-acetyl-galactosamine (GalNAc), and N-acetyl-
neuraminic acid (NeuAc). Lipo-oligosaccharide-containing ganglioside-like mimics are located

in the outer part of the cell wall of Gram-negative bacteria, including C. jejuni. The specific

structure of gangliosides is crucial in the understanding of the pathogenesis of GBS
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anti-GD3 antibody (Usuki et al. 2006, 2010a, b). These findings strongly support the

concept that molecular mimicry between microbial antigens and host tissues

represents an attractive mechanism for triggering autoimmune responses in hosts.

Initially, Yuki et al. (1993, 1994) reported that the structural mimicry of gangliosides

by core oligosaccharides in LOSs from C. jejuni has been implicated in inducing

cross-reactive anti-ganglioside antibodies. Detailed chemical studies of LOSs from

GBS-associated C. jejuni isolate, HS:41, using gas chromatography-mass spectrom-

etry and proton nuclear magnetic resonance, identified a tetrasaccharide structure

consistent with GM1 mimicry. Several serotypes of C. jejuni LOSs and ganglioside

mimicry have also been reported, including GM1 and GD2 (serotypes HS:1, HS:2,

HS:4; HS:10, HS:19, HS:23, HS:36, and HS:41), asialo-GM1 (serotype HS:41),

GD1a (serotypes HS:1, HS:2, HS:4; HS:10, HS:19, HS:23, HS:36, HS41, and

HS:19), GD2 (serotypes HS:1, HS:2, HS:4, HS:10, HS:23, HS:36, and HS:41),

GD3 (serotypes HS:1, HS:2, HS:4, HS:10, HS:19, HS:19, HS:23, HS:36, and

HS:41), GM3 and GD1b (serotypes HS:23, HS:36), GQ1b and GT1a (serotypes

HS:2, HS:19, and HS:23) (Yu et al. 2006). Ganglioside-like LOS synthesis is

catalyzed by sialyltransferase Cst-I, a2,3-sialyltransferase-I; cgtA, b1,4-N-
acetylgalactosaminyltransferase, Cst-II, N-acetylgalactosaminyltransferase CgtA,
and galactosyltransferase CgtB, all of which have been characterized in C. jejuni.
In fact, the cst-II, cgtA, and cgtB genes that encode these enzymes have also been

cloned (Gilbert et al. 2000), facilitating further studies of the generation of various

ganglioside-like epitopes.

In support of the molecular mimicry hypothesis, Yuki et al. (2004) reported

that upon sensitization with C. jejuni GM1-like LOS (LOSGM1), rabbits developed

anti-GM1-like IgG antibody and flaccid limb weakness. Paralyzed rabbits had

pathological changes in their peripheral nerves identical with those present in

GBS. Immunization with the LOSGM1 generated a cross-reacting antibody to

GM1 that is located on human peripheral nerves. Thus the carbohydrate mimicry

between GM1 and LOSGM1 induces the production of pathogenic autoantibodies

and the development of GBS (Yuki et al. 2004). The possible pathogenesis of

AMAN subsequent to C. jejuni enteritis can be envisaged as follows: infection by

C. jejuni bearing GM1-like epitope induces production of the anti-GM1 IgG

antibody, the autoantibody binds to GM1 at the nodes of Ranvier in spinal anterior

roots, activated complements are recruited by the anti-GM1 antibodies, which then

form a membrane-attack complex. Anti-GM1 antibodies are likely to play a major

role in producing nodal membrane damage by complement activation and causing

the disruption of sodium channel clusters, followed by disruption of the paranodal

structure (Susuki et al. 2007a, b), resulting in muscle weakness in the early phase

of illness; in severe cases, Wallerian-like degeneration ensues. To express

gangliosides-like LOS epitope, C. jejuni requires specific gene combinations that

function in sialic acid biosynthesis or transfer. Interestingly, the knockout mutants

of these landmark genes of GBS show reduced reactivity with GBS patients’ sera

and fail to induce an anti-ganglioside antibody response in mice. These genes

are crucial for the induction of neuropathogenic cross-reactive antibodies

(Komagamine and Yuki 2006). In this regard, Moran et al. (2005) reported that
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rabbits immunized with C. jejuni ganglioside-like LOSs presented high titers of

anti-LOS antibodies in sera that were cross-reactive with a panel of gangliosides.

Non-ganglioside-mimicking C. jejuni LOSs, however, induced a strong anti-LOS

response but no anti-ganglioside antibodies. This result suggests that immunization

with ganglioside-mimicking C. jejuni LOSs may trigger the production of cross-

reactive anti-ganglioside antibodies that recognize epitopes at the nodes of

Ranvier. Similarly, we have also induced in rats GBS-like experimental neuritis

by sensitizing the animals with a highly purified LOS fraction (LOSGD3 ) that bears

structural similarity to GD3 (Usuki et al. 2010a, b). The availability of animal

models using defined pure antigens should facilitate a better understanding of

the etiology, pathogenic mechanisms, and pathophysiological basis of GBS and

the development of effective treatment strategies for GBS (see below).

14.8 Anti-ganglioside Antibodies and the Neuromuscular
Junction

The presynaptic neuromuscular junction (NMJ) is considered to be a potential

target for autoimmune attack in GBS and peripheral neuropathies for the following

reasons (O’Hanlon et al. 2001; Willison and Yuki 2002): (a) NMJ is rich in

gangliosides, including GQ1b, GM1, GD3, and GD1a; (b) NMJ lacks the blood–

nerve barrier, readily allowing access to circulating autoantibodies; and (c) the NMJ

is a vulnerable site for antibody-mediated paralytic diseases, including myasthenia

gravis and Lambert–Eaton myasthenic syndrome. Anti-ganglioside antibodies may

facilitate studies on the functional roles of gangliosides by inducing specific

structural and functional changes in the NMJ. For example, Santafe et al. (2005)

reported a monoclonal IgM antibody from a patient with a pure motor chronic

demyelinating polyneuropathy that binds specifically to gangliosides GM2,

GalNAc-GD1a, and GalNAc-GM1b, all of which have a common epitope of

bGalNAc(1!4)[aNeuAc(2!3)]bGal(1!). Thus, it is possible to localize these

gangliosides in specific cellular components of the NMJ, describe the anti-ganglio-

side antibody-induced structural and functional changes in NMJs to gain insights

into the role of gangliosides in the synaptic function, and elucidate how these

gangliosides are involved in Schwann cell-nerve terminal interactions, including

structural stability and neurotransmission. With respect to the membranous cellular

components of the nodes of Ranvier, GM1 is present on the cytoplasmic surface of

motor neurons and has been specifically identified on paranodal and internodal

axolemma, as well as on distal motor nerve terminals (Thomas et al. 1991; Corbo

et al. 1992, 1993; Schluep et al. 1998). In some patients with motor axonal GBS, the

nodes of Ranvier in intramuscular motor nerve bundles are targeted by anti-GD1a

antibody in a gradient-dependent manner, with the greatest vulnerability at distal

nodes. These studies provide a detailed mechanism by which loss of axonal

conduction can occur in a distal dominant pattern, as observed in certain clinical

cases (McGonigal et al. 2010). Similarly, disialogangliosides have been shown to

be expressed on internodal axolemma and/or on adaxonal Schwann cell cytoplasm
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(Willison et al. 1996). Antibodies to GD1a and GalNAc-GD1a are associated with

pure motor axonal neuropathy and preferentially immunostain ventral root (VR)

axons rather than dorsal root (DR) axons (Gong et al. 2001; Yoshino et al. 2005).

Interestingly, these disialogangliosides are located only in the presynaptic compo-

nent of the motor end-plates. Taguchi et al. (2004a) also reported that the epitopes

recognized by anti-GalNAc-GD1a antibodies were observed in the soma of large

neurons in the anterior horn of the adult rat spinal cord and its motor axons, as well

as in VRs and NMJs. Kaida et al. (2003) showed that an anti-GalNAc-GD1a

antibody immunostained an inner surface of compact myelin and a periaxonal

axolemma-related portion in VRs, small-diameter DR fibers, and intramuscular

nerves (IMs). These studies suggest that anti-GalNAc-GD1a antibodies in patients’

sera may bind to those regions in the VR and IM nerves where GalNAc-GD1a is

localized, and the antibodies may function in the pathogenesis of pure motor type

GBS. An immune attack directed against antigenic determinants located at the

paranodal Schwann cell surface may lead to paranodal demyelination, whereas

antigens targeted on the exposed axolemma may result in axonal degeneration, both

of which would result in conduction failure. Ligand-binding studies have suggested

that GM1, GD1b, and polysialylated gangliosides are enriched in the paranodal

myelin loops of the peripheral nerve (Willison and Yuki 2002). In addition, GQ1b is

particularly enriched at the nodes of Ranvier (Chiba et al. 1992). In MFS, the serum

antibody specifically binds to the disialyl epitope on gangliosides, such as GQ1b,

GT1a, and GD3. Since these gangliosides are enriched in synaptic membranes, anti-

ganglioside antibodies may target the NMJ, contributing to the disease symptoms

(Halstead et al. 2005; Usuki et al. 2005, 2006; Nakatani et al. 2009). Ex vivo studies
at mouse NMJs revealed that anti-GQ1b-positive MFS serum and human

anti-GQ1b monoclonal antibodies induced a dramatic increase in spontaneous

quantal acetylcholine (ACh) release, measured as miniature end-plate potential

frequency, and subsequent blockade of neuromuscular synaptic transmission, due

to a failure of ACh release upon nerve impulses (Goodyear et al. 1999; Jacobs et al.

2002; Taguchi et al. 2004b). The binding of anti-GSL antibodies to nerve terminals

also may result in concomitant immunohistological and ultrastructural damage of

the terminals (O’Hanlon et al. 2001; Willison and Yuki 2002; Taguchi et al. 2004a;

Usuki et al. 2010b). Taguchi et al. (2004a) also reported that anti-GalNAc-GD1a

antibodies blocked neuromuscular transmission in muscle-spinal cord co-cultured

cells. The ACh-induced potential was not reduced by the addition of antibodies,

suggesting that the blockade is presynaptic, probably affecting the ion channels in

presynaptic motor axons. As the anti-GA1 antibodies inhibited the voltage-gated

Ca2+ channel (VGCC) (Taguchi et al. 2004b), anti-GalNAc-GD1a antibodies may

block neurotransmission by suppressing VGCC on the axonal terminals of motor

nerves.

Although it is not clearly understood how anti-GM1 antibodies cause nerve

dysfunction and injury, impairment of sodium and/or potassium ion channels at

the nodes of Ranvier has been implicated (Sheikh et al. 1999). Voltage-gated

sodium channels (VGSCs) exist at the nodes of Ranvier (Hartung et al. 1995), in

which GM1 is colocalized (Apostolski et al. 1994). Several studies have described
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the relationship between sodium channel block and the development of GBS. Anti-

GM1 antibodies induced reduction of the nerve impulse amplitude at common

entrapment sites, resulting in frequent Wallerian degeneration or physiological

conduction block at the nodes of Ranvier (Kuwabara et al. 1998). Autopsy studies

of AMAN patients have indicated that immunoglobulins and complement deposits

are frequently located at the nodes of Ranvier, where sodium channels are clustered

(Hafer-Macko et al. 1996). In GBS, blocking factors of sodium channels are present

in the cerebrospinal fluid, impairing neuron impulse conduction, thereby causing

muscle weakness and sensory disturbances in affected patients (Brinkmeier et al.

1992; Wurz et al. 1995). Patch-clamp studies revealed direct inhibition of the

ion-conducting pores of VGSCs by exposure to serum from patients with GBS

(Weber et al. 2000), resulting in muscle weakness and sensory disturbances in such

patients. These studies suggest that inhibition of voltage-gated ion channels should

be one of the contributing factors by which nerve conduction is impaired in these

patients (Nakatani et al. 2007). Illa et al. (1995) reported that purified anti-GM1

antibodies from patients who exhibited AMAN after immunization with a ganglio-

side preparation recognized epitopes at the nodes of Ranvier and at the presynaptic

nerve terminals of motor end plates from human nerve biopsies. Accumulation of

these antibodies at the nodes of Ranvier can cause disruption of Na+ and K+

channels and, thus, interference of nerve conduction. Therefore, a causal link

between C. jejuni infection, the presence of anti-ganglioside antibodies, and

development of GBS is considered likely (Willison 2005a). Buchwald et al.

(2007) investigated the effects of IgG anti-GM1 and -GD1a monoclonal antibodies

on neuromuscular transmission and calcium influx in hemidiaphragm preparations

and in cultured neurons, respectively, to elucidate mechanisms of antibody-

mediated muscle weakness. As a result, different anti-ganglioside monoclonal

antibodies induce distinct effects on presynaptic transmitter release by reducing

calcium influx, suggesting that this is one mechanism of antibody-mediated muscle

weakness in AMAN. Anti-GM1 antibodies have been shown to mediate comple-

ment-dependent disruption of sodium channel clusters in peripheral motor nerves

(Takigawa et al. 1995). Thus, anti-ganglioside antibodies, such as anti-GM1, may

cause nerve dysfunction and injury by interfering with ion-channel function at the

nodes of Ranvier and may contribute to the pathogenic mechanisms of certain

neuropathies (Arasaki et al. 1993; Takigawa et al. 1995). Interestingly, Zitman et al.

(2008) reported the effects of altered ganglioside profiles in neuronal membranes

on synaptic transmission by correlating NMJ functions in GD3 synthase (GD3S)-

knockout (KO) mice (lacking b- and c-series gangliosides), and in N-acetylgalac-
tosaminyltransferase (GalNAcT) and GD3S double KO (dKO) mice, (lacking all

ganglio-series gangliosides other than GM3). Surprisingly, they found no major

synaptic deficits in both null mutants; the only changes were some extra degree of

rundown of transmitter release at high intensity use at the NMJ in the dKOmice and

a temperature-specific increase in quantal content at 35�C in NMJs of GD3S-KO

mice, compared with wild type mice. These results indicate that synaptic transmis-

sion at the NMJ is not crucially dependent on any particular ganglioside and

remains largely intact in the presence of only GM3. Consequently, gangliosides
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are probably dispensable players in transmitter release, but may modulate the

temperature- and use-dependent fine-tuning. Anti-ganglioside antibodies may also

target the distal portions of motor axons, including the terminal at the NMJ, causing

a synaptopathy that contributes to muscle weakness in GBS/MFS (Plomp and

Willison 2009).

Usuki et al. (2005) reported two cases of AIDP or CIDP showing elevated titers

of anti-GD3 antibodies, which occur less frequently in GBS. The antibodies showed

an inhibitory effect on the spontaneous muscle action potential of the NMJ. To

examine the correlation between the anti-GD3 antibody titers and C. jejuni infec-
tion, Usuki et al. (2006) sensitized female Lewis rats with the LOS fraction from

C. jejuni HS:19. After 16 weeks of sensitization, animals revealed transient

decreases in nerve conduction velocity and conduction blocks and high titers of

anti-GM1-like and anti-GD3-like antibodies. As in anti-GD3 antibodies in AIDP

and CIDP, this anti-GD3-like antibody also blocked the spontaneous muscle action

potential of NMJs in spinal cord-muscle cell co-cultures. To determine the target

epitope for GD3-like antibody in the LOS antigen, the LOS fraction containing the

GD3 epitope was purified from the total LOSs using an anti-GD3 affinity column.

Chemical analysis of the oligosaccharide portion confirmed the presence of a GD3-

like epitope with the tetrasaccharide NeuAc-NeuAc-Gal-Hep. The data thus rein-

force the concept of carbohydrate mimicry as a potential pathogenic mechanism in

peripheral nerve dysfunction (Fig. 14.2).

GBS can be transmitted from animals to humans. For example, campylobac-

teriosis in chickens can be a preceding event for GBS. Poultry are frequently highly

colonized with C. jejuni as a major foodborne vehicle for campylobacteriosis. We

recently demonstrated the presence of high-titer anti-GM1 antibodies in the serum

of a laboratory worker who developed GBS following contact with chickens with

campylobacteriosis (Usuki et al. 2008). The microbiologically confirmed strain

VLA2/18 (non-serotyped) was isolated from the worker and subsequently

inoculated into chickens, resulting in the development of high-titer anti-ganglioside

antibodies. Surprisingly, high titers of anti-lipid A-like antibody were also found to

be present in the chicken sera together with anti-GM1 and -GM3. Production of

anti-ganglioside antibodies is considered to be due to ganglioside-like LOS

Fig. 14.2 Molecular mimicry of C. jejuni LOS (LOSGD3) and GD3

14 Anti-glycolipid Antibodies in Guillain-Barré Syndrome and Related Neuropathies 341



antigens. On the other hand, development of anti-lipid A antibody is likely the

result of an immune response to the hydrophobic part of LOS antigens. Most

interestingly, the anti-lipid A-like antibody revealed an inhibitory effect on

VGSCs in whole-cell patch-clamped NSC-34 cells, a motor neuron-like cell line,

in culture. Inhibition of N-glycan synthesis on the sodium channel protein revealed

that the binding site of anti-lipid A antibody is likely located on the protein portion

of the sodium channel and, in particular, to Nav1.4 in NSC-34 cells. Thus, the lipid

A part of LOSs may also contribute to the immune responses in campylobacteriosis.

It would be of considerable interest to survey GBS patients for elevated titers of

anti-lipid A antibodies.

14.9 Current Therapeutic Strategies of Anti-glycolipid-
mediated GBS and Related Diseases

Currently, plasma exchange, intravenous injection of immunoglobulins (IVIGs),

and double-filtration plasmapheresis are the most common treatment paradigms for

GBS and its variants (Takigawa et al. 1995; van Doorn et al. 2008; Unal-Cevik et al.

2009). These approaches can bring about a temporary improvement of the clinical

symptoms of GBS (Yuki 1998). In clinical trials for reducing anti-ganglioside

antibody titers, the mechanism of plasmapheresis is easy to understand, but that

of IVIG is unclear, probably involving actions on a number of targets, such as T and

B cells, immune cell trafficking, complement factors, and Fc-receptors (Hartung

2008). In addition, IVIG is thought to interfere with and prevent the passage of

autoimmune T cells into the blood-nerve barrier (Hartung 2008). Lopez et al.

(2000) reported that normal human plasma contains antibodies that specifically

block neuropathy-related anti-GM1 IgG antibodies, suggesting that IVIG may be

useful in the treatment of a variety of autoimmune diseases. IVIG is slightly safer

and much easier to administer than plasma exchange (Hughes et al. 2010). NMJ

studies in experimental mouse models showed that IVIG protects the animal from

complement-independent inhibition of ACh release by GBS patients’ IgG, presum-

ably through neutralization of the antibodies (Buchwald et al. 2002). Plasma

exchange after IVIG treatment is sometimes beneficial to patients with severe

GBS (Buzzigoli et al. 2010). However, injection of a standard dose of IVIG is not

always effective enough to alleviate the symptoms in many GBS patients and

sometimes a second IVIG dose is necessary (van Doorn et al. 2010). Recent

advances suggest that the use of a combination of agents, such as interferon-b1a
(Pritchard et al. 2003) and cyclosporine (Odaka et al. 2005), may be beneficial.

Complement-mediated disruption of VGSC clusters has been reported in GBS;

therefore, complement-inhibitory agents may have therapeutic potentials for MFS/

GBS (van Doorn et al. 2010). Beneficial effects have also been observed with new

complement inhibitors in GBS/MFS (Hillmen et al. 2006); it has been shown that

these inhibitors can effectively prevent damage caused by anti-GQ1b antibodies at

the NMJs (Halstead et al. 2005, 2008a, b). Calpain inhibitors are another class of

agents that could play a role in the treatment of anti-GQ1b antibody-dependent
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complement-mediated peripheral axonal injury, in either proximal or distal sites

(O’Hanlon et al. 2003). The complement C5-inhibiting recombinant proteins

rRV576 and eculizumab were able to prevent neural injury in a mouse model of

MFS and GBS (Halstead et al. 2008a, b; Turatti et al. 2010). Halstead et al. (2008a)

assessed the efficacy of the humanized monoclonal antibody eculizumab, which

blocks the formation of human C5a and C5b-9, in preventing the immune-mediated

motor neuropathy exemplified in an MFS model. Eculizumab completely prevented

electrophysiological and structural lesions in anti-GQ1b antibody-pre-incubated

NMJs in vitro when normal human serum was used as a source of the complement.

Filtration of cerebrospinal fluid may be effective in removing from the fluid

inflammatory mediators, autoantibodies, or other factors in GBS (Wollinsky et al.

2001; Manfredi 2002). Circulation immune effectors such as human autoantibodies

(anti-GM1 antibodies), which are exogenous to the nervous system, can modulate

axon regeneration/nerve repair in GBS. Lopez et al. (2010) reported that passive

transfer using cholera toxin B-subunit, which binds to GM1, can effect axonal

regeneration/repair after PNS injury in mice. The mechanisms of the beneficial

effects of these ligands are not understood, but may be related to blockage of

the antibody binding site on the nerve, thus preventing the attachment of anti-

body-complement attacking complexes. Regardless of the mechanisms, anti-GSL

antibodies should be considered as an alternative avenue of treatment for immuno-

suppressive disorders.

14.10 New Therapeutic Strategies of Anti-ganglioside-mediated
GBS Based on Molecular Mimicry Mechanism

With a better understanding of the pathogenic mechanisms of GBS, it is possible to

develop more effective therapeutic strategies for this disorder. Willison et al. (2004)

synthesized bovine serum albumin (BSA) conjugated with the trisaccharide,

aNeuAc(2!8)aNeuAc(2!3)Gal common to GQ1b and GD3, named disialyl-

galactose glycoconjugate (DSG-BSA). It binds anti-GQ1b antibodies in 32/58

(55%) human sera containing IgG or IgM anti-GQ1b antibodies as well as a wide

range of mouse monoclonal anti-GQ1b and -GD3 antibodies. When conjugated

to Sepharose in mock therapeutic immmunoaffinity columns, the immobilized

trisaccharide (DSG-Sepharose) can eliminate anti-GQ1b antibodies from sera

immunoreactive to GQ1b. Oligosaccharide-specific immunoadsorption therapy

thus provides a new therapeutic approach to anti-GQ1b antibody-associated

syndromes that could be applied to clinical practice. Andersen et al. (2004)

synthesized truncated ganglioside analogues with GD3, GQ1b and GM2 epitopes

that are structural mimics of these gangliosides. Those truncated gangliosides have

the ability to neutralize or remove auto-antibodies. Both approaches should be

applicable for the therapy in GBS although the synthesis of a large amount of

those agents for clinical use is likely to be technically difficult.

In addition to the above, we have demonstrated GD3 ganglioside molecular

mimicry in a model of GBS in Lewis rats by sensitization with LOSGD3 from
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C. jejuni ((Usuki et al. 2006); see Fig. 14.2) and hypothesized that molecular

mimicry between the LOS component of C. jejuni and gangliosides of PNS may

play an important role in the pathogenesis of GBS. Since the neuropathophy-

siological consequences were largely due to the anti-GD3-like antibodies, we

subsequently focused our effort on eliminating the pathogenic antibodies using

several novel reagents to mimic GD3 in this model. Two such reagents have been

tested in the rat model: the use of anti-idiotypic antibodies against pathogenic

antibodies (Usuki et al. 2010b) and peptide glycomimics (Usuki et al. 2010a).

Both agents represent excellent “mimics” for GD3 and are expected to provide

a means to selectively remove circulating antibodies in animal models of

neuropathies.

In general, the first strategy utilizes an anti-idiotypic antibody that mimics a

specific GSL. Jerne (1974) proposed that the immune system can be regulated

through a network of antibody/anti-idiotype interactions (Fig. 14.3).

One of the implications of the antibody/anti-idiotype model is the existence of

anti-idiotype antibodies that carry internal images of every recognizable determi-

nant. Viale et al. (1989) have reported that an anti-idiotype mAb (BEC2) carries the

internal image of a carbohydrate-antigenic determinant for GD3 expressed on

melanoma-associated GSLs. Recently, Chapman et al. (Chapman and Houghton

1991; Chapman et al. 2004) carried out a phase II clinical trial of BEC2 for patients

with melanoma and confirmed the development of anti-GD3 antibodies and an

improved survival rate. Similarly, phase III clinical trials are being conducted using

BEC2 with adjuvant for the treatment of small cell lung cancer (Giaccone et al.

2005). In our initial proof-of-principle study, we first sensitized Lewis rats with

LOSGD3 from C. jejuni that possesses the same epitope as the trisaccharide NeuAc-

NeuAc-Gal of GD3, and injected BEC2 without adjuvant into the sensitized rats

that have been induced to produce high titers of anti-GD3 antibodies. In contrast to

the clinical trials cited above, our goal was to use BEC2 as a “GD3-mimic.” We

Fig. 14.3 Strategy using anti-idiotypic GD3 antibody (BEC2): The antibody/anti-idiotypic anti-

body model is based on the existence of an anti-idiotypic GD3 antibody (or other anti-idiotypic

antibodies) that carry an internal image of a recognizable determinant, in this case GD3, that

specifically “neutralizes” the pathogenic anti-GD3 antibody by competitive inhibition
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have previously reported that anti-GD3 antibody elevation is consistent with the

clinical severity of the peripheral nerve dysfunction occurring in LOS-sensitized

rats (Usuki et al. 2006). Contrary to the cases of patients with melanoma, which

showed that BEC2 induces anti-GD3 antibody production, it is expected that BEC2

in the absence of adjuvant will interfere with the binding of anti-GD3 antibodies to

endogenous GD3 epitopes in the peripheral nerve. Our study indicated that intra-

peritoneally injected BEC2 in experimental rats effectively reduced anti-GD3

antibody titers (Fig. 14.4).

Moreover, the injected BEC2 was well tolerated and without adverse effects,

consistent with the observation in patients receiving IVIG treatment. Moreover,

the effectiveness of BEC2 treatment in the rat has been confirmed by electromy-

ography (Fig. 14.5) and rotarod performance (Fig. 14.6) (Usuki et al. 2010b).

Consistent with this model, anti-idiotype mAbs can be identified that carry the

internal image of non-protein determinants (Rubinstein et al. 1983; McNamara

et al. 1984; Stein and Soderstrom 1984; Viale et al. 1989; Kato et al. 1990;

Schreiber et al. 1990).

We propose that in hyper-immune diseases such as GBS or MFS that are

accompanied by high titers of anti-ganglioside antibodies, anti-idiotypic mAbs

should represent a useful reagent to neutralize anti-ganglioside antibodies by

competitive inhibition. The potential mechanisms include a direct binding and

inactivation of pathogenic antibodies, induction of anti-idiotypic antibodies, and

inhibition of antibody production by inactivating specific B cells primed by GSLs.

The second strategy exploits “mimics” for GSL antigens to selectively remove

antibodies. This strategy involves the use of a phage peptide library (Qiu et al.

1999) and requires polypeptides with structures that mimic carbohydrate

determinants to provide a surrogate immunogenic. It takes advantage of the method

of Scott et al. (Scott and Smith 1990) for efficiently selecting from the peptide

library peptide sequences that can bind to target molecules (Fig. 14.7).

This library was first developed for selecting peptides recognized by a mAb or

receptor, and was applied by Takigawa and co-workers (2000) to the preparation of

peptides that mimic gangliosides. Presumably the peptides may mimic

conformations which are adopted by carbohydrate epitopes in the recognition by

ganglioside specific antibodies or toxins. Current technology is available to produce

peptides mimicking the carbohydrate moiety that are useful to serve as competitive

inhibitors for a specific carbohydrate antibody. Mimetic peptides of the L2/HNK-1

carbohydrate epitope (sulfated glucuronosyl paragloboside) have already been

identified by phage-display and sequenced by Simon-Haldi et al. (2002). More

recently, glycomimetic peptides of GD3 have also been reported (Popa et al. 2006).

We treated rats with LOSGD3-induced experimental neuritis by intraperitoneal

administration of phage-displayed GD3-like peptides. One of the GD3-like

peptides called PGD3-4 of the amino acid sequence RHAYRSMAEWGFLYS was

particularly effective in lowering the titer of anti-GD3/anti-LOSGD3 antibodies

(Fig. 14.4) and ameliorated peripheral nerve dysfunction in the sera of LOSGD3-

sensitized rats, as evidenced by improved rotarod performance (Fig. 14.6) and a

restoration of motor nerve functions, including an improved histopathology and
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Fig. 14.4 Time course of anti-GD3 and anti-LOSGD3 antibody production: Sensitization of Lewis

rats was performed according to our established procedure (Usuki et al. 2006) using an emulsion of

complete Freund’s adjuvant mixed with an immunogen (LOSGD3 and keyhole limpet hemocya-

nin). Subsequently, animals were treated by booster injection at 2-week intervals with incomplete

Freund’s adjuvant and the immunogen. Anti-GD3 and anti-LOSGD3 antibody responses following

induction of experimental neuritis using LOSGD3 were examined periodically during 18 weeks of

experimentation by serum ELISA (sample diluted 1:200). Both antibody titers were elevated after

8 weeks of the primary sensitization. BEC2 and PGD3-4 treatments suppressed the antibody titers.

Animal serum samples were obtained at the specified times to test activities of anti-GD3 antibody

(solid circles) and anti-LOSGD3 antibody (open circles). Values are means � SD for four animals

(Modified with permission from Usuki et al. 2010a, b)
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motor nerve conduction velocity (Fig. 14.5). The data suggest that glycomimetic

peptides of GSLs should be potential powerful reagents for therapeutic intervention

in GBS. Furthermore, the small peptides have flexible structures and therefore

Fig. 14.5 Effect of BEC2 and PGD3-4 on nerve conduction velocity (NCV): Animals underwent

electrophysiological measurement by recording NCV (m/sec) in the tail nerve at the beginning and

the endpoint according to the experimental schedule. At 16 weeks, the NCV of the LOSGD3 group

decreased, while BEC2 and LOSGD3/PGD3-4 group improved the NCV (Modified with permission

from Usuki et al. 2010a, b)
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Fig. 14.6 Performance of the rotarod retention time: The rotarod motor test was performed at the

endpoint of experiment according to the conventional procedure. A rat was placed on a rotating

roller, and the time during which the rat remained on the roller was measured. There is a statistical

difference by one-way ANOVA in improved rotarod performance of BEC2 and PGD3-4, respec-

tively, as compared with LOSGD3 treatment. Values are means � SD for four animals (Modified

with permission from Usuki et al. 2010a, b)
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no defined conformation and, importantly, are not very immunogenic and elicit

minimal known side effects (Usuki et al. 2010a). The small peptides can also be

produced cheaply using existing peptide synthesis techniques.

Conclusion

Plasmapheresis and IVIG have been the widely accepted strategies for the

treatment of GBS because of their ability to dilute immune effectors such as

anti-GSL antibodies in the patient’s serum. Those approaches can give rise to

a temporary improvement of the clinical symptoms of GBS. The increased

antibody titers in GBS are thought to be caused by production of antibodies to

bacterial LOSs, particularly that from C. jejuni, that exhibit cross-reactivity with
gangliosides of the PNS. The epitopes recognized by anti-ganglioside antibodies

have been shown to be localized in the nodes of Ranvier of myelinated

fibers and in NMJs. Based on the ganglioside mimicry hypothesis, a number of

newer therapeutic strategies for treating GBS have been attempted, including

immmunoaffinity columns using DSG-BSA-conjugated Sepharose and synthesized

truncated gangliosides representative of GD3, GQ1b and GM2 epitopes as

methyl glycosides. All those agents have the ability to neutralize or remove

auto-antibodies, suggesting that those synthetic compounds can be used for

treatment. More recently, we have established, based on a rational design, the

use of glycomimetics that have been shown in proof-of-principle studies in

a LOSGD3-induced rat model of experimental neuritis that resembles GBS.

Those mimics include anti-idiotype antibodies against pathogenic antibodies

and glycomimetic peptides (replica peptides). Both reagents “mimic” the carbo-

hydrate epitopes of the respective glycolipid antigens and are expected to

provide a means to selectively remove circulating antibodies in animal models

of GBS. Rats receiving BEC2 tolerated it well without adverse effects that are

consistently observed in patients receiving IVIG treatment. Similarly, animals

receiving glycomimetic peptides of GD3 ganglioside showed remarkable recovery

from the disease symptoms, indicating their potential efficacy for therapeutic

intervention for GBS. Both approaches represent the next generation of strategies

for the treatment of GBS and related immune-mediated disorders.

Fig. 14.7 Strategy using peptide glycomimics of GD3: Peptide mimics for the carbohydrate

determinants of GSLs, in this case GD3, provide surrogate antigens to bind specifically the

pathogenic anti-GD3 antibody and to neutralize it
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Abbreviation

Ach Acetylcholine

AIDP or CIDP Acute or chronic inflammatory demyelinating polyneuropathy

ALS Amyotrophic lateral sclerosis

AMAN Acute motor axonal neuropathy

AMSAN Acute motor and sensory axonal neuropathy

BEC2 Anti-idiotype monoclonal antibody against GD3

BSA Bovine serum albumin

mAb Monoclonal antibody

MFS Miller Fisher syndrome

MMN Multifocal motor neuropathy

PNS Peripheral nerve system

C. jejuni Campylobacter jejuni
C. coli Campylobacter coli
DSG Disialylgalactose glycoconjugate

GBS Guillain-Barré syndrome

GSC Ganglioside-complex

GSL Glycosphingolipids

IM Intramuscular nerve

IVIG Intravenous immunoglobulin

LPS Lipopolysaccharide

LOS Lipo-oligosaccharide

NMJ Neuromuscular junction

SGGL Sulfated glucuronosyl glycolipid

SGPG Sulfated glucuronosyl paragloboside

SGLPG Sulfated glucuronosyl lactosaminyl paragloboside

VGSC Voltage-gated sodium channel

VGCC Voltage-gated Ca2+ channel

VR Ventral root axon
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Computational Techniques Applied to
Defining Carbohydrate Antigenicity 15
Robert J. Woods and Austin B. Yongye

15.1 Introduction

The complex shape and dynamic properties of oligo- and polysaccharides, com-

bined with their potential to exhibit functional group modifications, allow these

molecules to function pervasively in biology as encoders and recognition molecules

(Sharon and Lis 1993; Varki 1993; Dwek 1996). Yet it is this very diversity and

flexibility that makes their structural analysis difficult. Carbohydrate recognition

may be used in an immunological context to allow a host organism to identify a

foreign pathogen, on the basis of the carbohydrates presented on the surface of the

pathogen. As such, there is increasing use of polysaccharides isolated from the

surface of bacteria, such as Haemophilus influenzae (Hi), Streptococcus agalactiae
(Sa), also known as group B Streptococcus, and Neisseria meningitidis (Nm), in
antibacterial vaccines (Jennings 1992). The increasing use of carbohydrate-based

conjugate vaccines is founded on the observation that antibodies against the type-

specific bacterial capsular polysaccharides (CPSs) are often protective (Egan et al.

1983; Jennings 1992) and is driven by the increasing prevalence of antibiotic

resistant strains. However, the relationships between the carbohydrate sequence
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and antigenicity (affinity and specificity for antibody) or immunogenicity (ability to

induce an antibody response) are poorly understood.

Computational methods can provide unique insight into the structural features of

antigenic oligosaccharides that are responsible for mediating the affinity and speci-
ficity of their interactions with type-specific monoclonal antibodies (mAbs). This is

an area of research that presents severe challenges for traditional 3D structural

methods; however, simulational methods are well suited to addressing some of

these challenges. In particular, they offer the opportunity to generate experimen-

tally inaccessible data, to provide an atomic level interpretation for macroscopic or

indirect experimental data, to interpolate between sparse experimental data points,

to identify putative antigen – antibody interactions that may be experimentally

probed, and to quantify the roles of enthalpy and entropy in driving oligosaccharide

antigenicity. Such insight could form a basis for the rational development of more

effective antibacterial vaccines and conversely higher affinity engineered carbohy-

drate-binding antibodies.

Established structural methods, such as X-ray diffraction or NMR spectroscopy

face enormous challenges when applied to the study of biologically relevant

glycans and glycoproteins. Difficulties in obtaining sufficient material of acceptable

purity are compounded by the presence of micro-heterogeneity in the glycans

present in all glycoproteins. Further, in the case of co-crystallization experiments

between a carbohydrate-binding protein and its ligand, the requirement for a

homogeneous carbohydrate sample frequently necessitates the chemical synthesis

of the oligosaccharide. This is a far from routine undertaking for any but the

smallest glycans. Lastly, even with a supply of protein and ligand, the flexibility

of most oligosaccharides detracts from their ability to co-crystallize. While NMR is

well suited to work with less homogeneous samples, molecular weight limitations

have greatly attenuated its application to large glycoproteins or protein – polysac-

charide complexes. In addition, NMR data alone are generally insufficient to

completely characterize carbohydrate conformation and are frequently augmented

by insight from computational methods, such as molecular dynamics (MD) simula-

tion (Weimar and Woods 2002).

While no method alone is adequate to characterize either the conformation of an

oligosaccharide or its complex with a protein, by combining experimental biophys-

ical techniques with current computational methods, an opportunity is provided to

deduce structure-function relationships in many areas of glycobiology. Computa-

tional methods can contribute unique insight into the relationship between oligo-

saccharide structure and biological function (Fig. 15.1). Biomolecular simulations

offer the potential to make a significant contribution, serving either to assist in

the interpretation of otherwise sparse experimental data, or to provide a priori
models for the structure of oligosaccharides, or insight into the mechanisms of

carbohydrate recognition. The models from these simulations are generally able to

reproduce experimental NMR data (Vliegenhart and Woods 2006), and may be

employed in a predictive capacity.

Predictive accuracy enables MD simulations to be used to probe the

relationships between oligosaccharide sequence and structure. The potential benefit
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of this ability is clearly significant to glycobiology. A more challenging question

that immediately arises, once it is possible to predict structure, is whether or not

binding affinities may be accurately predicted. This latter question remains a highly

active research area of computational chemistry for all classes of interactions. At

present there are several methods to calculate binding energies. The most accurate

is known as free energy perturbation or thermodynamic integration (TI). TI is

limited to examining relative binding energies for very similar ligands; however,

it is capable of quantifying the contributions from key structural moieties

(Pathiaseril and Woods 2000). An alternative is to compute the DG of binding by

direct decomposition of the interaction energies between the reactants (Ford et al.

2003). Direct DG methods employ implicit solvent models in the calculation of

solvation free energy and so are less rigorous than TI calculations, but are more

broadly applicable (Gouda et al. 2003). The application of both TI and direct DG
calculations to carbohydrate-protein complexes have been reviewed recently

(Woods and Tessier 2010).

In this chapter we will illustrate the use of computational methods in defining the

origin of the structural features that confer specificity and affinity (antigenicity) to

carbohydrate antigen – antibody interactions. Not only are such properties of

fundamental importance to many host-pathogen interactions, but also, the increas-

ing use of anti-carbohydrate antibodies as diagnostic reagents necessitates well-

defined antigenicities, which are not however trivial to confirm. Several popular

carbohydrate force fields for molecular simulations have been recently reviewed

(Fadda and Woods 2010). Here we will highlight examples employing the

Fig. 15.1 Interplay between traditional biophysical and biochemical techniques and computa-

tional methods (bold outlines). By appropriately combining techniques, it is possible to establish

structure-function relationships in glycans and carbohydrate – protein (e.g., antibody) complexes
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GLYCAM force field (Kirschner et al. 2007) with the AMBER simulation package

(Case et al. 2005).

The conformational properties of two bacterial polysaccharides will be

described, namely for S. agalactiae (also known as group B Streptococcus) sero-
type III (SaIII), and N. meningitidis serotype B (NmB). Molecular dynamics

simulations of the polysaccharides provide unique insight into their solution

properties, serving to confirm and characterize the proposed bactericidal epitope

in SaIII, and to generate models for the highly plastic NmB antigen.

The second two examples will examine the most common types of anti-carbo-

hydrate antibody topologies, namely those that exhibit a cavity or groove type of

binding site. These will be illustrated for antigen binding fragment (Fab) complexes

with the antigenic epitopes from Salmonella paratyphi B (SpB) (cavity-like Fab)

and Shigella flexneri Y (SfY) (groove-like). In the SpB system, MD simulations

provide an explanation for the conformational differences observed in complexes

with this antigen and related Fab and variable fragments (Fv). For the SfY system,

free energy calculations are employed to explain the thermodynamic origin of the

affinity data reported for chemical analogs of the native antigen.

It is important to be clear regarding the meanings of the terms antigenicity,

epitope, and immunogenicity. Antigenicity (also known as antigenic reactivity)

refers to both the affinity and specificity of an antibody for an antigen (Regenmortel

1989). The term is frequently used to characterize the results of epitope mapping

studies. Relative to a given antibody, one epitope might be said to be more antigenic

or have higher antigenicity than another. An epitope is that region of an antigen that

is in direct contact with the antibody and is therefore responsible for the immuno-

logical uniqueness of the antigen. Antigenicity is not synonymous with immunoge-

nicity, which is the ability of an antigen to elicit a humoral or cell-mediated immune

response. All substances that are immunogenic are also antigenic; but the reverse is

not true. However, since carbohydrates cannot elicit a T-cell response directly, the

initial stimulation of the B-cell receptor (BCR) by the carbohydrate antigen is

crucial in developing an immune response. Since the BCR shares many features

of an antibody, an understanding of the basis of carbohydrate antigenicity may

ultimately lead to insight into carbohydrate immunogenicity.

15.2 Example 1. Defining the Conformational Epitope
of a Bacterial Polysaccharide (SaIII)

Remarkably subtle variations in the carbohydrate sequences among the branched

polysaccharides that make up the Sa bacterial capsules result in several immunologi-

cally distinct serotypes of Sa. Due to the large apparent size of the Sa epitopes, the

differences in the antigenicities of the serotypes are presumed to be due to conforma-

tional variations (Kabat et al. 1988; Zou et al. 1999). Notably, the serotypes of Sa are
compositionally similar, and yet immunologically distinct (see Fig. 15.2). Our

research has focused on the capsular polysaccharide associated with SaIII. While

not the most frequently isolated serotype, SaIII exhibits disproportionately high
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virulence in infants. A measure of the size of the carbohydrate epitope has been

provided by assaying the binding affinities of oligosaccharide repeat units of SaIII,
for anti-SaIII antibodies (Wessels et al. 1987). It was found that oligosaccharide

binding increased with the number of repeat units and a conformational epitope was

proposed (Wessels et al. 1987).

A complete computational analysis of SaIII, with respect to its interaction with

mAb 1B1 has been reported, including characterization of the solution conforma-

tion of the antigenic fragments (Gonzalez-Outeriño et al. 2005), and of the putative

immune complex (Kadirvelraj et al. 2006). Notably, that work provided the first

structural and energetic explanation for the observed lack of cross-reactivity

between SaIII and its close relative Pneumococcus type 14. Additionally these

studies confirmed that the bactericidal epitope (bound to mAb 1B1) was equivalent

to the solution conformational epitope (Kadirvelraj et al. 2006) (Fig. 15.3). The

results for SaIII illustrate the unique insight that computational methods can bring

to the interpretation of carbohydrate antigenicity.

Fig. 15.2 Examples of serotypes of S. agalactiae indicating the similarities in the backbone

sequence and side chains. The fact that each of these polysaccharides is immunologically distinct

highlights the fact that the concept of homology modeling has no role in carbohydrate 3D structure

prediction
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Although not a rigid helix, the polymer maintains an overall helical conformation

by virtue of the fact that internal rotations associated with the b-D-Glc-(1!6)-b-D-
GlcNAc linkage are hampered by stabilizing interactions (arrows) between the side

chain terminal Neu5Ac sialic acid residue and the polymer backbone (Fig. 15.4)

(Gonzalez-Outeriño et al. 2005). When these interactions are removed, by

desialylation, the conformational epitope is destroyed and the recognition motif is

reduced to a shorter segment, as seen in Pneumococcus type 14 (Gonzalez-Outeriño

et al. 2005).

Fig. 15.3 Upper: the predicted structures of the immune complex for a 25-mer fragment of SaIII
(blue) bound to a neutralizing mAb (1B1) showing the light chain variable domain VL (pink) and
heavy chain variable domain VH (purple) (Kadirvelraj et al. 2006). Lower: a comparison of the

SaIII fragment in its bound conformation (blue) with 10 snapshots of the solution conformations of

SaIII taken from a 25 ns MD simulation (Gonzalez-Outeriño et al. 2005)
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The conformational analysis of SaIII provided unique insight into the 3D

structure of the bactericidal epitope, and led to the conclusion that the antibody

had evolved to recognize the most frequently populated shape of the polysaccha-

ride. This is entirely consistent with earlier evidence that this polysaccharide

exhibited a conformational epitope. The data also suggest that, conversely, an

antibody is less likely to evolve to recognize a lengthy segment of a highly

disordered polysaccharide, but instead would evolve to recognize shorter segments

that display less overall plasticity.

15.3 Example 2. Modeling the Conformational Properties
of a Highly Flexible Bacterial Polysaccharide (NmB)

The bacterial serotypes of Nm are defined on the basis of their capsular

polysaccharides (CPSs), which are invariably polyanionic (see Table 15.1). The

CPSs form a shell around the bacterium, but are not toxic themselves. During

infection they inhibit phagocytosis by neutrophils, protect the bacterium from

antibody recognition, and interfere with adherence of complement. The CPSs are

key virulence determinants, due to their location on the outer surface of the bacteria,

and constitute the principal antigens in most of the pathogenic bacteria. Virtually

nothing is known about the relationship between capsule structure and infectivity.

Similarly, there is only a poor understanding of the variation in immunogenicity

associated with the various serotypes.

There are two currently available CPS-vaccines for meningococcal disease, one

being a mixture of CPSs from groups A and C, and the other a mixture of groups A,

C, Y, and W135. A reliable vaccine for group B is still not available. The poor

immunogenicity of NmB has been attributed to the structural similarity between the

CPS from NmB and human tissue antigens in gangliosides and neural cell adhesion

glycoproteins (NCAM) (Finne et al. 1983; Finne and M€akel€a 1985). A protective

immune response was elicited from a synthetic derivative of the B-conjugate

vaccine, made by replacing the N-acetyl groups in the CPS with N-propionyl
groups (Jennings et al. 1986, see Chap. 3). At first glance these results suggest

that the N-acetyl and N-propionyl groups have little influence on the structure of

Fig. 15.4 The sequence of a dimeric repeating unit of SaIII indicating the side chain – back bone
interactions that stabilize the backbone b(1!6)linkage
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the epitope. However, when analyzed in terms of antibody class (Krug et al. 2004),

it was demonstrated that only IgM class antibodies generated by immunization

with the synthetic analogs of NmB maintained the ability to recognize the native

antigen. IgG class antibodies produced by the synthetic analog were unable to bind

to the native antigen (Liu et al. 2000; Krug et al. 2004). Clearly, there is a trade-off

between stimulating the immune system and compromising the 3D structure of the

antigen.

Lastly, despite the fact that the CPS from types NmB and NmC (-9-a-D-
Neu5Ac-2-) are copolymers of the same carbohydrate, their linkage differences

apparently lead to profound 3D structural variations, evidenced by the fact that

while mAb 735 recognizes type B, it does not react with type C, yet both

polysaccharides cross-react with antisera against E. coli K92, which has a CPS

composed of an alternating sequence of a(2!8)-, and a(2!9)-linked Neu5Ac

residues (Devi et al. 1991).

In order to assess the performance of unrestrained MD simulations on type B

antigens, we examined the sialobioside and sialotrioside fragments of NmB by MD

and NMR analysis (Yongye et al. 2008b). These structures contain the conforma-

tionally-critical a(2!8)-linkages that are present in the NmB homopolymer.

Simulations of these fragments serve the important function of establishing the

accuracy limits of the computational and experimental protocols.

Data from MD simulations of the antigenic fragments (Fig. 15.5) are presented

for comparison with NMR homonuclear J-couplings (Table 15.2), experimentally-

derived rotamer distributions (Table 15.3), and NOE intensities (Table 15.4).

The level of agreement between the experimental and theoretical values is

reasonable, given the sources of errors, although not ideal. The overall conforma-

tion of NmB is influenced by the o7 and o8 torsion angles in the exocyclic glyceryl

side chains in the Neu5Ac residues, but not directly by o9, which is effectively a

free rotor. Scalar couplings were recorded for o9 in the trisaccharide and were

similar to those from the disaccharide. Additionally, it is important to observe that

o7 displays markedly different conformational properties depending on whether O8

is free, or whether it participates in a glycosidic linkage. These differences are most

apparent in the H6-H7 homonuclear 3J-couplings (Table 15.2), and it is notable that
the unrestrained MD simulations were able to correctly reproduce this difference in

rotamer preferences.

Table 15.1 CPS structures for the five most virulent N. meningitidis serotypes

Serotype Oligosaccharide repeat units (anionic residues in bold)

A !6)a-D-ManNAc(1!OPO3!
B !8)aNeu5Ac(2!
C !9)aNeu5Ac(2!
E. coli K92 !8)aNeu5Ac(2!9)aNeu5Ac(2!
W135 !6)a-D-Gal(1!4)aNeu5Ac(2!
Y !6)a-D-Glc(1!4)aNeu5Ac(2!
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Conversion of the experimental J-values into populations was performed as

described earlier (Yongye et al. 2008) and indicated that the o7 angle is effectively

rigid (Table 15.3). This is a characteristic feature in the NMR of Neu5Ac residues

and has been identified (Poppe and van Halbeek 1991) as being due to a strong

hydrogen bond between HO7 and the NAc moiety. A hydrogen bond between HO8

and the carboxylate group at C2 has also been identified as stabilizing the o8 angle

in a predominantly trans-orientation (Poppe and van Halbeek 1991). These

Fig. 15.5 Upper Left: Definition of inter-residue o-torsion angles (terminal sequences shown in

with dashed lines, internal with bold). Upper Right: An indication of the key inter-residue NOEs

(arrows) pertinent the data in Tables 15.2–15.4. Lower: sialotrioside showing internal and terminal

o-angles

Table 15.2 NMR and computed 3JHH coupling constants (Hz) for inter-residue torsion angles in

fragments of NmB. Conformation-defining intra-residue J-couplings are highlighted in grey

Angle Linkage Spins NMR MD (100 ns)a REMD (20 ns)a

Sialobioside aNeu5Ac(2!8)aNeu5Ac!OMe

o7 Terminal aH6-aH7 1.4 � 0.1 1.0 � 0.8 1.0 � 0.8

Internal bH6-bH7 <1.0 1.2 � 0.9 1.2 � 0.9

o8 Terminal aH7-aH8 9.5 � 0.9 7.9 � 0.6 8.1 � 0.6

Internal bH7-bH8 1.5 � 0.2 2.0 � 0.7 2.0 � 0.7

o9 Terminal (free rotor) aH8-aH9R 6.1 � 0.6 6.7 � 1.5 5.9 � 1.5

aH8-aH9S 2.4 � 0.2 3.7 � 0.9 3.6 � 0.9

Internal (free rotor) bH8-bH9R 6.1 � 0.6 7.3 � 1.6 7.4 � 1.7

bH8-bH9S 4.1 � 0.4 2.9 � 1.3 2.9 � 1.3

Sialotrioside (a-b-c) aNeu5Ac(2!8)aNeu5Ac(2!8)aNeu5Ac!OMe

o7 Terminal aH6-aH7 1.5 � 0.2 1.0 � 0.8 1.0 � 0.8

Internal bH6-bH7 <1.0 0.9 � 0.8 0.9 � 0.7

Internal cH6-cH7 <1.0 1.1 � 0.9 1.3 � 1.0

o8 Terminal aH7-aH8 9.6 � 1.0 7.7 � 0.6 8.1 � 0.5

Internal bH7-bH8 <4.0 3.6 � 0.9 1.9 � 0.9

Internal cH7-cH8 <4.0 2.1 � 0.7 2.1 � 0.8
aREMD simulations were performed at eight temperatures for a total of 160 ns
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properties are well reproduced by the MD simulations. It is very significant that

when HO8 is involved in a glycosidic linkage, it can no longer participate in the

internal hydrogen bond and the orientation of the o8 angle changes from trans- to
mostly gauche. The o8 angle is not constrained by strong internal hydrogen bonds

in solution (Poppe and van Halbeek 1991) and is able to populate all three staggered

rotamers with a preference for the gauche. That these features are correctly

reproduced here indicates that the force field is able to reproduce the delicate

energetic balance between intramolecular and solvent-mediated hydrogen bonds

(Kirschner and Woods 2001).

The agreement between the theoretical and experimental NOE data for the

sialobioside (Table 15.4) suggests that the discrepancies between the computed

and theoretical J-values do not arise from inaccurate conformational data (since

both MD and REMD data sets give very similar results), but from approximation

associated with converting the MD data to J-values.
In the sialotrioside, there are additional rotatable bonds, and we begin to see a

dependence of the computed NOEs on sampling. While quantitative agreement

with rotamer populations has not yet been achieved, the simulations have been able

to identify the preponderant rotamer in each state and were generally able to

correctly rank the populations.

Table 15.3 NMR-based and computed populations (%) for inter-residue torsion angles in

fragments of NmB

Angle Linkage NMRa, b gauche/trans/-gauche MD (100 ns)

g/t/�g
REMD (20 ns)

g/t/�g

Sialobioside (a-b) a-Neu5Ac-(2!8)-a-Neu5Ac!OMe

o7 Terminal a 100/0/0 100/0/0 100/0/0

o7 Internal b 100/0/0 100/0/0 100/0/0

o8 Terminal a 0/100c/0 13/80/7 13/83/4

o8 Internal b 96 � 3/3 � 3/0 90/10/0 90/10/0

o9 Terminal a 54 � 8 /0/50 � 12 61/18/21 52/16/32

o9 Internal b 55 � 8/24 � 9/20 � 15 73/2/25 75/4/21

Sialotrioside (a-b-c) a-Neu5Ac-(2!8)-a-Neu5Ac-(2!8)-a-Neu5Ac!OMe

o7 Terminal a 100/0/0 100/0/0 100/0/0

o7 Internal b 100/0/0 100/0/0 100/0/0

o7 Internal c 100/0/0 100/0/0 100/0/0

o8 Terminal a 0/100c/0 15/74/7 14/82/4

o8 Internal b 60 � 9 / 25 � 3 / 0 70/30/0 92/8/0

o8 Internal c 66 � 5 / 31 � 9 / 0 89/11/0 82/10/8
aRange is consistent with the estimated error in the experimental J-values, only one symmetric

solution is presented
bNMR populations derived by employing limiting J-values from rotational isomeric states

computed from traditional MD (the REMD simulations did not give significantly different limiting

J-values)
cEstimated based on the magnitude of the J-value

370 R.J. Woods and A.B. Yongye



15.3.1 MD Simulations of a 12-mer Fragment of NmB

In order to extrapolate the modeling to a fragment that mode accurately captured

the properties of a polysaccharide, 12-mer fragment of NmB was subjected to 25 ns

MD simulation. By comparing the NMR data for the sialotrioside (Table 15.5),

it appears that the o-angles in the polysaccharide, and in the 12-mer, populate

approximately the same states as the internal o-angles in the trisaccharide. The

initial MD data are qualitatively in agreement with the experimental data; however,

further MD data are required before the simulations may be considered converged.

Precise characterization of the rotational isomeric states in the polysaccharide is

impossible with the available NMR data.

The NmB case illustrates a very important point, namely that for a flexible

antigen, characterizing only the solution states is unlikely to lead to the identifica-

tion of the bactericidal epitope. To make that identification likely requires an

examination of the antigen in the presence of at least one protective mAb.

Previously, various perfectly helical structures were suggested for NmB, which
were in qualitative agreement with the available NMR data (Evans et al. 1995).

More recently (Henderson et al. 2003), both helical and random models were

Table 15.4 Experimental NOE distances (Å)a and average inter-proton distances from MD and

REMD simulations for fragments of NmB. Conformation-defining intra-residue NOEs are

highlighted in greyb

Spins NMR MD

100 ns

REMD

20 ns

Spins NMR MD

100 ns

REMD

20 ns

Sialobioside (a�b) a-Neu5Ac-(2!8)-a-Neu5Ac!OMe

bH8 –

bH6

2.6 2.5 � 0.2 2.5 � 0.2 bH8 –

bH7

2.3 2.6 � 0.2 2.6 � 0.2

aH3ax –

bH8

2.7 2.9 � 0.7 3.0 � 0.8 aH3eq –

bH8

4.0 3.9 � 0.4 3.4 � 0.4

aH3ax –

aH3eq

1.7 1.7 � 0.1 1.7 � 0.1 aH3ax –

aH5

2.6 2.7 � 0.2 2.7 � 0.2

aH3ax –

aH4

2.9 3.0 � 0.1 3.0 � 0.1 aH3eq –

aH4

2.5 2.5 � 0.1 2.5 � 0.1

bH3ax –

bH4

3.1 3.0 � 0.1 3.0 � 0.1 bH5 –

bNMe

4.3 4.5 � 0.1 4.5 � 0.1

bH3ax –

bH5

2.6 2.7 � 0.2 2.7 � 0.2 bH9R –

bH8

2.3 2.5 � 0.2 2.9 � 0.3

Sialotrioside (a�b�c) a-Neu5Ac-(2!8)-a-Neu5Ac-(2!8)-a-Neu5Ac!OMe

cH8 –

bH3ax

2.6 3.3 � 0.8 2.6 � 0.7 bH6 –

bH8

2.3 2.6 � 0.3 2.5 � 0.1

bH3eq –

cH8

3.5 4.1 � 0.5 3.8 � 0.5 aH3ax –

bH8

3.0 3.4 � 0.8 2.8 � 0.7

bH6 –

bH7

2.2 2.4 � 0.1 2.4 � 0.1 aH3eq –

bH8

3.4 4.2 � 0.4 3.8 � 0.4

aDerived using the isolated spin-pair approximation (ISPA)
bConformationally insensitive NOEs for the sialotrioside were similar to the sialobioside values,

and are omitted
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compared to NMR relaxation data and it was concluded that a random coil model

was in best agreement. The present MD studies indicate that the CPS is very

unlikely to be a rigid helix, but rather, as seen in the smaller fragments, likely

interconverts between multiple well-defined rotameric states (Fig. 15.6). This

dynamic model is consistent with, albeit limited, experimental scalar J-coupling
data for the polysaccharide, and is consistent with the well characterized di- and

trisaccharide fragments.

15.4 Example 3. Docking and MD Simulations
of Carbohydrate-Antibody Structures
(the SpB – Se155 Antibody System)

The 3D structures of antibody-carbohydrate complexes can be used to identify the

conformation of the bactericidal epitope. However, because oligosaccharides

are generally refractory to crystallization, such complexes are difficult to generate

for analysis by x-ray diffraction. For this reason, there is interest in using

Table 15.5 Inter-glycosidic homonuclear 3J-couplings in methyl a(2!8)-dodecasialoside from

a 25 ns MD simulation compared to experimental data for the intact polysaccharide.

Angle Linkage Spins MDa

(average)

NMRb intact

polysaccharide

(colominic acid)

Sialotrioside

NMR

internal

linkages

Sialotrioside

NMR

terminal

linkages

v7 Internal H6-

H7

2.2 � 0.8 <3 <1.0 1.5 � 0.2

v8 Internal H7-

H8

3.4 � 1.2 <3 <4.0 9.6 � 1.0

v9 Free

rotor

H8-

H9S

3.8 � 1.8 5 2.8 � 4.5 <4.0

H8-

H9R

6.1 � 1.4 6 6.0 � 6.3 6.2 � 0.6

aTheoretical values computed for the central six internal linkages only
bMichon et al. (1987)

Fig. 15.6 Snapshots from a 25 ns MD simulation of a 12-mer of NmB selected at 2.5 ns intervals

illustrate the plasticity of this polysaccharide. Multiple conformational states are present with

regions of helical structure transitioning (grey) between more convoluted conformations
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computational docking methods to predict the orientation of the antigen in the

binding site (Paula et al. 2005; Kadirvelraj et al. 2006), given only the 3D structure

of the protein (Fig. 15.1). However, computational docking is prone to false

positives (Woods and Tessier 2010), and the current algorithms do not include

potential functions that correctly predict the conformational properties of oligosac-

charides, such as arise from the exo-anomeric effect (Wolfe et al. 1979). In this

section we will examine the case of the compact carbohydrate antigen from

the O-chain polysaccharide of Salmonella serotype B in complex with mAb

Se155-4 (Fig. 15.7). This antibody appears to have matured to recognize this

immunodominant antigen by forming a remarkably hydrophobic cavity, which is

nevertheless able to satisfy all of the hydrogen bond requirements of the immune-

dominant abequose (Abe) residue. This is a particularly interesting system because,

in the crystal structure with the Fv fragment (Zdanov et al. 1994), a water molecule

Fig. 15.7 Upper Left: The hydrogen bonding network in the Fv (pink) and Fab (light blue)
complexes of Se155-4. Interactions unique to the Fv are shown in pink; those unique to the Fab in

light blue. Upper Right: A view of the trisaccharide antigen in the binding site of the Fv and Fab

structures. The lowest energy pose from the docking is illustrated in dark blue. Lower. Time

dependence of the Gal O2 – Abe O2 interatomic separation (black) and the Gal O2 – Trp93L Ne
interaction indicating the interconversions between the Fab-like (light blue) and Fv-like (pink)
conformations
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mediates the interaction between two monosaccharide residues in the antigen, while

in the Fab structure this water is absent (Bundle et al. 1994). In the absence of this

water, two new hydrogen bonds are formed and one is broken.

15.4.1 Molecular Docking

Since docking experiments are normally performed without prior knowledge of

bound water molecules, we chose to dock to the Fv structure, but with all waters

removed. The docking should either predict a ligand orientation as in the Fab

complex (as might be expected, since the Fab complex lacks a water-mediated

interaction), or as in the Fv, or a hybrid of the two.

The trisaccharide was docked to the Fv fragment using Autodock, following

reported protocols (Kadirvelraj et al. 2006), allowing all inter-glycosidic and

hydroxyl torsion angles full rotational freedom. The docking predicted a hybrid

orientation between that of the Fv and Fab complexes (Table 15.6 and Fig. 15.7).

Superimposition of the coordinates of the Fab, Fv, and docked complexes, indicated

that the immunodominant Abe residue was positioned equivalently in each com-

plex, as was the central Man residue. However, the orientation of the terminal Gal

residue varied in each complex. It is noteworthy that the docked conformation of

the ligand (dark blue in Fig. 15.7) is more similar to that in the Fab complex (light

blue). Thus, the docking behaved as might be expected, given that, in the Fab

structure, the bridging water between Gal O2 and Abe O2 is absent.

15.4.2 MD Refinement

The lowest energy pose from the docking (dark blue in Fig. 15.7) was then solvated

and subjected to a 10 nsMD simulation. The interatomic interactions were monitored

over the course of the trajectory and indicated a conformational interconversion

(Fig. 15.7). Although the automated docking led to a hybrid conformation, between

that of the Fv and Fab structures (Table 15.6), the MD simulation demonstrated that

both conformations were populated at room temperature in an aqueous environment.

Analysis of the intermolecular interactions indicated that a Fab-like conforma-

tion was present for ~78% of the 10 ns timeframe; a Fv like conformation for 22%.

In each case, as seen experimentally, the immunodominant Abe residue remained

unaffected by these motions (Table 15.6). MD-refinement removed three false

positive hydrogen bonds, predicted by the docking and allowed one to form that

docking had missed. The overall data from the MD suggest an antigen whose

immunodominant region is well defined, but that can populate at least two distinct

conformations, which are both consistent with the two structures observed

experimentally.

This system serves to illustrate the fact that automated docking can provide a

medium resolution structure for carbohydrate – antibody interactions, but that

subsequent MD simulations are able to significantly improve the accuracy of the
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structures. We believe this approach offers much potential for application to this

challenging area.

15.5 Example 4: Docking, MD, and Free Energy Simulations
of Carbohydrate: Antibody Structures (the SfY – SYAJ6
Antibody System)

The SfY antigen was selected for analysis by docking, MD, and thermodynamic

integration (TI) calculations because it is extremely well-characterized experimen-

tally and represents an example of a co-crystal of a linear oligosaccharide antigen in

a groove-like antibody combining site. Experimental crystal structures have been

reported for the free Fab (Fab SYAJ6) (Vyas et al. 2002), as well as for complexes

of the Fab with synthetic tri- and pentasaccharide analogs of the polysaccharide

(Vyas et al. 2002). Additionally, accurate thermodynamic binding data have been

Table 15.6 Experimental and computed interatomic distances (Å) between the SpB antigen and

mAb Se155-4 with the water-mediated interactions highlighted in grey

Hydrogen bond X-ray

Fva
X-ray

Fabb
Dockingc to Fv MD of docked complex

(10 ns)

Abe O2 – G98H N 2.8 2.7 2.9 2.9 � 0.1, 100%

Abe O4 – W98L Ne 3.0 2.9 2.7 3.1 � 0.2, 100%

Abe O4 – H35H Ne 3.3 3.5 2.8 3.5 � 0.2 100%

Gal O2 – Abe O2 4.4 2.9 3.4 5.4 � 0.3/3.1 � 0.3

Gal O2 – W93L Ne 2.8 4.4 3.8 2.9 � 0.1/4.6 � 0.3

Gal O4 – W93L Ne 5.5 3.3 2.8 6.7 � 0.5/3.1 � 0.4

Gal O3 – H34L Ne 5.6 3.6 3.4 6.4 � 0.4/3.6 � 0.5

Man O4 – H97H Nd 2.7 2.9 3.9 (fals

negative)

3.2 � 0.7, 100%

Man O4 – Abe O2 4.0 3.6 3.2 (false

positive)

4.2 � 0.3d

Gal O3 – W93L Ne 4.2 4.3 3.0 (false

positive)

4.8 � 0.4d

Gal O4 – N96L Od 3.6 3.8 2.7 (false

positive)

5.2 � 1.2d

False Negatives 1 0

False Positives 3 0
a1MFA (Zdanov et al. 1994)
b1MFD (Bundle et al. 1994). Exists in a water-mediated interaction
cIn a typical docking run, a grid box with dimensions 30 � 30 � 30 Å and a grid point spacing of

0.375 Å was centered on the complementarity determining region with the ligand positioned

initially at the center of the grid. Docking was performed with AutoDock 3.0.5 (Morris et al.

1998) employing the Solis and Wets local search method with a Lamarckian genetic selection

algorithm (Solis andWets 1981). The total number of docking runs was set to 150, while Autodock

default values were utilized for all other parameters. The results for the lowest energy poses were

selected for analysis
dNo distances less than 3.2 Å were observed during the simulation
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reported for several deoxy derivatives of the pentasaccharide (Vyas et al. 2002),

which may be employed in the validation of binding energy prediction methods.

15.5.1 Molecular Docking

Presented in Fig. 15.8 are the lowest energy structures from three docking analyses.

As a positive control, we began by docking of the pentasaccharide to the

Fab structure extracted from the Fab – pentasaccharide crystal structure (a-L-Rha-
(1!2)-a-L-Rha-(1!3)-a-L-Rha-(1!3)-b-D-GlcNAc-(1!2)-a-L-Rha) (panel A).

Since the protein surface is ideally disposed to receive the oligosaccharide in that

structure, the performance of the docking depends only on the sampling of the

oligosaccharide conformational states and the energy function. Autodock was

selected because it has been shown to perform well on carbohydrate – protein

complexes (Laederach and Reilly 2002).

The results of docking the SfY pentasaccharide to the crystal structure of the free

Fab are shown in Fig. 15.8, panel B. The influence of variations in protein side

chain orientations on the overall structure is evident, although not profound. In the

final experiment (panel C), a model for the Fab was employed that was generated by

homology modeling. This is the worst-case, or most optimistic scenario, since the

protein structure may include not only non-optimal side chain orientations, but also

inaccurate back bone conformations. While the docked oligosaccharide still made

contacts with each of the CDR loops, it was displaced and disordered internally,

relative to the experimental structure.

Fig. 15.8 Results from three docking scenarios: (a) employing Fab from Fab – oligosaccharide

crystal structure (PDB id 1M7I (Vyas, Vyas et al. 2002)); (b) Fab from crystal structure of free Fab

(PDB id 1 M71 (Vyas, Vyas et al. 2002)); (c) homology modeled Fab, generated as described in

(Dyekjaer and Woods 2006) using PDB id 1MNU (van den Elsen et al. 1999) for CDR L1 and L2,

1KEG (Yokoyama et al. 2000) for CDR L3; all CDRs in the VH domain were taken from PDB id

1AXT (Barbas et al. 1997). The experimental alignment of the oligosaccharide is presented in

yellow, the theoretical in red
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15.5.2 MD Refinement

Each of the docked structures presented in Fig. 15.8 was then subjected to a 10 ns

explicitly solvated MD simulation to determine whether the MD refinement would

improve the docked orientations. No restraints were applied to either the protein

side chains or the ligand during the MD. In all cases, the structures improved, with

the most significant improvement seen for the homology modeled Fab complex.

When docked to the crystal structure of the free Fab, docking correctly formed only

two of the eight intermolecular hydrogen bonds and predicted two incorrect hydro-

gen bonds (false positives) (see Table 15.7).

A relatively short MD refinement removed the false positives and led to the

correct prediction of 6/8 interactions. Notably, with the exception of one hydrogen

Table 15.7 Hydrogen bond distances (Å) in complexes resulting from docking of the

pentasaccharide to the crystal structure of the free Fab or to the homology model, followed by

MD refinement

Hydrogen bonds X-ray

(Co-complex)

Docking to free fab

(after 10 ns MD)

Docking to homology model

of fab (after 10 ns MD)

H27 Ne – Rha5 O3 3.21 –a –

2.9 � 0.1 (99%) 3.1 � 0.2 (96%)

Y32 Og – Rha2 O4 2.52 – 2.5

3.2 � 0.2 (55%) –

W33 Ne – Rha1 O4 2.70 – –

3.2 � 0.1 (53%) –

E50 Oe –
GlcNAc4 O4

2.81 – 3.3

3.2 � 0.2 (8%) 2.7 � 0.1 (99%)

T91 O –

GlcNAc4 N

2.68 3.0 –

3.0 � 0.1 (100%) 2.9 � 0.2 (99%)

T91 Og – Rha3 O2 2.92 – –

– –

A97 O – Rha2 O3 3.02 – 2.6

2.7 � 0.1 (100%) 3.0 � 0.2 (34%)

G99 O – Rha3 O2 3.15 2.8 –

2.9 � 0.2 (100%) 3.2 � 0.1 (56%)

Correctly
predicted

2/8 after Docking 3/8 after Docking

6/8 after MD 5/8 after MD

N31 O – Rha2 O4 – 3.0 –

3.2 � 0.2 (18%) –

T92 O – Rha5 O3 – 2.4 –

– –

V98 O – Rha3 O2 – – 2.9

– –

False positives 2 after Docking 1 after Docking

0 after MD 0 after MD
aDashes indicate the H-bond was not observed, based on a 3.2 Å cutoff
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bond, the MD simulations initiated with the crystal structure of the complex

effectively converged to that initiated from the complex docked to the free Fab.

It is significant that in the case of the relatively low-resolution structure resulting

from docking to the homology modeled Fab, even a short MD refinement signifi-

cantly improved the prediction of intermolecular hydrogen bonds, removing all

false positives. It is notable that two hydrogen bonds are absent in the MD structure,

but this did not cause the ligand to alter its position significantly (the average

RMSD of the oligosaccharide was only 0.7 Å). The loss of some crystallographic

hydrogen bonds in MD simulations of carbohydrate – protein complexes is com-

mon (Bryce et al. 2001). Several hydrogen bonds appear to lengthen, but neverthe-

less remain stable over the course of the simulations. For example, while the Tyr32

Og – Rha2 O4 hydrogen bond is only present 55% of the time, the average heavy

atom separation is stable at 3.5 � 0.4 Å. While this is obviously a weakened

interaction, such long hydrogen bonds are the reason some studies employ hydro-

gen bond cutoff values of as much as 3.5 Å (Bryce et al. 2001).

15.5.3 Free Energy Calculations

The relative binding energies for two synthetic deoxy oligosaccharides closely related

to the native antigen were computed (Table 15.8 and Fig. 15.9). These oligosac-

charides were selected because they represent two possible situations; that is, one

binds better than the wild-type oligosaccharide (Rha2 2-OH!2-H), and one binds

muchworse (Rha3 4-OH!4-H).All TI calculationswere performed sequentially over

12 values of l (each step initiated with velocities and coordinates of preceding). They

were performed in two steps: (1!2) Charge mutation followed by (2!3) van der

Waals and valence property mutation (see Table 15.8 for methodological details).

Table 15.8 Application of TI calculationsa to the prediction of relative binding free energies of

antigenic oligosaccharides from SfY to mAb SYAJ6

Mutation DG in water DG in protein Net affinity (DDG)

Rha2 2-OH!2-H (Introduction of hydrophobic interactions)

Coulomb �46.78 � 0.4 �48.66 � 0.3 �1.88 � 0.5

van der Waals 3.74 � 0.2 4.48 � 0.2 0.74 � 0.3

DG Computed �43.04 � 0.4 �44.18 � 0.4 �1.1 � 0.6

Experimentb �1.6

Rha3 4-OH!4-H (Loss of a direct H-bond)

Coulomb �18.30 � 0.3 �16.40 � 0.4 1.90 � 0.5

van der Waals 2.00 � 0.3 2.94 � 0.3 0.94 � 0.4

DG Computed �16.30 � 0.4 �13.46 � 0.5 2.8 � 0.6

Experimentb Inactive, DDG >> 0
aThe perturbations involving the ligand, both free and bound, were performed with electrostatics

decoupled from van der Waals and internal properties as described in (Kadirvelraj et al. 2006) with

integration using 12 point quadrature, for a total of 5.76 ns for each mutation cycle.
bVyas et al. (2002)
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Because we were able to employ the crystal structure of the complex in these

calculations they provide an optimal situation for establishing the accuracy of the

GLYCAM and AMBER force fields and the TI protocols. Under these conditions,

the results presented in Table 15.8 provide encouraging support for the use of TI

calculations to probe the effects of chemical modifications on antigenicity. Addi-

tionally, as seen from the data in Table 15.6, the MD-refined co-crystal structure

employed in these TI calculations is effectively equivalent to the MD-refined

structure generated by docking of the antigen to the free Fab. Thus, the TI

calculations may prove useful in systems that require the antigen first to be docked

to the antibody.

Conclusions

When comparing computational and experimental data sets, both theoreticians

and experimentalists should be aware that each other’s data inevitably contains

errors, whether related to precision or accuracy, and it is critical to have some

estimate of the statistical reliability of all reported values. In many comparisons

it is preferable to derive the experimental observable from the theoretical data,

rather than derive a 3D model from the experimental data. For example, NMR

data is often too sparse in flexible molecules to be sufficient to derive a well-

defined 3D structure, however the theoretical simulations should be consistent

with the experimental data (Yongye et al. 2008). With the continued growth of

the performance:cost ratio for computers, there is little justification for reporting

theoretical data from simulations that have not reached an appropriate level of

convergence for the timescale of the experimentally-observed phenomena.

Increasingly, computational chemists are adopting the strategy of including

positive and negative controls in MD simulations and free energy calculations.

In the case of antigenicities, these may take the case of comparing ligands known

Fig. 15.9 Amino acid color scheme: Positive charge (blue), negative (red), polar neutral (white),
aliphatic (green), aromatic (yellow). The deoxy position in the ligand is indicated by a pink ball
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to bind as well as those known not to bind (Ford et al. 2003; Kadirvelraj et al.

2006). Such comparisons can greatly bolster confidence in the results when the

computational method is employed predictively, and are highly effective at

identifying anecdotal results.

Unlike polypeptides, oligosaccharides frequently exist as non-linear polymers.

This feature, combined with the configurational diversity associated with carbo-

hydrate linkages prevents the use of sequence homology when predicting the 3D

structures of oligosaccharides. In effect, every oligosaccharide must be treated as a

unique case. Fortunately, and again in contrast to polypeptides, it is routinely

possible to generate qualitatively likely 3D structures for oligosaccharides by

imposing established rules for linkage and ring conformation (Rao et al. 1998).

However, such initial models are inadequate because they fail to capture the

dynamic properties of these molecules. When multiple rotameric states are likely,

such as for (1!6)-linkages, MD simulations provide a method for identifying the

preferred states, and are often able to quantitatively reproduce their populations

(Kirschner and Woods 2001; Gonzalez-Outeriño et al. 2005; Gonzalez-Outeiriño

et al. 2006; Kirschner et al. 2007). The successes of such predictions are a

testament to the power of computational simulations, but some challenging

cases remain, including highly flexible furanosyl rings (Taha et al. 2010).

With regard to protein carbohydrate complexes, automated docking may be

employed to predict the pose of the carbohydrate in the binding site, given a

3D structure for the protein. This is an extremely powerful technique in

principle, however, in practice, the results are profoundly sensitive to the

methodology as well as to the extent to which the carbohydrate induces

conformational changes in the orientation of the protein side chains. Provided

a reasonable pose has been generated by docking, MD simulations can signifi-

cantly improve the accuracy of the predicted complex. Given an accurate

protein carbohydrate complex, computational methods such as TI, may be

employed to predict the effect of structural alterations on the affinity (Woods

and Tessier 2010). The ability to rank ligands in order of affinity is essential in

understanding the molecular basis for carbohydrate antigenicity, while the

ability to determine the quantitative contributions to binding energy arising

from modest chemical alterations in the hapten may ultimately guide the

development of synthetic vaccines.
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Ford MG, Weimar T, Köhli T, Woods RJ (2003) Molecular dynamics simulations of Galectin-1-

oligosaccharide complexes reveal the molecular basis for ligand diversity. PROTEINS: Struct

Funct Genet 53:229–240

Gonzalez-Outeriño J, Kadirvelraj R, Woods RJ (2005) Structural elucidation of type III group B

Streptococcus capsular polysaccharide using molecular dynamics simulations: the role of sialic

acid. Carbohydr Res 340:1007–1018

Gonzalez-Outeiriño J, Kirschner KN, Thobhani S, Woods RJ (2006) Reconciling solvent effects

on rotamer populations in carbohydrates: a joint MD and NMR analysis. Can J Chem

84:569–579

Gouda H, Kuntz ID, Case DA, Kollmann PA (2003) Free energy calculations for theophylline

binding to an RNA aptamer: comparison of MM-PBSA and thermodynamic integration

methods. Biopolymers 68:16–34

Henderson TJ, Venable R, Egan W (2003) Conformational flexibility of the group B meningococ-

cal polysaccharide in solution. J Am Chem Soc 125:2930–2939

Jennings HJ, Roy R, Gamian A (1986) Induction of meningococcal group-B polysaccharide-

specific IgG antibodies in mice by using an N-propionylated-B polysaccharide-tetanus toxoid

conjugate vaccine. J Immunol 137:1708–1713

Jennings H (1992) Further approaches for optimizing polysaccharide-protein conjugate vaccines

for prevention of invasive bacterial disease. J Infect Dis 165:156–159

Jones C (1998) Capsular polysaccharides from Neisseria meningitidis and Streptococcus
pneumoniae. Carbohydr Eur 21:10–16

15 Computational Techniques Applied to Defining Carbohydrate Antigenicity 381



Kabat EA, Liao J, Osserman EF, Gamian A, Michon F, Jennings HJ (1988) The epitope associated

with the binding of the capsular polysaccharide of the Group-B meningococcus and of

Escherichia coli K1 to a human monoclonal macroglobulin, IgM nov. J Exp Med 168:699–711

Kadirvelraj R, Gonzalez-Outeriño J, Foley BL, Beckham ML, Jennings HJ, Foote S, Ford MG,

Woods RJ (2006) Understanding the bacterial polysaccharide antigenicity of Streptococcus
agalactiae versus Streptococcus pneumoniae. Proc Natl Acad Sci USA 103:8149–8154

Kadirvelraj R, Foley BL, Dyekjaer JD, Woods RJ (2008) Involvement of water in carbohydrate-

protein binding: Concanavalin A revisited. J Am Chem Soc 130:16933–16942

Kirschner KN, Woods RJ (2001) Solvent interactions determine carbohydrate conformation. Proc

Natl Acad Sci USA 98:10541–10545
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The Interaction of Saccharides with
Antibodies. A 3D View by Using NMR 16
Filipa Marcelo, F. Javier Cañada, and Jesús Jiménez-Barbero

16.1 Introduction

The study of molecular recognition phenomena has occupied the minds and the

hearts of many scientists during the last decades (Rebek 2009). The understanding

of these events is of paramount importance to achieve a better knowledge of the

living systems. Nowadays, it is clear that carbohydrates play a key role in a variety

of biological processes (Varki et al. 1999). They appear in all cells, in different

forms, and they are implicated in many cellular processes, including cell-cell

recognition, cellular transport, and adhesion. Carbohydrate-mediated interactions

are also concerned in diverse disease mechanisms, especially in the immune system

(Avci and Kasper 2010; Engering et al. 2002). Bacteria and viruses contain unique

carbohydrates on their surfaces, and these saccharide molecules are often those first

recognized by the human immune system. Therefore, carbohydrates would, in

theory, be good vaccine candidates educating the immune system to create antibodies

(Johnson and Pinto 2008). Additionally to their presence on the surfaces of microbial

pathogens, carbohydrates cover the wall of mammalian cells, and altered glycosyla-

tion takes place frequently in cancer (Dube and Bertozzi 2005). Certain oligosac-

charides are characteristically expressed on cancerous cells and represent excellent

targets for anticancer vaccines or drugs (Dube et al. 2006). However, the successful

use of carbohydrates as vaccines has been limited for many years due to the weak

immunogenic effects usually restricted to IgM antibody response, particularly a

T-independent cell response without memory function, and poor response in infants

(Lindberg 1999; Alexander et al. 2000). An efficient strategy to overcome these

problems has focused on the design of glycoconjugate vaccines, in which an

appropriate glycan is covalently attached to a carrier protein or peptide. This

approach has proved to be the most effective, since it may induce T-cell responses
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giving a protective immunity against a wide range of bacterial pathogens, which

express a glycocalyx and where antibodies directed against cell surface saccharides

are protective (Roy 2008). An alternative strategy consists in the use of peptides as

sugar mimetics either to replace the carbohydrate molecule as a vaccine, or to

supplement it in order to boost the immune response (Westerink et al. 1995; Pashov

et al. 2005; Bolesta et al. 2005; Harris et al. 1997). The study of how complex

carbohydrates interact with antibodies represents an important step toward the

design of carbohydrate-based vaccines (Serruto and Rappuoli 2006). From the

interaction viewpoint, NMR spectroscopy, together with X-ray crystallography, is

the technique of choice to disclose, at the molecular level, the interactions between

carbohydrates and their protein receptors. Nevertheless, the Ka values of carbohy-

drate antigens to antibodies are typically weak, in the 102–106 M�1 range, making

crystallization of antibody–carbohydrate complexes for use in X-ray crystallography

difficult (DeMarco and Woods 2008). This issue can be circumvented with the use of

NMR that proved to be extremely useful to obtain new insights into the solution

structure and the dynamics of a ligand-antibody complex (Johnson and Pinto 2004).

However, due to the intrinsic complexity and flexibility of glycoconjugates, a multi-

disciplinary strategy combiningNMRparameters withmolecular modeling protocols

should be followed in order to access this information (Poveda and Jiménez-Barbero

1998). In this context the present review focuses on the application of NMR

methods to characterize the main structural features that govern the recognition of

carbohydrates by antibodies.

16.2 NMR Methods

Different NMR-based approaches may be employed to investigate ligand-receptor

interactions, including carbohydrate-antibody recognition events. The method of

choice depends on the particular problem and the required structural information.

Generally speaking, two global different approaches may be envisaged, ligand-

based or receptor-based. In the first one, changes in the NMR parameters of the

ligand when passing from the free to the bound state are followed up to disentangle

the recognition process form the point of view of the ligand. Alternatively, if

the receptor size permits the NMR-based analysis of all or part of their resonance

signals can be performed. Thus, the variations in different NMR parameters of the

receptor may be employed to deduce key features of the interaction from the

perspective of the receptor, including information on the residues directly involved

in the interaction. In the latter case, isotopic labeling is required to make specific

resonance assignments. From the sugar ligand’s perspective, it is well known that

NMRmeasurements are able to detect binding, to elucidate the bound conformation

of the ligand, to establish its binding epitope, and to provide dynamic information

(Jiménez-Barbero et al. 1999). In fact, in the last decade, NMR spectroscopy has

become fundamental in the drug discovery and drug design processes. Logical

applications of the established methods have been applied to screen carbohydrate

libraries for finding good binders to protein receptors (Kogelberg et al. 2003; Ribeiro
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et al. 2010). Among the NMRmethods currently available to analyze interactions, a

combination of transferred NOE (TR-NOESY) (Ni and Zhu 1994) and saturation

transfer difference (STD-NMR) (Mayer and Meyer 1999; Mayer and Meyer 2001)

experiments have been extensively employed to study the conformations of

carbohydrates bound to antibodies and to define their interacting epitopes

(Rademacher et al. 2007; Herfurth et al. 2005; Clément et al. 2006; Maaheimo

et al. 2000).

From the receptor’s viewpoint, antibodies are usually very large macromolecules.

Therefore, to gain detailed structural information of a ligand-antibody complex by

NMR represents a real challenge. Despite the recent advances in NMR methodology

and stable isotope labeling protocols, few examples can be found involving chemical

shift perturbation analysis of the resonances of an antibody domain upon oligosaccha-

ride addition (Takahashi et al. 1991). Further detailed information about this method-

ology has been published in a recent review (Yamaguchi and Kato 2010).

16.2.1 Different NMR Methods to Analyse Sugar-Antibody
Interactions: A Brief Description

16.2.1.1 Ligand-Based Methods

TR-NOESY
When a ligand is in a fast chemical exchange between its free and receptor-bound

state, its NMR parameters are the weighted average between both states. Therefore,

it is possible to detect ligand binding to receptors based on changes in the motion,

orientation and diffusion properties of the ligands when passing from being free in

solution to being recognized by a macromolecule. NOE is a key parameter to

deduce molecular conformations in solution, which depends on the internuclear

distances between the nuclei under observation, and on the time scale of motion of

the corresponding molecule. It is well known that NOE measurements can be used

to estimate distances between protons, and thus, to deduce the conformation of a

ligand. If a carbohydrate reversibly binds to a large molecular weight receptor, like

an antibody, the observed NOEs for the ligand resonances are averaged between

those of the free and bound states. In contrast to the small positive NOE normally

found for a small ligand when free in solution, relaxation and NOEs, in the bound

state, are governed by the correlation time of the huge receptor, and large negative

NOEs are expected (Jiménez-Barbero and Peters 2002). For a ligand exchanging

between its free and antibody-bound states, it is possible to find experimental

conditions in which the latter dominates the observed NOE, which are dubbed

trNOEs for the free-bound chemical exchange system (Fig. 16.1). Then, the inter-

pretation of the NOE information allows to deduce the bound conformation of the

ligand. An experimental complication inherent to transferred NOEmeasurements is

related to spin diffusion effects that may arise from indirect interactions between

spins. As a result, NOE signals may appear between two protons, which are not

actually close in space, but close to one or more counterparts within the ligand or at
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the receptor. These spin-diffusion mediated NOEs may lead to interpretation errors

in the analysis of the ligand bound conformation, as exemplified in the analysis of

the conformation of a fluorinated disaccharide to its specific antibody (Glaudemans

et al. 1990). The first conclusions on the bound conformation had to be corrected later

by using an alternative approach, called TR-ROESY (Arepalli et al. 1995). In a

TR-ROESY experiment, direct NOE effects have positive sign while indirect NOEs

display negative signs (Fig. 16.1). Hence, the application of this experiment allows to

discriminate direct and indirect effects.

As key example of this application, Milton and Bundle combined TR-NOESY

and TR-ROESY experiments with modeling data to investigate the conformation

of a Salmonella-type oligosaccharide complexed to the antibody Se155-4 (Milton

and Bundle 1998). This antibody recognized the repeating unit of the Salmonella
serogroup B O antigen [3-a-D-Galp(1!2)[a-D-Abep(1!3)]a-D-Manp(1!4)a-L-
Rhap(1!]. The conformation of a Salmonella-type pentasaccharide in the bound

state was deduced from TR-NOESY, and the cross-peaks that arise from spin

diffusion were distinguished by the acquisition of a TR-ROESY. Interestingly, the

authors were able to show that the monoclonal antibody (mAb) selects one

Fig. 16.1 Left: 1D NOESY spectrum of the interglycosidic NOE between H10 (negative sign) and
H4 (positive sign) of maltose in the free state. Center: representation of NOE curve in function of

correlation time (tc) and magnetic field (o). Right: (A) 1D TR-NOESY spectrum showing

negative trNOE contacts between H10 and H4 and H6a; (B) 1D TR-ROESY spectrum showing a

true (positive) trROE cross-peak with H4 and a negative one for H6a; (C) 1D QUIET-NOESY

showing a cross-peak between H10 and H4 (both signals are positive), but no cross-peak with H6a
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high-energy conformation of the a-D-Manp(1!4)a-L-Rhap glycosidic linkage (see

chapter 1).

Nevertheless, sometimes the TR-NOESY/TR-ROESY combination is not suffi-

cient to rule out spin diffusion. An alternative strategy consists in selective

elimination of certain spins from relaxation pathways during the mixing time of a

TR-NOESY experiment (Macura et al. 1992). For this purpose, NMR experiments

have been developed, such as MINSY (Mixing Irradiation during NOESY) and

QUIET-NOESY (Quenching of Undesirable External Trouble in NOESY)

experiments (Massefski and Redfield 1988; Zwahlen et al. 1994; Vincent et al.

1996). While in MINSY experiments the spins suspected to be involved in spin

diffusion pathways are removed by saturation using a low-power pulse, in QUIET-

NOESY a double or multiple selective shaped 180� pulses during the NOESY

mixing time are applied. In other words, both experiments permit to eliminate all

indirect dipolar interactions only leaving those cross-peaks that correspond to the

direct NOE effects (Fig. 16.1).

Indeed, Peters and co-workers have illustrated that a careful examination of spin

diffusion effects should be considered when bioactive conformations of

carbohydrates are analysed (Haselhorst et al. 1999). As leading example, TR-

NOESY, TR-ROESY, QUIET-TR-NOESY and MINSY experiments have been

used to disclose the bound conformations of a synthetic disaccharide, aKdo(2!4)a
Kdo(2!O)-allyl (1) (Fig. 16.2), present on the surface of Gram-negative bacteria

belonging to the family Chlamydiaceae, to the two mAb S25-2 and S23-24.

Two major conformations of the disaccharide (A and B) are present in the free

state (Fig. 16.3a, b). Fittingly, the TR-NOESY of disaccharide 1 in the presence of

mAb S25-2 (Fig. 16.2b) revealed a completely different NOE pattern than that

observed in aqueous solution in the absence of the antibody (Fig. 16.2a). The

combination of the TR-NOESY data with those obtained from TR-ROESY spectra

permitted to postulate the existence of a conformation close to minimum B.

However, the subsequent analysis of the MINSY and QUIET-TR-NOESY

experiments demonstrated that disaccharide 1 adopts a different conformation (C)

upon binding to the S25-2 antibody (Fig. 16.3c, d). This conformer is not populated, at

least in a detectable amount, in the free state in aqueous solution. The bound state

conformation of disaccharide 1was also investigated in the presence of mAb S23-24.

Interestingly, in this case, the TR-NOESY data was very similar to those obtained in

aqueous solution (Fig. 16.2c). Indeed, the mAb S23-24 bound conformation of 1 is

closely related to conformer A, which is the most populated in the free state.

In the end, this work points out the remarkable flexibility of carbohydrate

molecules, which are able to bind in different conformations, depending on the

architectures of the receptor’s binding sites and the occurring interactions.

STD-NMR
A related technique, but now employing inter-instead of intramolecular NOE

transfer, is the saturation transfer difference (STD NMR) experiment (Fig. 16.4).

In this method, two 1D-NMR spectra are recorded, with and without selective

saturation of the receptor (antibody) protons. Selective saturation of the protein
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results in a spread of magnetization throughout the entire protein by spin diffusion,

reaching the binding site and, therefore, also affecting the nuclei of any interacting

ligand. Thus, the intermolecular transfer of magnetization from the antibody to

protons of the bound ligand lead to decreased ligand resonance intensities. This

decrease can be better detected in a difference spectrum that results from subtrac-

tion of this spectrum from one recorded without saturation of the protein.

The only condition is that the selective saturation pulse should be set at

frequencies at which no small ligand resonances are present. The STD technique

may allow to identify a binding compound in a mixture, as well as to define the part

of ligands which is in closer contact with the protein, the epitope (Meyer and Peters

2003). Therefore, STD-NMR has proved to be extremely useful to characterize the

binding of carbohydrates to lectins, enzymes, and antibodies.

In a recent example, application of STD-NMR revealed the structural features of

the interaction between a Bacillus anthracis tetrasaccharide and a mAb (Oberli

et al. 2010). This tetrasaccharide contains three rhamnose residues and an atypical

Fig. 16.2 Disaccharide a-Kdo-(2!4)-a-Kdo(2!O)-allyl (1); 2D NOESY and 2D TR-NOESY

spectra of 1 (310 K, 500 MHz): (a) aqueous solution, (b) in the presence of mAb S25-2, and (c) in
the presence of mAb S23-24. Mixing times were (a) 900, (b) 150, and (c) 150 ms. Positive

contours are red, and negative contours are black (Spectra taken from: Peters T. and co-workers;

1999 Copyright # 1999 American Chemical Society, license number: 2624691381502)
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terminal saccharide, named anthrose, which after immunization of mice yielded

mAb MTA1-3 (Tamborrini et al. 2006; Werz and Seeberger 2005). A multidisci-

plinary approach involving microarray screening, surface plasmon resonance (SPR)

and STD-NMR led to structural insights into the molecular recognition of

carbohydrate-antibody interactions. SPR and microarray analysis of various syn-

thetic Bacillus anthracis tetrasaccharide type glycans demonstrated that the

anthrose residue is essential for recognition. The STD results supported this con-

clusion and pointed out that tight-binding sites were found within the b-anthrose
(1!3)Rha fragment (see Chap. 2).

Nevertheless, STD, as well as TR-NOESY experiment, presents certain tight

kinetic requirements. In fact, they properly work when the off-rate is fast in the

relaxation time scale of the ligand. Thus, for slow dissociation kinetics, these

methods do not provide information, since the build up of STD or (NOE) effect is

not transferred to the free state, due to fast relaxation in the binding site. Since slow

dissociation rates are usually linked to the existence of high-affinity constants, STD

and TR-NOESY methods are not useful for dissociation constants in the low

micromolar or nanomolar ranges. In these cases, the methods of choice from the

NMR point of view are those based on observation of the resonances of the receptor.

Fig. 16.3 Contour plots showing the relative population of conformational space around the

(2!4)-glycosidic linkage in 1. The versus maps were divided into bins of 10� in the f and c
directions, and the number of conformations in each bin was counted. Then, contour levels were

calculated relative to the highest populated bin (global minimum). The contour levels are color-

coded. Magenta represents 1–10%, dark blue 10–30%, light blue 30–50%, green 50–70%, yellow
70–90%, and red more than 90% of the number of conformations in the most populated bin.

(a) MMC simulation at 600 K. (b) MMC simulation at 2000 K. (c) and (d) Possible conformations

of 1 bound to mAb S25-2 (Plots taken from: Peters T. and co-workers; 1999 Copyright # 1999

American Chemical Society, license number: 2624691381502)

16 The Interaction of Saccharides with Antibodies. A 3D View by Using NMR 391



In any case, the estimation of binding affinities can be derived by STD analysis.

A detailed protocol has been recently reported towards this aim (Angulo et al. 2010).

The NMR spectra of carbohydrates are frequently difficult to analyze in a direct

manner, due to overlapping signals. Therefore, combinations of STD with other NMR

pulse sequences to provide concatenated techniques, such as STD-TOCSY and STD-

HMQC have permitted the investigation of the interacting epitope of oligosaccharide

ligandswhen bound to different antibodies. For instance, STD-1D-TOCSYwas applied

by Johnson andPinto to the epitopemapping of oligosaccharides interactingwith amAb

directed against the cell-wall polysaccharide of group A Streptococcus (GAS) (Johnson
and Pinto 2002). A branched trisaccharide and a hexasaccharide were found to share the

same epitope, and it was possible to detect that, besides the GlcNAc residue, also Rha

moieties established contacts at the antibody binding site. The obtained results were in

agreement with immunological studies that pointed out that at least a pentasaccharide is

required for effective production of anti-GAS antibodies (Reimer et al. 1992).

Other Experiments
As mentioned above, STD-NMR and TR-NOESY have shown modest success for

analyzing the structural features of high affinity ligands. Assuming that the associ-

ation rate is under molecular diffusion control (kon typically 108 M�1 s�1), for the

fast exchange condition to be held, systems with dissociation constants beyond

0.1 mM would be intrinsically difficult to be detected by these methods (Lundquist

and Toone 2002).

Fig. 16.4 STD-NMR experiment. Resonances of the protein are selectively saturated

(represented by red arrow) and rapidly transferred by spin diffusion throughout the protein.

Intermolecular NOE transfer results in a decrease in the signal intensity of ligand’s protons in

close contact contact with the protein (protons in red). Graphically in the example it is only shown

H10 and H60a resonances. These changes are visibly detected after subtraction of the on- to off-

resonance spectrum in order to obtain a difference spectrum called STD spectrum that allow an

unambiguous epitope determination
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However, other NMR methods might be employed. For ligand-protein systems,

displaying an intermediate exchange rate (Kd � 1 mM) in the chemical shift scale,

the observed resonance frequencies of the signals do not shift when the concentra-

tion of the ligand is varied; however, they experience a significant loss in the signal

intensity, due to line broadening (Gemmecker 1999). The large size of the ligand-

protein complex produces an increase of the transverse relaxation rate, thus

originating large line widths for the signal resonances. This methodology has

been employed to monitor the interaction of MUC1 glycopeptides with the frag-

ment antigen unity (FAB) of the anti-MUC1 mAb B27.29. 1H NMR-monitored

titrations of the glycopeptides, complemented with additional biochemical studies,

showed a stronger interaction for the glycosylated versus the non-glycosylated

peptide (Grinstead et al. 2002). The protons preferentially bound to the antibody

binding pocket suffered a significant decrease of their signal intensities, relative to

those far from the antibody recognition site.

In addition, the relativeNMR resonance linewidths within a givenmolecule can be

regarded as monitors of relaxation rates, and thus, molecular motions. On this basis,

the analysis of the transverse relaxation rates can be very useful to disclose, for

example, the dynamics of N-glycans of antibodies, as elegantly exemplified by Barb

and Prestegard (2011). Earlier X-ray and NMR structural data had suggested that the

a(1!6)Man linked branch of the N-glycan attached to IgG Fc fragments was firmly

bound to the protein surface, whereas the a(1!3)Man linked branch was more

dynamic (Deisenhofer 1981; Yamaguchi et al. 1998;Wormald et al. 1997). Neverthe-

less, the availability of both of these terminated glycans to several glycan-modified

enzymes contradicts this hypothesis (Scallon 2007; Barb et al. 2009). Actually,

Prestegard’s group has recently demonstrated that both glycan branches (a(1!3)-

and a(1!6)Man) are in fact accessible and highly dynamic. Selective isotope labeling

of the N-glycans was required to unequivocally demonstrate the exchange of the

a(1!6)Man-linked branch between a protein-bound and unbound state. Relaxation

dispersion and temperature-dependent chemical shift perturbation experiments

pointed out the existence of two distinct chemical environments for the a(1!6)Man

linked branch so that a dynamic model of the glycans on the Fc fragment of IgG is

more consistent with the enzymatic observations.

16.3 Case Studies

STD-NMR has also been employed to directly study the interaction between ganglio-

oligosaccharides and autoantibodies in patient sera. It has been described that the sugar

moieties on the bacterial cell surface often resemble those present on the host cell, and

can lead to the production of antibodies that cross-react with epitopes common to

pathogen and host leading to autoimmune diseases (Ang et al. 2004; Yuki 2005). In

this context, immune-mediated neuropathologies, such as the Guillain–Barré and

Fisher syndromes occur as a result of the presence of autoantibodies that target

gangliosides, the glycosphingolipids predominantly found in the nervous system.

Thus, STD-NMR, in combination with SPR, allowed the definition of the molecular
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interaction between purified IgG autoantibodies and gangliosides (Houliston et al.

2007). Interestingly, since a large amount of pure antibody can be difficult to get, STD-

NMR also offers the possibility of direct detection of ganglioside-antibody

interactions using untreated serum (Houliston et al. 2009). In this particular case,

sera samples from two patients were collected. It was demonstrated, also employing

immunological screening methods that the antibodies of one patient (P1) targeted

two distinct gangliosides, GM1 {b-D-Galp(1!3)-b-D-GalpNAc(1!4)[aNeu5Ac
(2!3)]-b-D-Galp(1!4)-b-D-Glcp(1–1)Cer} and GM2 {b-D-GalpNAc(1!4)

[aNeu5Ac(2!3)]-b-D-Galp(1!4)-b-D-Glcp(1–1)Cer}.On the other hand, antibodies
of P2 were more reactive against GM1. The analysis of the STD-NMR response of

GM1 when added to P1 and P2 sera indicated a similar binding mode of the ganglio-

side towards both antibodies. The data were interpreted in terms of a simultaneous

interaction of two sequentially separated regions: the terminal b-D-Galp(1!3)-b-D-
GalpNAc and the aNeu5Ac residue (Fig. 16.5).

Noteworthy, the STD-NMR signals from the aNeu5Ac residue of GM1 were

much weaker for the interaction with P2- than for P1-antibodies. This fact permitted

to interpret the absence of interaction between P2-antibody and GM2, since this

ganglioside lacks the terminal Gal residue that presented the major STD response in

the complex of GM1 with this P2 antibody. Moreover, the STD-NMR experiments

revealed that the majority of the binding contacts between P1-antibodies and GM2

proceeded through the aNeu5Ac moiety. These results pointed out similar protocols

that could be eventually relevant for diagnostic purposes.

As a paradigmatic case for the use of STD-NMR, to analyze the interactions of

carbohydrates with antibodies has been recently described in the solution NMR

study of the interactions of oligomannosides with the anti-HIV 2G12 antibody. It is

Fig. 16.5 Molecular representation of oligo-GM1. Protons shaded blue correspond to those

saturated upon binding with P1 mAb. The C-epitope is almost identically targeted by both patient

antibodies (Molecular representation taken from Jarrell HC and co-workers; 2009 Copyright

# 2008 American Chemical Society, licence number: 2625250015413)
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well known that the binding of HIV to its target cells is mediated by the exposed

envelope gp120 glycoprotein, which is highly decorated by oligomannosides

(Douek et al. 2009; Barin et al. 1985). In addition, it has been demonstrated that

the 2G12 antibody, isolated from some infected individuals, recognizes these

oligomannose clusters present at the surface of gp120 (Trkola et al. 1996; Sanders

et al. 2002). Hence, the study of molecular recognition of these natural mannose

glycans and related synthetic derivatives by the 2G12 antibody is extremely

important for designing carbohydrate-based vaccines (see Chap. 6). Indeed, X-ray

crystallographic structures of the Fab 2G12 bound to different mannosides are

available (Calarese et al. 2003, 2005). In this context, the NMR-based work has

explored the interactions of five synthetic oligomannose derivatives, structurally

related to the natural Man9(GlcNAc)2 (Scheme 16.1), with the 2G12 antibody by

means of STD-NMR and TR-NOESY (Enriquez-Navas et al. 2011) supported by

Scheme 16.1 Natural undecasaccharide Man9(GlcNAc)2 present in the HIV envelope glycopro-

tein gp120 and its structural relative mannosides, the branched penta- (2) and heptamannoside (3)

16 The Interaction of Saccharides with Antibodies. A 3D View by Using NMR 395



full-matrix relaxation calculations using the CORCEMA-ST program (Jayalakshmi

and Krishna 2002, 2004).

The authors demonstrated that the linear oligosaccharides present the same

single binding mode, where the non reducing terminal disaccharide [aMan

(1 ! 2)aMan] makes the closest contacts with the antibody. Theoretical STD-

NMR signal intensities from crystal structures of 2G12/dimannoside and 2G12/

tetramannoside (D1-like) obtained using CORCEMA-ST showed a very good

agreement between STD-NMR results in solution and the crystallography models.

In contrast, for the branched mannoside 2, the solution NMR data revealed two

alternative binding modes, whereas the X-ray study described a single binding

mode, in which the D3-arm binds to the antibody and the D2-arm is solvent

exposed. The inconsistency between the solution state STD-NMR data and the

single binding mode determined by X-ray (D3-bound) was quantitatively confirmed

using CORCEMA-ST. In fact, only when the CORCEMA analysis included both

bound conformations as a simple sum of STD-NMR signal intensities of the D3-and

D2-bound conformations, the experimental data could be explained (Fig. 16.6).

Moreover, an unequivocally outcome was provided by TR-NOESY. Intermolecular

NOEs, between both anomeric protons of both A and E mannose rings and the

aliphatic amino acid side chain region of 2G12 were observed, indicating the

interaction of these residues with the antibody (Fig. 16.6). Remarkably, in the case

of the branched oligomannoside analogue 3 the antibody preferentially recognized

the D1-arm, although the same trisaccharide motif is present in both arms.

Fittingly, STD-based titrations showed that the branched oligosaccharides 2 and 3
presented lower affinity constants than linear ligands (D1-like tri- and tetramannoside).

From all the obtained data, it was suggested that the aMan(1!2)aMan(1!2)Man

trisaccharide motif seems to be the minimum structural requisite to provide significant

binding affinity towards the antibody 2G12. This study complements the previous solid

state investigations, furnishing new and important structural and dynamic information.

Finally, NMR methods have also been applied to investigate mucin structure, as

well as to study the antibody recognition of tumor-specific glycopeptide antigens.

In a normal tissue, MUC-1, an extensively O-glycosylated protein that includes a

tandem repeating domain of conserved 20 amino acids, is characterized by highly

branched oligosaccharides with a GalNAc-unit directly a-O-linked to serine (Ser)

or threonine (Thr) amino acids (Hanisch and M€uller 2000; Gendler 2001). In

tumour cells, the expression of MUC-1 is usually increased and its carbohydrate

side-chains are truncated, due to incomplete glycosylation. The observation of

different exposed epitopes, such as the Tn antigen (aGalpNAc(1!O-Ser/Thr),
allowed the development of a variety of mAb able to specifically interact with

malignant cells (Springer 1984; Senapati et al. 2010; Danussi et al. 2009). There-

fore, a detailed knowledge of mucin structure has become vital in vaccine strategies

that target tumor-associated mucin motifs. Indeed, several NMR investigations

supported by molecular modelling have been carried out to disclose mucin archi-

tecture, (Live et al. 1999; Coltart et al. 2002) as well as for the access to the

conformation and dynamics features of Tn antigen’s clusters (Corzana et al.

2009, 2011). The analysis of different NMR parameters for the free and bound
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states for unglycosylated and Tn-glycosylated MUC-1 peptides can be very useful

to determine the effect of glycosylation on MUC-1 humoral immune recognition.

For instance, Campbell and co-workers have demonstrated that the increase in

binding affinity shown by the glycosylated peptides is not merely due to the

carbohydrate stabilizing conformation and backbone dynamics of the peptide, but

also due to additional contacts of the Tn moieties (Grinstead et al. 2002). Hence, it

seems reasonable to think that MUC-1 glycopeptides might be better vaccine

candidates than their unglycosylated counterparts. Also, STD-based experiments

combined with docking calculations have been used by Meyer’s group (M€oller
et al. 2002) to determine the binding epitope of MUC-1 glycopeptides bound to the

breast cancer-selective mAb SM3. The results pointed out the existence of an

Fig. 16.6 Binding of branched oligomannoside 2 to the human mAb 2G12 in solution. Top:
1H STD NMR spectrum and 1H NMR equilibrium signals (left); epitope of the ligand, normalized

levels of saturation (%) received by each ligand residue upon binding to 2G12 (right); Center:
cartoon showing the bimodal binding model for the molecular recognition of 2 by 2G12; Bottom:
experimental (left) and theoretical (right) STD buildup curves of compound 2. The theoretical

calculations were preformed assuming contributions from both binding modes (60% for D3-like

arm; 40% for D2-like arm) (Figure kindly prepared by Dr. Jesús Angulo, Department of

Bioorganic Chemistry, Instituto de Investigaciones Quı́micas (CSIC-US))
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extended conformation of the peptide, with the carbohydrate interacting via the

N-acetyl group.
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Haselhorst T, Espinosa J-F, Jiménez-Barbero J, Sokolowski T, Kosma P, Brade H, Brade L, Peters T

(1999) NMR experiments reveal distinct antibody-bound conformations of a synthetic disaccha-

ride representing a general structural element of bacterial lipopolysaccharide epitopes. Biochem-

istry 38:6449–6459

Herfurth L, Ernst B, Wagner B, Ricklin D, Strasser DS, Magnani JL, Benie AJ, Peters T (2005)

Comparative epitope mapping with saturation transfer difference NMR of sialyl Lewis(a)

compounds and derivatives bound to a monoclonal antibody. J Med Chem 48:6879–6886

Houliston RS, Yuki N, Hirama T, Khieu NH, Brisson J-R, Gilbert M, Jarrell HC (2007) Recogni-

tion characteristics of monoclonal antibodies that are cross-reactive with gangliosides and

lipooligosaccharide from Campylobacter jejuni strains associated with Guillain-Barré and
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Determination of Antibody Affinity
by Surface Plasmon Resonance 17
Roger MacKenzie and Sven M€uller-Loennies

17.1 Introduction

Over the past two decades surface plasmon resonance (SPR) has emerged as gold

standard technology for the analysis of biomolecular interactions. In the monoclo-

nal antibody (mAb) development area SPR is employed from the early screening

stages to detailed characterization of binding kinetics and affinities to epitope

mapping to final product testing. This label free technology provides high quality

kinetic and affinity data and, in some instances, other unique information not

obtained by alternative methods such as ELISA. SPR is well-suited to the study

of protein-carbohydrate interactions which are often of low affinity and not easily

characterized by other methods.

Monoclonal antibodies rank as the top-selling class of biologics with US sales of

almost $17 billion in 2009 and an annual growth rate approaching double digits.

Over 30 mAbs have been approved by the FDA and hundreds more are in various

stages of clinical development as researchers strive to develop mAbs to address

other indications and unmet medical needs (Aggarwal 2010). In humans, most cell

surface proteins, which are generally preferential targets for antibody drug devel-

opment, are glycosylated and quite frequently it is the glycan component of the

glycoprotein that is indispensable for biological function. Altered glycosylation is a

feature of many cancer types and targeting aberrant glycosylation patterns or over-

expression of certain carbohydrate moieties with therapeutic vaccines or antibody
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drugs is an attractive therapeutic option (reviewed in Schietinger et al. 2008 and

Astronomo and Burton 2010).

Many pathogenic bacteria present cell surface carbohydrates from which

carbohydrate-based vaccines are derived. Anti-carbohydrate antibodies against

capsular polysaccharide or lipopolysaccharide (LPS, endotoxin) are generally

responsible for protection against bacteria presenting these structures. The

demonstrated capacity of conjugate vaccines, comprised of carbohydrate cova-

lently coupled to a protein carrier, to confer long lasting immunity against

Haemophilus influenzae, Neisseria meningitidis, Salmonella typhi and Streptococ-
cus pneumoniae is the kingpin of carbohydrate vaccine technology. Significant

efforts, fuelled by glycomics research, are now underway to develop conjugate

vaccines against other infectious diseases as well as certain cancers (reviewed in

Astronomo and Burton 2010).

There are specific challenges associated with the characterization of carbohydrate-

protein recognition mainly due to their often low affinity with KD values in the

micromolar range, the presence of multiple binding sites on the same molecule

leading to avidity effects and the availability of only small amounts of material.

SPR is a suitable technique to address some of these challenges and aid in the

development of e.g. carbohydrate vaccines and therapeutic anti-carbohydrate mAbs

for which precise measurements of affinities and specificities are required. For

carbohydrate vaccine design protective carbohydrate epitopes need to be identified.

Rather than providing an in depth review of biosensor technology which can be

found elsewhere in the literature (Karlsson and F€alt 1997; Karlsson 2004; Rich and
Myszka 2010) and references therein] in this chapter we discuss experimental

design and highlight pitfalls that must be avoided in order to collect high quality

SPR data and we describe a few examples how we have successfully applied SPR

for the characterization of anti-carbohydrate antibodies related to infectious

diseases.

17.2 Protein-Carbohydrate Interactions

The recognition of carbohydrates by proteins is widespread in nature. In these

interactions carbohydrates bind to lectins from plants, invertebrates, mammals

(mannose receptor of macrophages, surfactant proteins, sperm adhesion, galectins,

siglecs), bacteria (outer membrane proteins, toxins, fimbriae) and bacteriophages.

Also, the immune system often targets carbohydrate epitopes, producing anti-

carbohydrate antibodies, e.g. against capsular polysaccharides and O-antigens of

LPS from Gram-negative bacteria.

Structural analyses by X-ray crystallography of carbohydrate binding proteins in

complex with ligand have shown that they frequently possess carbohydrate recog-

nition sites which interact with terminal or branch-point monosaccharides and

which are buried in a deep or shallow pocket with only a few additional carbohy-

drate residues directly involved in the interaction (Cygler et al. 1991; Villeneuve

et al. 2000; Vyas et al. 2003; Calarese et al. 2003; Ramsland et al. 2004; Van Roon
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et al. 2004; Vulliez-Le Normand et al. 2008; Brooks et al. 2008b, 2010a, b, c;

Farrugia et al. 2009; Gerstenbruch et al. 2010; Evans et al. 2011; Blackler et al.

2011). These structures have shown that the contact surface area of antibodies

which interact with carbohydrates is generally smaller in comparison to antibody-

protein interactions. Characteristically, stacking interactions between aromatic

amino acid side chains and carbohydrates play an important role in carbohydrate

recognition (Toone 1994) in addition to electrostatic ionic interactions for charged

ligands. There is generally a favourable enthalpy contribution to the free energy

of binding (Bundle and Young 1992) but this is largely counteracted by an unfav-

ourable entropy factor attributed to loss of carbohydrate flexibility and unfav-

ourable solvent re-arrangement upon binding (Carver 1993). Rearrangement of

water and especially desolvation, i.e. release of surface bound water into the bulk

solvent, are key features of complex formation (Toone 1994; Homans 2007). Con-

sequently, protein-carbohydrate interactions typically are of relatively low intrinsic

affinity and rely on multivalency for adequate functional affinities.

17.3 Analysis of Biomolecular Interactions

Specificity and affinity are the key factors which describe molecular recognition. In

the simplest case of a 1:1 interaction (Langmuir binding), a binding event can be

formally described as:

A + L
�!k1 �
k2

AL

According to the law of mass action an equilibrium constant K can be calculated

and thus the strength of binding may be expressed as a binding constant (affinity

association constant KA or dissociation constant KD, where KA ¼ 1/KD). The

constant K is related to the standard free energy of binding, DG0, by the equation

DG0 ¼ RT – ln KA and consists of entropy and enthalpy contributions since

DG0 ¼ DH0 – TDS0 (a detailed description can be found in Homans 2007).

Hence, specificity may be determined by comparison of binding constants at

equilibrium and describes the ability of a molecule to preferentially form a complex

with one binding partner over another.

The constant K can also be determined from the rate constants of complex

formation (ka) and dissociation (kd). Apart from providing insight into the mecha-

nism of complex formation, determination of rate constants is of biological rele-

vance since it was shown that the half-life of complexes formed between MHC

presented peptides and T-cell receptors (t1/2 ¼ ln 2/kd) rather than the KD correlated

with biological activity, i.e. activation of T-cells (Kalergis et al. 2001). In this case

cell activation was efficient only within a certain half-life-effect curve with a

Gaussian distribution. The negative effect of very slow kd (high affinity) was

explained by the occupancy of the receptor binding site longer than necessary for

its stimulation. This was presumed to slow down the turnover of receptors which
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over the duration of the interaction became incapable of further triggering intracel-

lular signalling events (Foote and Eisen 2000; Malissen 2001). In general, it is

important to keep in mind that affinity describes an equilibrium state which is

seldom reached in biological systems.

It is evident that the successful design of novel therapeutic drugs will require the

identification of ligands with a biologically meaningful affinity and binding kinet-

ics. On the other hand for diagnostic applications apart from a high selectivity an

affinity as high as possible is required in order to maximize signal intensities and

minimize the amounts needed thereby minimizing cost. Apart from a high intrinsic

affinity of the individual carbohydrate binding site this may be achieved by an

enhanced avidity by oligo- or multimerization of both binding partners.

In addition to SPR, many methods such as isothermal titration microcalorimetry

(ITC), nuclear magnetic resonance (NMR) spectroscopy, fluorescence spectros-

copy, ELISA, equilibrium dialysis, analytical ultracentrifugation, affinity gel elec-

trophoresis, and even mass spectrometry can be employed to estimate or determine

the binding strength of molecular interactions, in principle. Compared to these

methods SPR has the advantage of requiring relatively little amount of unlabelled

material and providing additional insight into the kinetics of binding. SPR analyses

may be performed at varying temperatures and therefore in principle SPR allows

the determination of thermodynamic parameters.

17.4 Surface Plasmon Resonance

Surface plasmon resonance offers many advantages in the study of biological

recognition events, including protein-carbohydrate interactions. SPR measures

complex formation and dissociation events in real time without a requirement for

labelling and provides a means of deriving rate constants, affinity constants and the

quantitation of complex formation. SPR-based biosensors are a proven technology

for the generation of reliable, high quality and informative data on the nature of a

wide range of molecular interactions.

17.4.1 General Principles

The phenomenon of SPR was first exploited by Biacore AB for the study of

biological interactions and is the detection method used in the widely used Biacore

instruments. In these instruments, a wedge of polarized light is reflected from a thin

gold layer supported on glass and contained in a removable sensor chip. SPR causes

a reduction in the intensity of reflected light at a very specific angle of incident light

and the angle at which this reduction occurs is sensitive to refractive index changes

on the non-illuminated side of the gold film. A description of the physical back-

ground behind SPR and further technical developments has been published

(Englebienne et al. 2003). In conventional SPR analysis, molecules (ligand) are

captured or coupled at the sensor chip surface and the subsequent binding of
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interacting partners (analytes) to the ligand can then be monitored in real time. A

microfluidics cartridge is interfaced with the sensor chip to permit continuous

delivery of buffer, coupling or capture reagents and potential binding partners to

the sensor chip surface. In recent years several other SPR-based instruments for

biomolecular interaction analysis have been launched in the marketplace by a

number of vendors (for a list see Rich and Myszka 2010).

17.4.2 Immobilization Techniques

Ligands can be coupled to the carboxylated dextran matrix on the most commonly

used Biacore sensor chips by standard coupling chemistries that utilize carboxylate,

amino, aldehyde or thiol groups on the ligand. Carbohydrates can be conveniently

immobilized as glycoconjugates. Polysaccharides conjugated to carrier proteins can

be coupled via amino groups on the protein to CM5 sensor chips activated with N-
hydroxysuccinimide (NHS) and N-ethyl-N0-(dimethylaminopropyl)-carbodiimide

(EDC). Another strategy that has been used for immobilization of carbohydrates

involves reductive amination through the reducing end followed by coupling

through the introduced amino group or coupling after biotinylation on a

NeutrAvidinTM chip. Several Biacore sensor chips are available in addition to the

standard dextran matrix and SA chips (http://www.biacore.com/lifesciences).

These include chips with less dextran, dextran with more or less carboxylation,

no matrix, an alkane thiol layer to which liposomes can be fused to form hybrid

bilayers and a lipophilic C18 for immobilizing liposomes and lipophilic molecules.

17.4.3 Guidelines for High Quality Data Collection

Unfortunately the scientific literature on the analysis of biomolecular interactions

by SPR contains a disproportional amount of low quality data (Rich and Myszka

2010). Avoiding a number of well-established pitfalls highlighted in Box 17.1 and

mentioned below as appropriate would alleviate this problem. This has been

repeatedly emphasized by others (O’Shannessy 1994; Karlsson 2004; Rich and

Myszka 2010) but is also highlighted here because of its fundamental importance.

For several years now the Journal of Molecular Recognition has published an

annual review of the optical biosensor literature in which this issue has been

discussed extensively. The latest review covered the 2008 literature (Rich and

Myszka 2010).

Appropriate reference surfaces must be chosen and serve several purposes –

determination of refractive index differences between the sample and the running

buffers, baseline drift, matrix effects and measurement of non-specific binding. In

order for the non-specific binding measurement to be accurate the reference and

active surfaces should be as similar as possible – for example, similar levels of

matrix activation. To avoid overcrowding on the sensor chip surface, immobilized

ligand densities should be the minimum required to give sufficiently high responses
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for ligand-analyte complex formation. This also ensures efficient delivery of the

analyte to the sensor chip surface and for the same reason flow rates should be as

fast as possible.

Analyses can be performed under a range of buffer conditions, temperatures and

flow rates. However, the most commonly used buffer is 10 mM HEPES, pH 7.4,

containing 150 mM NaCl, 3.3 mM EDTA and 0.005% P-20 detergent. Although

most Biacore instruments permit data collection from 4�C to 40�C, which allows

for the derivation of thermodynamic parameters, analyses are typically performed

at 25�C.
When the objective is to determine the intrinsic affinities and rate constants of

protein-carbohydrate interactions, experiments should be designed to generate data

that are described by a simple one-to-one interaction model. Therefore, analytes

should be in general monovalent due to the multivalency of the sensor chip surface.

Multivalent proteins used as analytes should be produced as monovalent fragments

when possible, e.g. for antibodies Fab, or single-chain fragments of the variable

domains (scFv). The preparations have to be purified by size exclusion chromatog-

raphy immediately prior to analysis to minimize the presence of aggregates which

can introduce multivalent binding and seriously compromise data quality. How-

ever, if it is impossible to obtain monovalent carbohydrate binding fragments, as is

the case for lectins, the protein macromolecule should be immobilized and the

carbohydrate used as the analyte. As analytes carbohydrates have the advantage of

little tendency to form aggregates. The binding of carbohydrates as small as

disaccharides to proteins can be monitored with the latest Biacore instruments

which have improved sensitivity compared to the older instruments.

When the objective is to determine the functional affinities of protein carbohy-

drate interactions, experimental conditions should be optimized to maximize mul-

tivalent binding in order to quantify the avidity effect – i.e. the ratio of multivalent

to monovalent binding. The carbohydrate ligand should be immobilized at a

sufficiently high surface density and the multivalent carbohydrate binding protein

Box 17.1 Collection of High Quality SPR Data

• Ensure that the instrument is properly maintained and cleaned on a regular

basis

• Use only high quality reagents

• Minimize nonspecific binding and baseline drift

• Avoid avidity effects when deriving intrinsic affinities by immobilizing

multivalent molecules and ensuring that analytes are free of aggregates

• Use proper reference surfaces

• Apply double referencing against buffer injections and reference surface

• For collection of kinetic data, use low ligand surface densities and high

flow rates

• Replicate and randomize samples
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should be injected over the carbohydrate surface at relatively low concentrations to

minimize competition for available carbohydrate ligand.

High quality SPR data can be fitted to suitable interaction models for the

calculation of rate and affinity constants, typically with BIAevaluation software

from GE Healthcare. However, for protein-carbohydrate interactions, the kinetics

are often too rapid for determination of rate constants. The BIACORE instruments

are capable of measuring ka rates in the 103–108 M�1 s�1 range and kd rates in the

10�5–1 s�1 range.

17.4.4 Protein Binding to Immobilized Carbohydrate

Carbohydrates may be directly immobilized on sensor chips if suitable functional

groups are available and the chemical reaction does not destroy the epitope. For the

preparation of immunogens for induction of antibodies in animals carbohydrates

usually have to be conjugated to carrier protein. These conjugates can be readily

immobilized on sensor chips.

One of the first anti-carbohydrate antibodies studied by SPR was mAb Se155-4,

an IgG antibody specific for the Salmonella serogroup B O-polysaccharide

(MacKenzie et al. 1996). As for many of the serotype-specific Salmonella LPS

antibodies, the immunodominant carbohydrate in this interaction is a branching 3,6-

dideoxyhexose residue, which is for the serogroup B LPS an abequose. This study

showed that the relatively low affinity of the monovalent interaction between 4 and

8 mM KD values was due to a rapid dissociation (kd 0.25 s�1) of the complex.

Whereas it might have been anticipated that mainly the kd is affected by valency

this example showed that the on-rate may also be altered. The same observation

was made in a recent investigation of lectin-carbohydrate interactions by SPR

and ITC (Murthy et al. 2008). A comparison of purified monomeric (monovalent)

with dimeric (bivalent) scFv revealed a 20-fold slower kd in the presence of free

ligand during the analysis and a fivefold increased ka, thus yielding an avidity of

approximately two orders of magnitude higher. The kd determination for the

dimeric scFv in the absence of free ligand (MacKenzie et al. 1996) showed that

the gain in avidity from the monomer to dimeric scFv is approximately 1,000-fold.

Furthermore, it was shown that even when using purified scFv dimers a biphasic

dissociation phase may be observed. It became evident that some monovalent

binding may occur because the faster kd was identical to the kd observed for the

purified monomer. One possible explanation for this observation is a steric hin-

drance between analyte molecules preventing access to bivalent binding of

immobilized ligands.

We have studied the epitope recognition of high affinity anti-carbohydrate

antibodies against small negatively charged oligosaccharides from Chlamydia
LPS by SPR and ELISA binding assays to complement crystallographic structural

analyses (see Chap. 4, Blackler et al.). Chlamydiae are Gram-negative bacteria

which contain a LPS of di- to tetrasaccharides of 3-deoxy-D-manno-oct-2-
ulopyranosonic acid (Kdo) (Brade 1999). The structures of these oligosaccharides
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Fig. 17.1 Chemical structures of oligosaccharides obtained after deacylation of chlamydial LPS.

All chlamydial species investigated so far contain the pentasaccharide shown in (a) and which

incorporates the Kdo(2!8)Kdo(2!4)Kdo trisaccharide which is the Chlamydia family specific
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are depicted in Fig. 17.1 and occur in Chlamydiae as Kdo(2!8)Kdo(2!4)Kdo (a

family specific epitope of Chlamydiaceae), Kdo(2!4)Kdo(2!4)Kdo or a

branched Kdo(2!4)[Kdo(2!8)]Kdo(2!4)Kdo bound to lipid A. All of these

oligosaccharides are antigenic and upon natural infection or experimental immuni-

zation the formation of antibodies is induced which derive from several distinct

germline families (unpublished observation) with different epitope specificities

(Brade 1999).

Glycolipids such as LPS are amphiphiles and form micelles above the critical

micellar concentrations. They are therefore multivalent in solution at the con-

centrations used in SPR binding assays. They may be coated directly on hydropho-

bic HPA sensor chips to obtain a homogeneous surface. However, the generation of

a suitable control surface may be difficult to achieve. Alternatively, they may be

chemically deacylated and subsequently covalently linked to carrier proteins such

as BSA. Such conjugates are suitable for immunization, ELISA and also SPR

therefore allowing the use of the same antigen in each instance and a direct

comparison of binding assays. This approach is particularly suited for LPS which

can be deacylated by strong alkaline treatment without hydrolysis of the carbohy-

drate linkages. Such treatment generates free amines within the lipid A sugar

backbone (phosphorylated GlcN-disaccharide) which has been used for the conju-

gation to BSA after introduction of a glutaraldehyde spacer (Brade et al. 1993).

These neoglycoconjugates were then used for experimental immunization and

immobilization on CM5 sensor chips for SPR analysis using monovalent antibody

fragments (scFv and Fab) as analytes. These experiments showed that a close-to-

germline antibody, mAb S25-2, and a matured mAb specific for the family specific

for consistency epitope, S25-23, had, in comparison to other anti-carbohydrate

antibodies, an unusual high affinity with KD values in the nanomolar range

[Table 17.1, (M€uller-Loennies et al. 2000)].
Despite the collection of monomeric scFv of S25-2 by gel filtration immediately

prior to the SPR analysis deviation from the 1:1 interaction model became apparent

during the fitting routine. This deviation was enhanced in the analysis of low

affinity interactions with smaller oligosaccharide structures presenting only parts

of the epitope due to the higher analyte concentrations needed. Therefore, several

precautions had to be taken to ensure the reliability of the biosensor data. Impor-

tantly, global fitting of sensorgrams at several analyte concentrations ranging up to

�

Fig. 17.1 (continued) epitope. The structures shown in (b) and (c) occur only in Chlamydia
psittaci and represent species-specific epitopes. The structurally related Re-type LPS of entero-

bacterial deep rough mutants (d) contains only a 2!4-linked Kdo disaccharide. The epitopes

recognized by mAbs are indicated and comprise Kdo (E), Kdo(2!8)Kdo (F), Kdo(2!8)Kdo

(2!4)Kdo (G), Kdo(2!4)Kdo (H), Kdo(2!4)Kdo(2!4)Kdo (I), Kdo(2!8)[Kdo(2!4)]Kdo

(2!4)Kdo (J) and Kdo(2!8)Kdo(2!4)Kdo (K) (Modified from (Brooks et al. 2010b), copyright

2010, with permission from the American Chemical Society)
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tenfold over the KD was applied and satisfied a 1:1 interaction model. Furthermore

the consistency of KD values was confirmed by a comparison of results from kinetic

analysis and equilibrium binding. The SPR analyses showed that the high affinity of

the antibody was due to fast association rates (1.0 � 105 M�1 s�1) and relatively

slow dissociation rates for monovalent binding, ranging from 0.3 to 0.07 s�1.
Sequence analysis of mAb S45-18, which binds the epitope Kdo(2!4)Kdo

(2!4)Kdo with high specificity (Nguyen et al. 2003), showed that it derived

from the same set of germline genes as S25-2 but underwent extensive affinity

maturation. Most importantly, a phenylalanine residue introduced into the combin-

ing site was involved in a hydrophobic stacking interaction with all three Kdo

residues (Nguyen et al. 2003). These structural changes of the combining site were

shown by SPR analysis of Fab binding to immobilized glycoconjugate to accelerate

the ka to 1.2 � 107 M�1 s�1 with an almost unaltered kd of 0.05 s�1 yielding a KD

of 4 nM (Gerstenbruch et al. 2010). A sequence comparison between mAb S45-18

and mAb S69-4, an antibody which is able to distinguish the branched Kdo

tetrasaccharide from the linear Kdo(2!4)Kdo(2!4)Kdo trisaccharide and which

therefore could be used for the selective immunostaining of C. psittaci (M€uller-
Loennies et al. 2006), showed that it also contained a phenylalanine residue at an

equivalent position in VH CDR3. Despite this, SPR analysis revealed only very

weak binding with fast kinetics which did not allow the determination of rate

constants. The KD values determined from steady state binding were 10 mM for

the tetrasaccharide and 100 mM for the trisaccharide indicating that the positioning

of the phenylalanine was altered by the different loop structure. Thus the use of a

different set of diversity and joining genes played a major role in affinity maturation

of the mAb S45-18 antibody. Substitution of the four amino acids immediately

following PheH97 (scFv S69-4 H3post) led to a 1,000-fold affinity increase to a KD

of 10 nM for the monovalent interaction [Table 17.2 and Fig. 17.2 (Gerstenbruch et al.

2010)]. Simultaneously a loss of selectivity for the branched structure was observed.

This indicated that due to the high affinity the tolerance of subtle conformational

changes in the epitope was lost raising the question of whether high affinity and

selectivity against these closely related carbohydrate epitopes preclude each other.

We have therefore attempted to isolate by phage display a high affinity antibody

that is still able to distinguish these two structures (Gerstenbruch et al. 2010).

The isolated scFv NH2240-31 showed very high affinity for the branched Kdo

tetrasaccharide (KD of 6 nM) while binding the linear trisaccharide with a KD of

15 nM. Immunofluorescence staining of bacteria and ELISA confirmed the selectivity

for the branched structure. The sequence and crystal structure analysis (Brooks et al.

2008a; Gerstenbruch et al. 2010) revealed a significantly shortened CDR3 VH and an

altered positioning of an aromatic side chain residue, possibly allowing a different

stacking interaction with the tetrasaccharide ligand than observed with PheH97.

Crucial to the successful SPR analyses performed on these antibody fragments was

the reduction of immobilized neoglycoconjugate to a maximum of 10–20 RU for the

Rmax as well as double referencing against an appropriate ligand. When higher

amounts were immobilized severe subtraction artefacts at the beginning of the injec-

tion and the initial phase of dissociation were observed, preventing kinetic analysis.
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It may not always be possible to generate neoglycoconjugates without destruction

of the epitope of interest. An elegant way to immobilize glycolipids on conventional

CM5 sensor chips is the capture on surfaces precoated with antibody. This procedure

has been successfully applied for the immobilization of the asialo-GM1 glycolipid

(Harrison et al. 1998) for the determination of antibody binding kinetics. Liposomes

formed using dimyristoylphosphatidylcholine (DMPC) and a small amount of the

antigen of interest, e.g. the asialo-GM1 glycolipid, were prepared and a small amount

of a second glycolipid, in this case LPS from Salmonella serogroup B LPS, was

incorporated into the liposomes. After immobilization of the LPS specific antibody on

Fig. 17.2 SPR sensorgrams of scFv against immobilized neoglycoconjugates. NH2240-31

(a and d), scFv S69-4 H3post (b and e) and Fab S45-18 (c and f) against the 40-monophosphorylated

hexasaccharide (a, b, c) and the Kdo(2!4)Kdo(2!4)Kdo trisaccharide (d, e, and f) conjugated to

BSA by reductive amination after enzymatic dephosphorylation at C1; for oligosaccharide structures

see Fig. 17.1b and c. Sensorgrams recorded for protein concentrations of 1, 2.5, 5, 7.5, 10, 20, and

40 nM are shown in a and b. Identical concentrations are displayed with same colors. Proteins were

purified by gel filtration immediately prior to the analysis (Reprinted from Gerstenbruch et al.

(2010), Copyright # 2010, with permission from Oxford University Press)
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CM5 sensor chips liposomes could be captured and yielded a stable surface for the

SPR measurements. This setup could also be used for inhibition experiments with

soluble carbohydrates. The results from such experiments revealed that an increased

inhibitor concentration may in some instances promote higher avidity binding, as

shown by the addition of a monovalent tetrasaccharide inhibitor which led to lower

total amount of bound antibody but simultaneously resulted in a decreased kd. Thus,
low valency inhibition of binding can promote higher avidity antibody-carbohydrate

interactions, presumably as there is less competition for available immobilized antigen

at lower binding levels.

17.4.5 Carbohydrate Binding to Immobilized Protein

The immobilization of carbohydrates by conjugation to protein yields a multivalent

surface which requires the use of monovalent analytes to satisfy the requirements for

the application of a 1:1 interaction model. In some instances the preparation of

monovalent fragments can be difficult to achieve, such as for IgM antibodies of

which Fab fragments cannot be obtained by papain digestion. Also the cloning and

soluble expression of monovalent scFv has been shown to be difficult or even

impossible for some antibodies. Such problems can be circumvented by the immobi-

lization of the multivalent antibody and then injecting carbohydrates as analytes. The

improved sensitivity of modern SPR instruments with a lower mass limit of detection

below 500 Da allows the analysis of haptens as small as monosaccharides provided

surfaces with theoretical Rmax of approximately 10 RUs ormore can be obtained. This

approach led to the accurate determination of affinities of anti-blood group A specific

antibodies which could not be obtained as monovalent preparations (Thomas et al.

2002). This study provided first evidence that amino acids not directly contacting

antigen can substantially increase the affinities and thus play an important role in

affinity maturation against the blood group A determinant. A comparison of monova-

lent vs. bivalent binding led to the determination of the affinity gain by bivalency,

which for this antibodywas ~75-fold.An avidity effect of the same order ofmagnitude

was determined by SPR for the mAb Se 155-4 (MacKenzie et al. 1996).

A recent structural analysis of the tumor-specific mAb 237 in complex with a

Tn-antigen containing glycopeptide from podoplanin (Brooks et al. 2010c) revealed

that the antibody’s exquisite specificity stems from the recognition of the terminal

GalNAc residue in a small binding pocket. The mAb did not crystallize in complex

with the peptide alone or with a glycopeptide carrying a GalNAc substituted with

a bGal. These data indicated that only the Tn-glycopeptide is bound. This was

confirmed by SPR. Immobilization of the Fab fragment at high ligand density and

using an unrelated Fab fragment as control surface allowed the determination of KD

constants by steady state binding and kinetic analysis. Binding was only observed

for the natural glycopeptide (KD � 140 nM) but not for the unglycosylated peptide

or free GalNAc. The lack of observable binding of free GalNAc may have been

either due to its small size or the low affinity for the monovalent interaction with the

carbohydrate. This could then be excluded by using a multivalent GalNAc carrying
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glycoconjugate with unrelated peptide structure as analyte. The multivalency of

such an interaction and the greater mass change at the sensor chip surface would

have resulted in measurable binding. Since this was not the case the low affinity of

the GalNAc binding pocket on the mAb 237 could be proven (Fig. 17.3).

17.4.6 Solution Affinity Analyses

The determination of KD values from steady state binding or rate constants requires

the immobilization of one binding partner. It may however not always be possible

to immobilize the ligand in a suitable form or the analyte may be too small to allow

for such binding assays. An alternative in such a case is the determination of the free

analyte concentration in preincubated mixtures of antibody and ligand. It has been

shown that under mass transport limiting conditions, i.e. slow flow-rates and high

ligand density, the initial rate of complex formation is directly proportional to the

Fig. 17.3 (a) Surface plasmon resonance analysis of 25, 50, 70, 90, 130, 250, 420, 670 and

1,200 nM glycopeptide peptide binding to 237 mAb. The black lines indicate observed data points
and the red lines fitting of the data to a 1:1 interaction model. (b) Fitting of the binding data to a

steady state affinity model (Reprinted from (Brooks et al. 2010c), copyright 2010, with permission

from the national Academy of Sciences of the United States of America)
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free analyte concentration (Adamczyk et al. 2000). This procedure requires

the generation of a standard curve by determining the maximum response at

equilibrium and a given ligand density using increasing analyte concentrations.

The determination of KD values for any ligand can then be determined from the free

analyte concentration present in a pre-equilibrated mixture of ligand and analyte.

This assay should be applied only to monovalent analytes because an accurate

correction for the fractional occupancy is not always possible (Adamczyk et al.

2000).

We have applied an adaptation of this procedure to compare affinities of

antibodies against Kdo-containing oligosaccharides from Chlamydia (Brooks

et al. 2008b). When S25-2 Fab was injected over a surface of immobilized Kdo

(2!8)Kdo(2!4)Kdo–BSA in the range of 5–150 nM (Fig. 17.4a) binding propor-

tional to the Fab concentration was observed (Fig. 17.4b). From this standard curve

of free Fab concentrations (Fig. 17.4c) the solution affinity of a variety of Kdo

analogues was then determined. Affinities for the Chlamydia-specific trisaccharide
antigen Kdo(2!8)Kdo(2!4)Kdo were obtained by Fab binding to glycoconjugate

(Table 17.3) and the solution affinity method (Table 17.4) and compared to those

determined earlier using immobilized glycoconjugates [Tables 17.1 and 17.3,

(M€uller-Loennies et al. 2000)]. For this ligand all values were in a similar range

showing the validity of the approach.

To characterize the epitopes of small ligands we compared mAb S54-10, a highly

specific antibody for Kdo(2!4)Kdo(2!4), and S73-2, a multi-specific antibody

capable of recognizing the two trisaccharide structures Kdo(2!4)Kdo(2!4) and

Kdo(2!8)Kdo(2!4) with high affinity (Brooks et al. 2010b) in SPR binding assays

(Figs. 17.5 and 17.6; Table 17.4). To carry out solution affinity analyses we

immobilized BSA-glycoconjugates of Kdo(2!8)Kdo(2!4)Kdo and Kdo(2!4)

Kdo(2!4)Kdo on CM5 sensor chips and obtained standard curves of free Fab

concentrations binding to the immobilized glycoconjugates. The KD constants deter-

mined for both antibodies by solution affinity analysis using a number of structurally

related natural and artificial ligands revealed that S73-2 required the presence of the

(2!4)-linkage for high affinity binding. Whereas this mAb was fully cross-reactive

with the two trisaccharides, mAb S54-10 was highly specific for the Kdo(2!4)Kdo

(2!4) trisaccharide (Table 17.5).

17.4.7 Epitope Mapping

Antibodies often recognize conformational epitopes within polysaccharides which

are influenced by the length of the polymer and its chemical structure. Such

dependencies can be resolved by SPR which has been successfully employed to

map protective conformational epitopes on the type III group B streptococcal

polysaccharide and group B meningococcal polysaccharide (Zou et al. 1999;

MacKenzie and Jennings 2003). In addition to the identification of the protective

epitope the group B streptococcal polysaccharide study further revealed that

oligosaccharides with chain lengths shorter than seven oligosaccharide repeating
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units displayed a single epitope while larger oligosaccharides became multivalent.

This work is described in more detail in another chapter (Chap. 3, H. Jennings) in

this book.

Fig. 17.4 Surface plasmon resonance analysis of S25-2 affinity for Kdo antigens. (a)
Sensorgrams of 5, 10, 20, 40, 60, 80 and 100 nM S25-2 Fab binding to immobilized Kdo(2!8)

Kdo(2!4)Kdo-BSA. (b) Standard curve of S25-2 Fab binding to Kdo(2!8)Kdo(2!4)Kdo-BSA

used to determine free Fab concentrations for solution affinity of synthetic Kdo analogues. (c)
Concentration of free Fab vs. concentration of synthetic Kdo analogues for determination of

solution affinity. (●) Kdo(2!4)Kdo(2!4)Kdo; (■) Ko(2!4)Kdo; (♦) 3,4-dehydro-3,4,5-

trideoxy-Kdo(2!8)Kdo; (~) 5-deoxy-4-epi-2,3-dehydro-Kdo(4!8)Kdo; (D) Kdo(2!4)

KdoC1red; (□)Kdo(2!4)Kdo(2!4)Kdo; (○)KdoC1red(2!4)Kdo (Reprinted from (Brooks

et al. 2008b), copyright 2008, with permission from Elsevier Ltd.)
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Since the discovery of structural similarities between LPS structures among

pathogenic bacteria attempts have been made to generate cross-reactive and

cross-protective antibodies against enterobacterial LPS in the fight against Gram-

negative sepsis (reviewed in M€uller-Loennies et al. 2007). Based on the chemical

characteristics structural regions are distinguished within the LPS molecule, called

lipid A, the inner and outer core and the O-polysaccharide (reviewed in Holst and

M€uller-Loennies 2007). Potentially protective epitopes within the lipid A are

cryptic in LPS molecules of pathogenic Gram-negative bacteria (Brade et al.

1997). The isolation of mAb WN1 222-5 which protects against experimental

endotoxemia in animals and which is able to neutralize cellular responses also

Table 17.3 Binding of S25-2 to synthetic Kdo antigens as determined by SPR (Reprinted from

Brooks et al. (2008b), copyright 2008, with permission from Elsevier Ltd)

Antigena KD (�10�6 M)

Kdo 15b

Kdo(2!8)Kdo 1.8b

Kdo(2!8)Kdo(2!4)Kdo 1.4c, 0.6b, 1.6d

Kdo(2!4)Kdo 1.1b

Kdo(2!4)Kdo(2!4)Kdo 63c

Ko(2!4)Kdo 190c

Kdo(2!4)KdoC1rede 31c

KdoC1red(2!4)Kdo 290c

3,4-dehydro-3,4,5-trideoxy Kdo(2!8)Kdo 25c

5-deoxy-4-epi-2,3-dehydro-Kdo(4!8)Kdo 16c

aAllyl glycosides were used for solution affinity studies
bDetermined previously using Fab and immobilized BSA glycoconjugates (M€uller-Loennies et al.
2000)
cSolution affinity
dDetermined using Fab and immobilized BSA glycoconjugate
eCarboxyl-reduced Kdo

Table 17.4 Kinetic and binding constants of S73-2 and S54-10 for immobilized glycoconjugates

determined by SPR (Reprinted from Brooks et al. (2010b), copyright 2010, with permission from

the American Chemical Society)

Antibody

Immobilized

glycoconjugatea

ka
(�106 M�1 s�1)
� SE

kd (s
�1)

� SE

KD

(�10�7 M)

� SE

S54-10 Kdo(2!4)Kdo(2!4)Kdob 2 � 0.01 0.07 � 0.0003 0.3 � 0.01

S73-2 Kdo(2!8)Kdo(2!4)Kdoc 1 � 0.02 0.4 � 0.03 3 � 0.3

S73-2 Kdo(2!4)Kdod N/Ae N/A 2 � 0.2
aBSA glycoconjugates
bCollected on a conjugate surface density of 280 RUs
cCollected on a conjugate surface density of 164 RUs
dCollected on a conjugate surface density of 980 RUs
eDissociation rate too fast for kinetic analysis
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observed during septic shock in vitro, such as the release of proinflammatory

cytokines, proved the presence of a protective epitope within the core region of

enterobacterial LPS common to Escherichia coli, Salmonella and Shigella which is
accessible to antibody binding (Di Padova et al. 1993). In support of ELISA binding

studies using structurally characterized oligosaccharides, SPR aided in the defini-

tion of this epitope within the core region (M€uller-Loennies et al. 2003). In order

to identify the epitope we obtained structurally related oligosaccharides from

E. coli J-5 (Fig. 17.7), a mutant strain synthesizing a short chain LPS, and from

LPS of four E. coli strains synthesizing LPS molecules containing the same inner

core structure but with an outer core oligosaccharide (core types R1 to R4) of

varying structure without an O-polysaccharide (Fig. 17.8).

The comparison of affinities towards mAb WN1 222-5 by SPR revealed that of

the smaller oligosaccharides only an octasaccharide with four phosphates

(octasaccharide 4P) bound with high affinity (Table 17.6). Larger oligosaccharides

with an attached outer core were all bound with significantly higher affinity

showing a contribution of the outer core to the binding. Whereas the R1, R3, and

R4 core types were bound with a similar 5-fold to 10-fold increase in affinity, the

R2 core oligosaccharide was bound 29-fold stronger. This significant increase may

be attributed to the substitution with an outer Gal at the first Glc residue in this core

type which might be involved in the interaction with the antibody combining site.

The similar increase for the structurally diverse R1, R3 and R4 core oligosac-

charides have indicated an influence on the conformation of the epitope rather than

a direct involvement in hydrogen bond formation with the antibody.

During the WN1 222-5 study we have observed that SPR measurements at an

increased salt concentration of 300 mM NaCl yielded substantially higher affinities

(0.6–25-fold) than those measured at 150 mM salt. At the lower salt concentration rate

constants could not be determined at all for the smaller oligosaccharides. This could

Fig. 17.5 Surface plasmon resonance analysis of S73-2 and S54-10 Fab binding to different Kdo

antigens. Sensorgram overlays for the binding of (a) 10, 20, 40, 80, 160, 320, 640 and 1,280 nM

S73-2 Fab to 160 RUs of immobilized Kdo(2!8)Kdo(2!4)Kdo-BSA and (b) 5, 10, 20, 40, 80
and 160 nM S54-10 Fab to 280 RUs of immobilized Kdo(2!4)Kdo(2!4)Kdo-BSA. The open
black circles are the data points and the red curves the fitting of the data to a 1:1 interaction model

(Reprinted from (Brooks et al. 2010b), copyright 2010, with permission from the American

Chemical Society)
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be explained by the high charge to mass ratio of these molecules possibly leading to an

electrostatic repulsion by the sensor chip surface. Indeed, the higher affinities

observed at higher salt concentration were attributable to faster on-rates, supporting

this assumption. The true affinities thus remained uncertain. To resolve such prob-

lematic cases the determination of affinity by other methods is necessary. Among the

Fig. 17.6 Sensorgram overlays for the binding of (a) 1, 2, 3, 5, 7 and 10 nM S73-2 Fab to

2,460 RUs of immobilized Kdo(2!8)Kdo(2!4)Kdo-BSA and (b) 2.5, 5, 7.5, 10, 15 and 20 nM

S54-10 Fab binding to immobilized Kdo(2!4)Kdo(2!4)Kdo-BSA. Standard curves for (c) S73-
2 Fab concentration assay based on the steady state binding data from (a and d) S54-10 Fab

concentration assay based on initial mass transport limited rates from the sensorgrams in (b) – the
inset shows linear fitting (red lines) of the initial data points (open black circles). Fitting to a

solution affinity model of data for the inhibition of (e) S73-2 Fab binding to 1,650 or 2,460 RUs of
immobilized Kdo(2!8)Kdo(2!4)Kdo-BSA and (f) S54-10 Fab binding to 280 RUs of

immobilized Kdo(2!4)Kdo(2!4)Kdo-BSA by various saccharides (Reprinted from Brooks

et al. (2010b), copyright 2010, with permission from the American Chemical Society)
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Table 17.5 Solution affinities of S73-2 and S54-10 Fab for free Kdo ligands determined by SPR

(Reprinted from Brooks et al. (2010b), copyright 2010, with permission from the American

Chemical Society)

Antigen

KD ( � 10�7 M) � SE of mAb

S54-10a S73-2b

Kdo 900 � 100 30 � 0.6

Kdo(2!4)Kdo 90 � 8 3 � 0.1

Kdo(2!8)Kdo 60 � 6 8 � 0.4

Kdo(2!4)Kdo(2!4)Kdo 0.5 � 0.03 1 � 0.05

Kdo(2!8)Kdo(2!4)Kdo 200 � 10 2 � 0.03
aData collected using Kdo(2!4)Kdo(2!4)Kdo-BSA surface density of 280 RU
bData collected using Kdo(2!8)Kdo(2!4)Kdo-BSA surface density of 1,700 and 2,400 RU

Fig. 17.7 Chemical structures of core oligosaccharides obtained after alkaline deacylation of

E. coli J-5 LPS. The E. coli J-5 mutant is a derivative of E. coli O111:B4 which expresses

a defective UDP-galactose-4-epimerase and is therefore unable to incorporate galactose into its

LPS. The separation of LPS into individual molecular species is so far not possible due to the

amphiphilic nature of LPS. After successive de-O- and de-N-acylation LPS oligosaccharides can

be separated by HPAEC and the depicted oligosaccharides were obtained from the J-5 mutant.

Octasaccharide 1 P3, marked with an asterisk, was only obtained after chemical deamination of

LPS before the deacylation and is not naturally present in LPS from E. coli J-5 (Reprinted from

(M€uller-Loennies et al. 2003), Copyright# 2003, with permission from the American Society for

Biochemistry and Molecular Biology)
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manifold methods for affinity determination, ITC is particularly suited because label

free binding can be studied in solution and it yields additional information about the

energetics of the binding event. Using ITC we could confirm the general conclusions

drawn from the SPR analyses and showed that the increased salt concentration used

during the SPR experiment to prevent electrostatic repulsion at the negatively charged

sensor chip surface did not affect complex formation. However, whereas the relative

affinities were very similar the absolute affinities determined by ITC were generally

higher (M€uller-Loennies et al. 2003). Thus, in combination with ELISA binding data

SPR analysis using LPS partial structures revealed important structural elements of an

epitope at the junction of the inner and outer core in enterobacterial LPS which is

accessible to high affinity antibody binding even in the presence of structurally diverse

outer core oligosaccharides and O-polysaccharides.

17.5 Summary and Outlook

In this chapter we have attempted to give a brief overview of our work related to the

characterization of anti-carbohydrate antibody binding to a variety of diverse

ligands. In each case certain technical difficulties have been encountered and we

have described appropriate solutions to these problems. We have shown that

Fig. 17.8 Chemical structures of core-oligosaccharides obtained after alkaline deacylation of

E. coli LPS. Separation of deacylated LPS from E. coli strains F470 (R1), F576 (R2), F653 (R3),

and F2513 (R4), by HPAEC identified the depicted oligosaccharides as major components.

Whereas LPS from E. coli F470 and F653 contain two oligosaccharides (OS 1 and 2) differing

in the side chain heptose substitution with GlcN, this modification is absent in LPS of the other

strains (Reprinted from (M€uller-Loennies et al. 2003), Copyright # 2003, with permission from

the American Society for Biochemistry and Molecular Biology)
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when experimental design is carefully performed, SPR is able to contribute sub-

stantially to carbohydrate vaccine development for the induction of protective anti-

carbohydrate antibodies. The identification and structural description of protective

epitopes on carbohydrates represents a first step in the development process.

However, as highlighted in a review by van Regenmortel (2002), antigenicity and

immunogenicity are not always related and thus active immunization strategies

may not be directly deduced from binding data. Nevertheless, the development of

passive immunization strategies is straightforward. We have shown how binding

data acquired by SPR in combination with structural analyses and molecular

biology can contribute to the identification of molecular mechanisms underlying

affinity maturation of antibodies, the kinetic effects associated with multivalent

binding and the identification of anti-carbohydrate antibodies which can be used as

diagnostic tools in the identification of bacterial pathogens such as Chlamydia.
The technical difficulties often encountered in obtaining accurate KD values for

carbohydrate-protein interactions due to low affinities and multivalency have been

partly overcome by the introduction of SPR as a routine technology requiring

relatively little amounts of substance. Prior to the introduction of SPR instru-

ments, isothermal titration microcalorimetry (ITC) had been widely used to study

carbohydrate-protein interactions (Christensen and Toone 2003). A major draw-

back of ITC, preventing its use as a routine technology, has been its low sensitivity

in comparison to other methods putting a high demand on the amount of substance

needed, usually several milligrams of purified protein per single experiment. The

recent marketing of instruments with higher sensitivity has improved the situation

considerably and the collection of thermodynamic data may become more routine

and in combination with SPR will certainly help to resolve important fundamental

questions associated with carbohydrate-protein interactions. However, as has been

seen after the introduction of SPR biosensors, neglecting technical and theoretical

requirements of proper experimental design, data collection and, last but not least,

data analysis may prevent the acquisition of high-quality data. In order to really

contribute to a better understanding of carbohydrate-protein binding utmost care

must be taken to assure the generation of high quality data instead of purely a large

body of data. If this premise will be widely accepted, both methods will surely

contribute to a better scientific understanding of carbohydrate recognition by

antibodies and hopefully the development of new antibody drugs and improved

vaccines against infectious and non-infectious diseases such as cancer.
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