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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 o-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 Miiller-Loennies
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Multidisciplinary Approaches to Study
O-Antigen: Antibody Recognition in
Support of the Development of Synthetic
Carbohydrate-Based Enteric Vaccines

Francois-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 20006). 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
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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)

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
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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-
zation with a hapten mimicking 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 Ol and the emergent serogroup
0139 — 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 comprehensive molecular 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 Ol. As a general trend, pathogenic strains of V. cholerae Ol
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-p-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



1 Multidisciplinary Approaches to Study O-Antigen 5

e Me OR Me OMe
HO HHO HO HHO
OH
[+]

o

M

R G :

HO H HO <

OH OH ) o

Oy
I

= |

T )

T
o
2%0
=
T
o
=
[}
o
~

Fig. 1.2 Left: Structure of the O-Ags of V. cholerae serotypes Inaba (R = H) and Ogawa
(R = Me). Right: Structure of an Ogawa hexasaccharide—bovine serum albumin (BSA) conjugate
(Chernyak et al. 2002)

is characteristic of the Ogawa O-Ag, whereas a N-(3-deoxy-L-glycero-tetronyl)-p-
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.
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Immunochemical Investigation Towards Ogawa and Inaba
Common Antigenic Motifs
On the whole, immunoelectrophoresis and agglutination tests demonstrated that motif
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 [-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 A 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-2’ 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: 1FAW, 1F4X, 1F4Y). A cavity defined by the CDRs L3, HI 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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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 terminal O-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 to Alzari 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

only 550 A?, the corresponding Ab binding constant equals to 1.2 x 10 M. 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-20-4:0Ogawa 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 0S-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 Ol 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
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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 activity was mostly correlated to the induction of IgM Abs. 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 bivalent V. cholerae O1 vaccine.

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. cholerae O1 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, SDI1 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
(A'B'C'D', 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 o-p-galactopyranose
(C" 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-p-Galp sequence (B'CH, 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 B!
moiety in complement to strong hydrogen bonds involving all three C' 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 B'C'D' segment where D' is a N-acetyl-o-p-
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 o-D-galactopyranosyl and/or an o-L-
rhamnopyranosyl residue (C' or B') (Falt and Lindberg 1994).
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Fig. 1.4 Structure of the RU
of the SD1 O-Ag: A'B'C'D! o Al
(Dmitriev et al. 1976) bk
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Investigations on the conformational properties of selected O-Ag sequences by use
of NMR spectroscopy (Pozsgay et al. 1998; Coxon et al. 2000) and extensive molecular
modeling computations (Nyholm et al. 2001) pointed to a peculiar behaviour of the o-
p-Galp-(1—3)-0-p-GlcpNAc (C'-D") linkage, which adopts two favoured confor-
mations. For pentasaccharide A'B'C'D'A" 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 p-galactopyranosyl residues protrude radially with some
exposure of the adjacent L-rhamnose (B') and N-acetyl-p-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 the modified B'C' disaccharides (Miller et al. 1998). This set of
immunochemical and modeling data strengthened the former NMR-based obser-
vations suggesting that pentasaccharide A'B'C'D'A" 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 Inmunogens
than Their dLPS-Protein Counterparts
A major initiative towards the use of synthetic SD1 O-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 B' (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 A'-B' 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.



1 Multidisciplinary Approaches to Study O-Antigen 13

o
Ho PH

»
¢ Ho% -M:HN
\ﬁ\j gf .
H
Ho PH oM s N“‘)Llwv
o o . S " )
Ho

i

o o

AcHN M.
1 O Ho PH oM 07/ o
c o o
HO D! i
Ho [} < | ¢t HO o >

N H _/n

Fig. 1.5 Potent synthetic OS-based conjugates against SD1 infection. Botrom: 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)

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 D' 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-p-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
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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

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-o-L-Rhap-(1—2)-a-L-Rhap-(1—3)-a-L-Rhap-(1—3)-B-p-GlcpNAc-1—
tetrasaccharide repeats (A>B*C”D?, Fig. 1.6), whose o-p-glucosylation (E?) 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, 1986¢, 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),
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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 SFla and SF1b, a given serotype defining O-Ag backbone
alteration, o-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 o-p-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-p-Glep-(1—3)-a-L-Rhap Branching Pattern

Investigation on the Seric Inmune Response

The a-p-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 A? 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 B* (E*B?) as in SF5a and
SFE5b, 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
SFE5b-induced mAbs bound SF5b and SF5a O-Ags to the same extent, thereby
exhibiting typical group V binding characteristics. Additional data also suggested
that o-p-(1—3)-glucosylation at rhamnose A” 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 E°B? moiety was essential for recognition
and that contributions from both the C* and D” residues adjacent to the branched
A*(E?)B? trisaccharide were required for binding in the submillimolar range. The
binding of IgG C20 was highest for D¥ A%(E*)B*C? (Fig. 1.7), which suggested
recognition of an intra-chain epitope. NMR and molecular modeling indicating
that among the four possible type-specific pentasaccharides, D A*(E*)B>C? was
the sequence which best adopted the O-Ag conformation, strengthened the
conclusions derived from the binding data.

Investigation on the Mucosal Imnmune 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, D¥A*(E*)B*C? was the sequence best
recognized by the two mAbs. In both cases however, the measured ICsy for
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Fig. 1.7 Left: Structure of the RU of SF5a O-Ag (A*(E*)B?C*D?), also showing the recently
revealed O-acetylation pattern (Perepelov et al. 2010). Right: Frame-shifted pentasaccharide
hapten — D A%(E*)B*C? — 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

D*A*(E) *B*C? was close to 25 mM, strongly suggesting that the sIgAs recognized
the O-Ag with a much lower affinity than IgG C20 (IC5g ~ 40 uM) (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 D*A%(E*)B>C? did not differ from that
adopted when free in solution, the latter indicated that binding of D¥ A*(E*B*C? to
the IgAs was mostly driven by glucose E* and that rhamnose B? 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 B*C*D¥A*(E?*B>C’D’A%
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 E* 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 Inmunogenicity?

In the absence of larger serotype-specific O-Ag fragments, these data converged to
surmise that D* A*(E*)B>C? (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
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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 two Abs recognize different epitopes. On the other hand, the bindings of MASF Y1,
Y2 and Y5 to SFY O-Ag were best inhibited by the [C?D*A*B?]; dodecasaccharide,
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Fig. 1.8 Left: Structure of the RU of the SFY O-Ag (A’B>C?D?). Right: Structure of the B°C**D?
trisaccharide deoxygenated at position 2 of residue C? (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
of O-Ag:Ab complementarity, these findings revealed the complexity of the SFY O-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 BC*D” 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 A’B*C*D?A% and trisaccha-
ride B°C**D? missing the 2¢,-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
B?C?D? trisaccharides modified at specific sites, they revealed relatively weak
hydrogen bonds to individual hydroxyls with the exception of the 4p,-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 2, 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 B,C,*D,, NMR and modeling
studies of the O-Ag fragments in the free form (Bock et al. 1982; Kreis et al.
1997) suggested that A*B*C*D*A” binding to SYA/J6 entailed changes in the
pentasaccharide conformation, which essentially took place at the C>-D? and D*-
A? linkages. As a direct consequence, residue C* is completely buried into a deep
pocket, and the partially solvent-exposed residue D* was evidenced as being crucial
for recognition. Rhamnoses A% and A% 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 AB>C?DA% pentasaccharide (K, = 2.5

x 10° M) takes place in a large groove, approximately 25 A long, 10 A deep,
and 12 A wide. The groove runs parallel to the Vi—V_ 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
[A?B*C?D?]5 dodecamer:Ab complex, this model provided further indications that
SYA/J6 is likely to recognize intrachain segments fitted into the combining site via
the A’B2C?D?A? epitope (Fig. 1.9) (Vyas et al. 2002).
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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 A”B*C*D?A” in the crystal structure of the
complex (pdb code: 1M7I). Contacting or buried atoms of the Ab are in deep blue. Residues B* and
C? are represented with green carbons, residue D? with yellow carbons and residues A% and A%
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

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 BC?D?, 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-1g, and the acetamide in D?
(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 2, 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 A’B*C*D*A? 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
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Fig. 1.10 Structures of selected SFY O-Ag analogues. Right: Set of tethered B*C?D? trisaccha-
ride analogues (McGavin et al. 2005). Left: Chimeric glycopeptide comprising the rhamnose
trisaccharide AB*C? a-linked to a MDW tripeptide aglycone (Hossany et al. 2009)

data, a chimeric glycopeptide whereby the NMHAA portion was replaced by the
o-linked A”B?C?, was designed to ensure appropriate fit of rhamnose C? 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-p-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 o-p-Glcp-(1—4)-0-L-Rhap (E*C?) branching pattern common with the
SF2b O-Ag, resulting in a basic pentasaccharide RU (A*B*(E*)C’D?, 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
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Fig. 1.11 Top: Structure of the basic RU of the SF2a O-Ag (A?B*(E*)C?D?), 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)

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 following mucosal immunization of mice with 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
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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 E?*C*D? was the sole trisaccharide recognized at
a submillimolar concentration and that larger OSs lacking the E*C*D? sequence did
not show any binding whereas E*C?D?A? did, revealed the crucial contributions to
Ab recognition of both the a-(1—4)-glucosyl residue (E) and the neighbouring
N-acetylglucosamine (D). Monoclonal IgG F22-4, which was the only mAb
showing measurable affinity for E’C?D?, E°’C’D*A?, and E>C*D’A”B?, exemplified
a first category of Abs. Being at variance with the other four IgGs, this Ab Vi 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 A* and B to recognition. In contrast, addition of
rthamnose B? improved the binding free energy AG by —2 kcal-mol ', on average.
The key role of residue B? in Ab recognition was more general, since B*(E*)C*D?
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 B*E?*C’D?
tetrasaccharide flanked by residue A%/A? 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 D*” A% moiety to all Ab bindings except F22-4 (Table 1.1), thus
constricting Ab classification into two major families. Overall, the BX(E*)C?D? frag-
ment was seen as an immunodominant “protective” determinant, where OS elongation
correlated with an increase in mAb binding. The major improvement in ICs, 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 ([AZBZ(EZ)CzDz]z
and [AZB%(E?)C?D?],, respectively) by SF2a-specific protective mIgGs and comparison to avail-
able data for selected SF2a O-Ag fragments™”

IgG F22-4 IgG D15-7 1gG A2-1 IgGE4-1 IgGCl-7

A’BYEHCD? 2149 490 + 100 378 £24 287 + 66 734 + 200
B2(E®)C’D*AZB¥(E¥)C? 022 +£0.02 60.8 &+ 23 15+5 12+4 242+ 124
[D>A?B*(E*C], 5+ 14 12+ 3.6 3+18 4+17 19+4
[AZB*(E*)C?D?], 0.7 + 0.6 38+ 6 27+03 1743 52 + 21
[A’BXEHCD?;4 0.32 £ 0.07 13+2 14 + 4 7+4 21+9

“Measurement of ICso (UM) by inhibition ELISA. SD is indicated
YExtracted 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
[AZBZ(Ez)C2D2]3 complex, ten corresponded to two consecutive RUs as in the
decasaccharide. The binding modes of [A’B*(E*)C*D?], and [A’B*(E*)C?D?; to
F22-4 were almost identical, showing a nonasaccharide epitope — A’B*(E?)
C’D*AYB?(E*)C? — encompassing six residues in direct interaction with the Ab.
The buried accessible area at the Ab-decasaccharide interface of 1,125 A? does not
totally contribute to the 9.6 x 10° M~ " affinity (Theillet et al. 2011a). Ligands are
accommodated in a groove shaped binding site approximately 20 A long, 8 A deep,
and 15 A 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 E>C*D? 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 D? and the
branched glucose E?, respectively (Fig. 1.12). Consistent with the need for at least
two consecutive RUs to reach optimal Ab recognition, both the branched glucose
E? and rhamnose C? make intermediate contacts. Residues A%, A” and B? also
contribute, albeit to a lesser extent. Interestingly, the bound conformation of the
B2C?D? 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
A% B? and C? are represented with green carbons, residues D? with yellow carbons and residues
E? 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:A’B*C*D?A% complex (Vyas et al. 2002). Similar backbone dihe-
dral angles characterize the two RUs in the F22-4:0S complexes. However, the
E’C? and E¥C?¥ 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
E’C’D? to the mAb via persistent hydrogen bonds forcing the trisaccharide
segment in the conformation seen in the co-crystal, whereas residues A2, Bz,
A%, B¥ and D*’ 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 [AZB*(E*)C°D?]5 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 E*C*D? trisaccha-
ride to the [A’B*(E?)C’D?]; 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 [ABX(E®)C°D?]; 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 SFla, SF1b and SF5a O-Ags was documented (Perepelov
et al. 2009, 2010). Similarities in the O-acetylation pattern at rhamnose A” 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 A”B*C?D? 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

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-p-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 Kovac (Saksena et al. 2005, 2006,
2007; Adamo et al. 2005). Other routes leading to the same target structure or the
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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 p-fucose, D-galactose and
L-thamnose 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
p-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
0O-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.
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Scheme 2.1 Synthesis of anthrose building block 8 starting from p-fucose 3



2 Synthetic Oligosaccharide Bacterial Antigens to Produce Monoclonal Antibodies 41

The rhamnose building block 13, equipped with a robust C2 participating group
to ensure o-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 (Fiirstner and
Miiller 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.
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Scheme 2.3 Syntheses of disaccharide building blocks 16 (a) and 18 (b)
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Scheme 2.4 Completion of the total synthesis and conjugation to a carrier protein

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 Mel/Ag,0 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 18 were 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 produce monoclonal antibodies (mABs)
in mice (Tamborrini et al. 2006) (Scheme 2.4).

2.2.2 Immunology

The tetrasaccharide-KLH conjugate was formulated in ImmunEasy ™ adjuvant
(QIAGEN) and this mixture was injected into mice. Following the second booster
immunization, antibodies against tetrasaccharide 1 were detected in the blood of
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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. Kovac 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 a modified 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-
tetrasaccharide mAbs 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 (Kp = 9.1 pM) 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 (Kp = 0.51 uM) to its original disaccharide
antigen (36). Few carbohydrate—antibody interactions with Kps below 1 pM have
been reported, thus making this discovery particularly significant. Interestingly, Kp
values were comparable for interactions between MTDG6 and two structurally diverse
oligosaccharides, the tetrasaccharide 1 (Kp = 3.7 uM) and the anthrose monosac-
charide (Kp = 7.2 uM). Given this small difference in Kp, we can conclude that the
rhamnose units in the tetrasaccharide contribute little to MTD6 binding.

The molecular details of anthrax carbohydrate—antibody interactions were analyzed
using STD NMR to determine individual groups and atoms that are important for
binding. STD NMR is particularly suited to establish differences in binding to different
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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/
MTAL interaction indicated mass transport-limited association. Kinetic constants could therefore not
be determined reliably by SPR)

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 STD NMR (Meyer and Meyer 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 $-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
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Fig. 2.4 Epitope mapping of
the BclA tetrasaccharide
1/MTALI1 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 b
methyl groups marked with
asterisk were not assigned STD Effect
stereospecifically. Microarray ® <5%
data support the assignment @ s
of stronger STD effects to the ety
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)

>10%

binding in this region is still significant. Looking at STD effects throughout the
structure, it was observed that one face of the trirhamnose chain, (protons HI-H2-H3),
was bound more 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-H?3 face of the
trithamnose 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



48 M.A. Oberli et al.

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 anthrose C4 chain, a methylene group, as well as two methyl 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
MTAL1 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.

23 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 f-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 o-galactose building blocks 41, 42,
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Scheme 2.5 Retrosynthetic analysis of a hexasaccharide repeating unit of the capsular polysac-
charide of B. anthracis

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 + 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 (1—4) glycosidic linkage. The challenging
cis-B-mannosamine linkage was installed by creating the frans-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).
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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 of a-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.
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Scheme 2.8 Assembly of the pentenyl hexasaccharide 38

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
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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.

24 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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The Role of Sialic Acid in the Formation 3
of Protective Conformational Bacterial
Polysaccharide Epitopes

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 o(2 — 8)-linked in E.
coli K1 (Orskov et al. 1979), o2 — 9)-linked in group C N. meningitidis (GCMP)
(Bhattacharjee et al. 1975), and alternate o(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 o(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 o(2—8)- and o(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 o(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),, where n = 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 Makela 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 = 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 = 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 = 9 obtained from the
above data, and of the equivalent n = 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 o(2—8)-linked oligomer (n = 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 = 9 helices of PSA and polyA. (b) Stereoview of the fit of the
n = 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
Makela 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 PSA was 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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Table 3.1 Bactericidal titers of anti-NPrPSA serum absorbed with PSA

Serum Radioactive antigen binding assay

PSA NPrPSA Bactericidal titer
Anti-NPrPSA (unabsorbed) 50* 77 512
Anti-NPrPSA (absorbed with PSA)® 0 73 512
Control 0 0 <4

“Percentage of binding to 3H-labeled antigens
500 pl of serum absorbed with 250 pl of 1 mg ml~' PSA (1011 kDa) for 4 days at 4°C

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
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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

Table 3.3 Biological activity of monoclonal antibodies to NPrPSA

Vaccine Clone Isotype ~ NPrPSA (Neu5Pr); PSA  GBMP"  Epitope Bactericidal
size activity
(Neu5Pr),—TT 11 G1 1gGs, + + + + Short —
NPrPSA-TT 13D9 1gG2, + — — + Extended  +
6B9 12G2, + + — — Short —
Group B 735 1gGs, — — + + Extended +
meningococci

“Contains aggregated PSA

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
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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),—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 = 7-11) to
a high concentration of mAb 13D9 were studied (MacKenzie and Jennings 2003).
As shown in Fig. 3.2a oligomers n = 7 and 8 did not bind, whereas oligomer n = 9

b
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-10

0 50 100 150 200
Time (s)

Fig. 3.2 (a) Sensorgrams showing Fab 13D9 binding capacities of NPrPSA monomeric units
n = 7-11. (b) Stereoview of the fit of the n = 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 = 9 for the protective epitope, and the sudden increase in binding
from n = 8ton = 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 o(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
o(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.

34 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, I,
IIT 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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Table 3.4 Structures of the capsular polysaccharides of Group B Streptococcus
Type Structure™®

Ia —4) BD-Glcp (1—4) pp-Galp (1—
3

T
1
aD-NeupNAc (2—3) Bb-Galp (1—4) BD-GlcpNAc

Ib —4) Bp-Glcp (1->4) pp-Galp (1—>
3
T

1
aD-NeupNAc (2—3) pb-Galp (1—3) pD-GlcpNAc

I 4y Bp-GlcpNAc(1—3)BD-Galp(1->4)BD-Glep(1—3)BD-Glep(1—2)Bp-Galp-(1—
6 3

) 5
pBb-Galp ab-NeupNAc

I _,4) Bp-Glcp (1-6) Bp-GlcpNAC (1-3) Bp-Galp (1—
4

2
1
obD-NeupNAc (2—3) BD-Galp

v —>4) aD-Glep (1-4) pD-Galp (1->4) Bp-Glop (1—
6 3
1
oabD-NeupNAc (2—3) BD-Galp (1—-4) BD-GlcpNAc BD-Glcp
VI —>4) aD-Glcp (1—>4) pD-Galp (1->4) BD-Glep (1->
6
T

1
aD-NeupNAc (2—3) pb-Galp (1—4) pD-GlcpNAc

“Individual references can be found in Pon and Jennings (2008)
PStrain-specific O-acetylation of NeuSAc variably at positions 7, 8, or 9 has been reported (Lewis
et al. 2004)

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, IT and III were able to
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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 o(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, IT (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
IIT 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 1Bl
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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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

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 '*C 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 '*C 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
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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 GBSPID 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)GIcNAc 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 '*C 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 '*C
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, I 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)GIcNAc), 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
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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.

Acknowledgements I would like to acknowledge J-R Brisson for the preparation of figures and
Robert Pon for helpful critical discussions and preparation of the manuscript.

References

Ashton FE, Ryan JA, Michon F, Jennings HJ (1989) Protective efficacy of mouse serum to the
N-propionyl derivative of meningococcal group B polysaccharide. Microb Pathog 6:455-458

Baker CJ, Kasper DL (1976) Correlation of maternal antibody deficiency with susceptibility to
neonatal group B streptococcal infection. N Engl J Med 294:753-756

Baker CJ, Kasper DL (1985) Group B streptococcal vaccines. Rev Infect Dis 7:458-467

Baumann H, Brisson JR, Michon F, Pon R, Jennings HJ (1993) Comparison of the conformation of
the epitope of a(2—-8) polysialic acid with its reduced and N-acyl derivatives. Biochemistry
32:4007-4013

Bhattacharjee AK, Jennings HJ, Kenny CP, Martin A, Smith ICP (1975) Structural determination
of the sialic acid polysaccharide antigens of Neisseria meningitidis serogroups B and C with
carbon 13 nuclear magnetic resonance. J Biol Chem 250:1926-1932

Brisson JR, Baumann H, Imberty A, Perez S, Jennings HJ (1992) Helical epitope of the group B
meningococcal a(2-8)-linked sialic acid polysaccharide. Biochemistry 31:4996-5004

Brisson JR, Uhrinova S, Woods RJ, van der Zwan M, Jarrell HC, Paoletti LC, Kasper DL, Jennings
HJ (1997) NMR and molecular dynamics studies of the conformational epitope of the type III
group B Streptococcus capsular polysaccharide and derivatives. Biochemistry 36:3278-3292

Bruge J, Moulin JC, Danve B, Dalla Longa N, Valentin C, Goldman C, Rougon G, Herman JP,
Coquet B, Thoinet M, Schulz D (1996) Evaluation of the innocuity of a group B meningococcal
polysaccharide conjugate in hyperimmunized, pregnant cynomolgus monkeys and their
offspring. In: Zollinger W, Frasch CE, Deal CD (eds) Tenth international pathogenic Neisseria
conference abstracts, Baltimore, pp 222-223

Bruge J, Bouveret-Le-Cam N, Danve B, Rougon G, Schulz D (2004) Clinical evaluation of a group
B meningococcal N-propionylated polysaccharide conjugate vaccine in adult, male volunteers.
Vaccine 22:1087-1096

Devi SIN, Robbins JB, Schneerson R (1991) Antibodies to poly [(2-8)-u-N-acetylneuraminic
acid] and poly [(2-9)-a-N-acetylneuraminic acid] are elicited by immunization of mice with
Escherichia coli K92 conjugates: potential vaccines for groups B and C meningococci and
E. coli K1. Proc Natl Acad Sci USA 88:7175-7179

Edwards MS, Kasper DL, Jennings HJ, Baker CJ, Nicholson-Weller A (1982) Capsular sialic acid
prevents activation of the alternative complement pathway by type 111, group B streptococci.
J Immunol 128:1278-1283



3 The Role of Sialic Acid in the Formation of Protective Conformational Bacterial 71

Egan W, Liu TY, Dorow D, Cohen JS, Robbins JD, Gotschlich EC, Robbins JB (1977)
Structural studies on the sialic acid polysaccharide antigen of Escherichia coli strain Bos-12.
Biochemistry 16:3687-3692

Evans SV, Sigurskjold BW, Jennings HJ, Brisson JR, To R, Tse WC, Altman E, Frosch M,
Weisgerber C, Kratzin HD, Klebert S, Vaesen M, Bitter-Suermann D, Rose DR, Young NM,
Bundle DR (1995) Evidence for the extended helical nature of polysaccharide epitopes. The
2.8 A resolution structure and thermodynamics of ligand binding of an antigen binding
fragment specific for a-(2—8)-polysialic acid. Biochemistry 34:6737-6744

Finne J, Finne U, Deagostini-Bazin H, Goridis C (1983) Occurrence of o(2-8) linked polysialosyl
units in a neural cell adhesion molecule. Biochem Biophys Res Commun 112:482-487

Finne J, Makela PH (1985) Cleavage of the polysialosyl units of brain glycoproteins by
a bacteriophage endosialidase. Involvement of a long oligosaccharide segment in molecular
interactions of polysialic acid. J Biol Chem 260:1265-1270

Frosch M, Gorgen I, Boulnois GJ, Timmis KN, Bitter-Suermann D (1985) NZB mouse system for
production of monoclonal antibodies to weak bacterial antigens: isolation of an IgG antibody to
the polysaccharide capsules of Escherichia coli K1 and group B meningococci. Proc Natl Acad
Sci USA 82:1194-1198

Fusco PC, Michon F, Tai JY, Blake MS (1997) Preclinical evaluation of a novel group B
meningococcal conjugate vaccine that elicits bactericidal activity in both mice and nonhuman
primates. J Infect Dis 175:364-372

Gotschlich EC, Fraser BA, Nishimura O, Robbins JB, Liu TY (1981) Lipid on capsular
polysaccharides of gram-negative bacteria. J Biol Chem 256:8915-8921

Guttormsen HK, Paoletti LC, Mansfield KG, Jachymek W, Jennings HJ, Kasper DL (2008)
Rational chemical design of the carbohydrate in a glycoconjugate vaccine enhances IgM-
to-IgG switching. Proc Natl Acad Sci USA 105:5903-5908

Hayrinen J, Bitter-Suermann D, Finne J (1989) Interaction of meningococcal group B monoclonal
antibody and its Fab fragment with o 2-8-linked sialic acid polymers: requirement of a long
oligosaccharide segment for binding. Mol Immunol 26:523-529

Hayrinen J, Jennings H, Raff HV, Rougon G, Hanai N, Gerardy-Schahn R, Finne J (1995)
Antibodies to polysialic acid and its N-propyl derivative: binding properties and interaction
with human embryonal brain glycopeptides. J Infect Dis 171:1481-1490

Jennings HJ (1983) Capsular polysaccharides as human vaccines. Adv Carbohydr Chem Biochem
41:155-208

Jennings HJ, Lugowski C (1981a) Immunochemistry of groups A, B and C meningococcal
polysaccharide—tetanus toxoid conjugates. J Immunol 127:1012-1018

Jennings HJ, Lugowski C, Kasper DL (1981b) Conformational aspects critical to the immunospe-
cificity of the type III group B streptococcal polysaccharide. Biochemistry 20:4511-4518

Jennings HIJ, Katzenellenbogen E, Lugowski C, Michon F, Roy R, Kasper DL (1984) Structure,
conformation, and immunology of sialic acid-containing polysaccharides of human pathogenic
bacteria. Pure Appl Chem 56:893-905

Jennings HJ, Roy R, Michon F (1985) Determinant specificities of the groups B and C
polysaccharides of Neisseria meningitidis. J Immunol 134:2651-2657

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 HJ, Gamian A, Ashton FE (1987) N-propionylated group B meningococcal polysac-
charide mimics a unique epitope on group B Neisseria meningitidis. J Exp Med 165:
1207-1211

Jennings HJ, Gamian A, Michon F, Ashton FE (1989) Unique intermolecular bactericidal epitope
involving the homosialopolysaccharide capsule on the cell surface of group B Neisseria
meningitidis and Escherichia coli K1. J Immunol 142:3585-3591

Jennings HJ (1997) N-propionylated group B meningococcal polysaccharide glycoconjugate
vaccine against group B meningococcal meningitis. Int J Infect Dis 1:158—164



72 H.J. Jennings

Kabat EA (1976) Structural concepts in immunology and immunochemistry, 2nd edn. Holt,
Rinehart, and Winston, New York, pp 241-267

Kabat EA, Nickerson KG, Liao J, Grossbard L, Osserman EF, Glickman E, Chess L, Robbins JB,
Schneerson R, Yang YH (1986) A human monoclonal macroglobulin with specificity for o-
(2-8)-linked poly-N-acetylneuraminic acid, the capsular polysaccharide of group B
meningococci and Escherichia coli K1, which crossreacts with polynucleotides and with
denatured DNA. J Exp Med 164:642-654

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, [gMNOV. J Exp Med 168:699-711

Kadirvelraj R, Gonzalez OJ, 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

Kasper DL, Baker CJ, Baltimore RS, Crabb JH, Schiffman G, Jennings HJ (1979) Immunode-
terminant specificity of human immunity to type III group B Streptococcus. J Exp Med
149:327-339

Kogan G, Brisson JR, Kasper DL, von Hunolstein C, Orefici G, Jennings HJ (1995) Structural
elucidation of the novel type VII group B Streptococcus capsular polysaccharide by high
resolution NMR spectroscopy. Carbohydr Res 277:1-9

Krug LM, Ragupathi G, Ng KK, Hood C, Jennings HJ, Guo Z, Kris MG, Miller V, Pizzo B, Tyson
L, Baez V, Livingston PO (2004) Vaccination of small cell lung cancer patients with polysialic
acid or N-propionylated polysialic acid conjugated to keyhole limpet hemocyanin. Clin Cancer
Res 10:916-923

Lewis AL, Nizet V, Varki A (2004) Discovery and characterization of sialic acid O-acetylation in
group B Streptococcus. Proc Natl Acad Sci USA 101:11123-11128

MacKenzie CR, Jennings HJ (2003) Characterization of polysaccharide conformational epitopes
by surface plasmon resonance. Methods Enzymol 363:340-354

Michon F, Brisson JR, Jennings HJ (1987) Conformational differences between linear o-(2-8)-
linked homosialooligosaccharides and the epitope of the group B meningococcal polysaccha-
ride. Biochemistry 26:8399-8405

Orskov F, Orskov I, Sutton A, Schneerson R, Lin W, Egan W, Hoff GE, Robbins JB (1979) Form
variation in Escherichia coli K1: determined by O-acetylation of the capsular polysaccharide.
J Exp Med 149:669-685

Paoletti LC, Wessels MR, Michon F, DiFabio JL, Jennings HJ, Kasper DL (1992) Group B
Streptococcus type 1l polysaccharide — tetanus toxoid conjugate vaccine. Infect Immun
60:4009-4014

Paoletti LC, Wessels MR, Rodewald AK, Shroff AA, Jennings HJ, Kasper DL (1994) Neonatal
mouse protection against infection with multiple group B streptococcal (GBS) serotypes
by maternal immunization with a tetravalent GBS polysaccharide—tetanus toxoid conjugate
vaccine. Infect Immun 62:3236-3243

Paoletti LC, Kasper DL (2003) Glycoconjugate vaccines to prevent group B streptococcal
infections. Expert Opin Biol Ther 3:975-984

Patenaude SI, Vijay SM, Yang QL, Jennings HJ, Evans SV (1998) Crystallization and preliminary
X-ray diffraction analysis of antigen-binding fragments which are specific for antigenic
conformations of sialic acid homopolymers. Acta Crystallogr D Biol Crystallogr 54:1005-1007

Peltola H (1998) Meningococcal vaccines. Current status and future possibilities. Drugs 55:347-366

Pon RA, Lussier M, Yang QL, Jennings HJ (1997) N-propionylated group B meningococcal
polysaccharide mimics a unique bactericidal capsular epitope in group B Neisseria meningitidis.
J Exp Med 185:1929-1938

Pon RA, Khieu NH, Yang QL, Brisson JR, Jennings HJ (2002) Serological and conformational
properties of E. coli K92 capsular polysaccharide and its N-propionylated derivative both
illustrate that induced antibody does not recognize extended epitopes of polysialic acid:



3 The Role of Sialic Acid in the Formation of Protective Conformational Bacterial 73

Implications for a comprehensive conjugate vaccine against groups B and C N. meningitidis.
Can J Chem 80:1055-1063

Pon RA, Jennings HJ (2008) Carbohydrate-based antibacterial vaccines. In: Guo Z, Boons GJ
(eds) Carbohydrate-based vaccines and immunotherapies. Wiley, Hoboken, pp 117-166

Raff HV, Devereux D, Shuford W, Abbott-Brown D, Maloney G (1988) Human monoclonal
antibody with protective activity for Escherichia coli K1 and Neisseria meningitidis group B
infections. J Infect Dis 157:118-126

Roth J, Zuber C, Komminoth P, Scheidegger EP, Warhol MJ, Bitter-Suermann D, Heitz PU (1993)
Expression of polysialic acid in human tumors and its significance for tumor growth. In: Roth J,
Rutishauser U, Troy FA (eds) Polysialic acid: from microbes to man. Birkhauser, Basel,
pp 335-348

Rougon G, Dubois C, Buckley N, Magnani JL, Zollinger W (1986) A monoclonal antibody against
meningococcus group B polysaccharides distinguishes embryonic from adult N-CAM. J Cell
Biol 103:2429-2437

Saukkonen K, Haltia M, Frosch M, Bitter-Suerman D, Leinonen M (1986) Antibodies to the
capsular polysaccharide of Neisseria meningitidis group B or E. coli K1 bind to the brains of
infant rats in vitro but not in vivo. Microb Pathog 1:101-105

Schifferle RE, Jennings HJ, Wessels MR, Katzenellenbogen E, Roy R, Kasper DL (1985)
Immunochemical analysis of the types Ia and Ib group B streptococcal polysaccharides.
J Immunol 135:4164-4170

Troy FA (1992) Polysialylation: from bacteria to brains. Glycobiology 2:5-23

Wessels MR, Munoz A, Kasper DL (1987a) A model of high-affinity antibody binding to type III
group B Streptococcus capsular polysaccharide. Proc Natl Acad Sci USA 84:9170-9174

Wessels MR, Pozsgay V, Kasper DL, Jennings HJ (1987b) Structure and immunochemistry of an
oligosaccharide repeating unit of the capsular polysaccharide of type III group B Streptococcus.
A revised structure for the type III group B streptococcal polysaccharide antigen. J Biol Chem
262:8262-8267

Wessels MR, Paoletti LC, Kasper DL, DiFabio JL, Michon F, Holme K, Jennings HJ (1990)
Immunogenicity in animals of a polysaccharide—protein conjugate vaccine against type III
group B Streptococcus. J Clin Invest 86:1428-1433

Wyle FA, Artenstein MS, Brandt BL, Tramont EC, Kasper DL, Altieri PL, Berman SL, Lowenthal
JP (1972) Immunologic response of man to group B meningococcal polysaccharide vaccines.
J Infect Dis 126:514-521

Zou W, MacKenzie R, Therien L, Hirama T, Yang QL, Gidney MA, Jennings HJ (1999)
Conformational epitope of the type III group B Streptococcus capsular polysaccharide.
J Immunol 163:820-825






Antibody Recognition of Chlamydia LPS:
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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; Miiller-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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Table 4.1 PDB codes for antibody structures

Antibody
S25-2

S67-27

S73-2

S54-10

$25-39

S45-18

S64-4

Antigen

Unliganded

Kdo

Kdo(2—8)Kdo(2—4)Kdo

Kdo(2—4)Kdo

Kdo(2—8)Kdo

Kdo(2—4)Kdo(2—4)Kdo

Ko

Ko(2—4)Kdo

7-epi-Kdo

Kdo(2—4)KdoClred
3,4-Dehydro-3,4,5-trideoxy-Kdo(2—8)Kdo
5-Deoxy-4-epi-2,3-dehydro-Kdo(4—8)Kdo
Ko

Kdo(2—8)Kdo

Kdo(2—8)-7-O-Me-Kdo
Kdo(2—4)Kdo(2—6)GlcN4P(1—6)GIcN1P
Kdo

Kdo(2—4)Kdo

Kdo(2—4)Kdo(2—4)Kdo
Kdo(2—8)Kdo(2—4)Kdo
Kdo(2—4)Kdo(2—4)Kdo

Unliganded

Kdo

Ko

Kdo(2—4)Kdo

Kdo(2—8)Kdo

Kdo(2—4)Kdo(2—4)Kdo
Kdo(2—8)Kdo(2—4)Kdo

Unliganded

Kdo(2—4)Kdo(2—4)Kdo(2—6)GIcN4P(1—6)GIcN1P

Kdo

Kdo(2—4)Kdo(2—4)Kdo(2—6)GIcN4P(1—6)GIcN 1P

PDB code
1Q9K, 1Q9L
3T4Y
3SYO0
3T77
3T65
2R2B
2R2H
2R23
2R2E
2R1Y
2RIW
2R1X, 3BPC
30H
310Y
3IKC
318
3HZM
3HZK
3HZY
3HZV
3102
30KM
30KD
30KE
30KK
30KL
30KN
30KO
1Q90
1Q9W
3PHQ
3PHO

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
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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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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

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
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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
\ light chain
V gene families 11 3
V gene segments 35 3
J gene segments 4 2
A light chain combinations 140 8
Combined variable region diversity 9.6 x 10° 1.2 x 107

(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
(Tivanainen 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 Brandlein
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
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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

a b oH
OH OH OH
o OH OH o] OH OH
HO 0 HO o
AcNH OH
o OR o OR
o] o]
H3C ) H,C o]
OH OH
HO HO
HO HO

Fig. 4.3 A and B blood group trisaccharides (a) aGalNAc(1—3)[aFuc(1—2)]Gal and (b) aGal
(1—3)[oFuc(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



82 R.J. Blackler et al.

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 Imnmunoglobulin 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 VDI 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 Sel155-4 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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Fig. 4.4 The binding site of mAb Se155-4 (PDB code IMFD) 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)

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 10° 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; Miiller-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 GIcN 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
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vary significantly between bacterial species (Liideritz 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; Liuderitz 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-o-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-p-talo-oct-2-ulosonic
acid (Ko) (Holst et al. 1995; Isshiki et al. 1998; Siisskind 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—) (Brade et al. 1987;
Kosma et al. 1990, 2008; Miiller-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; Muller et al. 1997; Miller-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.
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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 (¢) 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—(CH,)3;—
S—(CH,),—~NH-CS-NH-BSA

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.
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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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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 Ky (x107° M) determined by SPR
§25-2

Kdo 15*
Kdo(2—8)Kdo 1.8%
Kdo(2—8)Kdo(2—4)Kdo 0.6
Kdo(2—4)Kdo 1.1%
Kdo(2—4)Kdo(2—4)Kdo 63°
Kdo(2—4)KdoClred 31°
Ko(2—4)Kdo 190°
KdoClred(2—4)Kdo 290°
3,4-Dehydro-3.4,5-trideoxy-Kdo(2—8)Kdo 25°
5-Deoxy-4-epi-2,3-dehydro-Kdo(4—8)Kdo 16°
S67-27

Kdo 35°
Kdo(2—8)Kdo 9.1°
7-0-Me-Kdo(2—8)Kdo 0.35°

“Tmmobilized BSA glycoconjugates
®Solution affinity

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, HI 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.
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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, (¢) 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)KdoClred

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)
GIcNAc-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.
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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 196 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 /ight 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)KdoClred. (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. 4.7¢c) despite significant shifts in
relative ligand position (up to 0.7 A).

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 OS5 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. 4.7¢), 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 OS8 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 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 cA-weighted electron density maps for
antigens contoured to 1.0c: (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)KdoClred, (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

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).
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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. 4.8¢), 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)KdoClred 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 31JY,
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.

MADb 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
S$25-39, 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
S$25-39 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—38) 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)BGIcN4P(1—6)aGIeN 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. (¢) S64-4
binds the same antigen as S45-18; Kdo(2—8)Kdo(2—4)Kdo(2—6)BGIcN4P(1—6)aGIcN1P,
but uses a different light chain V gene to recognize a different ‘flattened’ epitope (only four sugars
modeled here)
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Antigen
Binding
Site

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)

(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
S525-39 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
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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

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—38) 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
HI100C 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
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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 Coo RMSD difference as large as 3.31 A (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 196 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 GIcN4P(1—6)GIcN1P 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)GIcN4P
(1—-6)GIcN1P, 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 GIcN4P is key to recognition, as it forms
extensive interactions with the antibody.

S64-4 binds Kdo(2—8)Kdo(2—4)Kdo(2—6)GIcN4P(1—6)GIcN1P 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 CDR H3 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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Designing a Candida albicans Conjugate
Vaccine by Reverse Engineering Protective
Monoclonal Antibodies

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

D.R. Bundle () « C. Costello
Department of Chemistry, University of Alberta, Edmonton, AB, Canada, T6G 2G2
e-mail: dave.bundle@ualberta.ca

C. Nycholat
Department of Chemistry, University of Alberta, Edmonton, AB, Canada, T6G 2G2

The Scripps Research Institute, 10550 North Torrey Pines Road, MEM-L71, La Jolla,
CA 92037 USA

T. Lipinski
Department of Chemistry, University of Alberta, Edmonton, AB, Canada, T6G 2G2

Institute of Immunology and Experimental Therapy, Polish Academy of Sciences, ul. Rudolfa
Weigla 12, 53-114 Wroclaw, Poland

R. Rennie
The Department of Laboratory Medicine & Pathology, University of Alberta Hospitals,
Edmonton, AB, Canada, T6G 2G2

P. Kosma and S. Miiller-Loennies (eds.), Anticarbohydrate Antibodies, 121
DOI 10.1007/978-3-7091-0870-3_5, © Springer-Verlag/Wien 2012



122 D.R. Bundle et al.

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 from Candida 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 P(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 f(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
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Fig. 5.1 Composite structure of the Candida albicans phosphomannan. Three distinct 3-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)-p-mannopyranan (Cassone 1989). The complex N-linked components are
composed of an extended o(1—6)-D-mannopyranan backbone containing o(1—2)-p-
mannopyranan branches, some of which may contain o(1—3)-pD-mannopyranose
residues. Furthermore P(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 -mannan exist in three different forms.
Two forms of the B(1—2)-linked oligosaccharides exist as extensions of the
o(1—2)-mannose and o(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 P(1—2)-p-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 o(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 f-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 o-mannose residues. With f-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 o-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 8 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 P(1—2) linked mannose oligosaccharides possessed
a “distorted” structure (Shibata et al. 1992b). Faille et al. (1992) also reported
a complete assignment of both "H and ')C NMR spectra for p-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 conjunction with unrestrained molecular dynam-
ics generated a discrete model suggesting that these f-mannans are rather well ordered
(Nitz et al. 2002). In solution a family of low energy conformations are expected to be
in a dynamic equilibrium but the range of sampled glycosidic torsional angles suggest a
helical repeat approximately every three mannose 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
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Fig. 5.2 Inhibition by synthetic oligosaccharides of mouse IgG monoclonal antibody C3.1
binding to B-mannan. Filled square propyl P(l1—2)-p-mannopyranobioside, triangle propyl
B(1—2)-p-mannopyranotrioside, diamond propyl B(1—2)-p-mannopyranotetroside, open square
propyl B(1—2)-p-mannopyranopentoside, filled circle propyl f(1—2)-p-mannopyranohexoside
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protective responses that could be passively transferred to naive 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-p-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
etal. 1991; Zdanov et al. 1994; Miiller-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 o(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
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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,
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Scheme 5.1a Reagents and conditions: (a) BzCl, pyridine, quant.; (b) NaCNBH;, HCI, Et,0,
81%; (c) thiocarbonyl diimidazole, toluene, 60%; (d) n-BuzSnH, AIBN, toluene, 68%; (e) Mel,
NaH, DMF, 0 °C then AcOH, 97%; (f) NaOCH3, CH30H, 89% (for 28), 95% (for 29)
Scheme 5.1b Reagents and conditions: (a) 28, TMSOTf, CH,Cl,, 0 °C, 83%; (b) 29, TMSOTHT,
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Selectride, THF, -78 °C, 65% (for 33 over two steps), 61% (for 36 over two steps); (e) Hy, Pd/C,
CH;0H, CH,Cl,, 52% (for 9), 88% (for 10)




5 Designing a Candida albicans Conjugate Vaccine 129

4'-deoxy 17 and 4’-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 f-p-mannopyranoside. For example the
3-0-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 f-mannobioside
congeners 9 and 10 could be obtained by a hydrogenolysis step (Scheme 5.1).
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Scheme 5.2a Reagents and conditions: (a) NaCNBHj3, HCI, Et,0, 0 °C, 82%; (b) thiocarbonyl
diimidazole, toluene, 89%; (c) n-BusSnH, AIBN, toluene, 80%; (d) Mel, NaH, DMF, 0 °C then
AcOH, 88%; (e) PhSH, BF3-OEt,, CH,Cl,, 0 °C, 92% (for 42), 68% (for 43)

Scheme 5.2b Reagents and conditions: (a) 42, TMSOT{, CH,Cl,, 0 °C, 75%; (b) 43, TMSOTT,
CH,Cl,, 0 °C, 85%; (c) NaOCH3, CH5OH, 77% (for 34), 94% (for 37); (d) Me,SO, Ac,0, then
L-Selectride, THF, -78 °C, 73% (for both 47 and 50 over two steps); (e) H,, Pd/C, CH30OH,
CH,Cly,, 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 f-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 -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)-pD-mannan
trisaccharide-BSA conjugate

Compound Inhibitor name 1Cs5¢ (umol/L) Relative potency AAG 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 Inactive® <1 >2.7
8 3-0O-Methyl Inactive® <1 >2.6
9 4-Deoxy Inactive® <1 >2.7
10 4-0-Methyl Inactive® <1 >2.6
11 6-Deoxy 14 221 —0.47
12 6-O-Methyl 81 38 0.57
13 2'-0-Methyl 33 94 0.04
14 2'-Gluco- 47 66 0.25
15 3’-Deoxy na na na

16 3'-0-Methyl 62 50 0.41
17 4'-Deoxy Inactive® <1 >2.7
18 4'-0-Methyl 670 5 1.8
19 6'-Deoxy 426 7 1.6
20 6'-0-Methyl 588 5 1.7
21 2"-Gluco 52 60 0.3

“No inhibition at 2,938 umol/L
"No inhibition at 2,700 pmol/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 4’-deoxy analogue 17 and the weak activity of
the 4’-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 4’-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-2’, 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 3’ deoxy 15 and 3’-O-methyl 16
derivatives exhibit relatively small changes in binding energy, consistent with the
location of 3’-OH in a solvent exposed region of the epitope. The weaker activities
of the 6’ congeners 19 and 20 suggest that the 6'-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 (A(AG) = —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 -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 f-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 f-mannan part of
the acid labile phosphodiester linked f-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 51 would 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.

a
HO OH Non-Reducing b HO OH Non-Reducing
HO’%E\’ Epitope HO’&, Epitope
HO 0 HO
HO
HO
Ho’g&/o HO%&LO
HO
H

(0]

o
Ho%l&,
HO 0

Reducing HO Reducing
Epitope HO Epitope
HO 0 HO
HO HOO 0
H
O\P//
& oy OH HO 00
e” HO 0 HO
HO%ﬁ HO
o) 0.,

Fig. 5.5 Acid labile and acid stable -mannan disaccharide epitopes as presented by two forms of
-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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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

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 P(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
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Scheme 5.3 Preparation of trisaccharide bovine serum albumin (BSA) and trisaccharide tetanus
toxoid (TT) glycoconjugates

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 pg of glycoconjugates per injection corresponding to ~11 to
12 pg 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
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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)

trisaccharide plus tether as well as a significant proportion that are able to recognize
the native f-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).
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Fig. 5.9 Time lines for vaccination, serum collection, immunosuppresions and Candida albicans
challenge

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 200 mg of cyclophosphamide
was injected and repeated on days 4 and 8. The applied regime resulted in a reduction
of WBC counts to approximately 2 x 10°/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 x 10° 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
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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 x 10°, 3.3 x 10°% liver — 6.6 x 10%, 1.3 x 10% lungs — 6.3 x 10*, 6.3 x 10%
spleen —6.2 x 10*, 4.5 x 10*

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 = 0.016) and liver
(average reduction in log counts 3.6, p = 0.033). The effect of vaccination was
not observed in lungs and spleen (increase in log counts 0.002, p = 0.99; 0.411,
p = 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
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Fig. 5.11 (continued)

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
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Candida CFU in vaccine group

category kidney liver spleen lungs
min Q 0 4] 0

max 2.19x10°%  9.33x10*  5.08x10°  8.76x10°
median 1.00x10% 3.90x107 2.97x10? 2.95x10°
251 % 0 0 0 0

75" % 2.6x10° 1.96x10°  1.20x10°  1.70x10Q°

Candida CFU in control group

category kidney liver spleen lungs
min 0 0 0 Q

max 1.48x107 9.62x10° 3.48x10° 4.08x10°
median 461x105 1.20x10° 0 0

25t % 7.08x10* 52 0 0
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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

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.
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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 >'Cr
release assay (Klein et al. 2010; Trkola et al. 1996). In this assay, the infected target
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cells were labelled with Na,’'CrO, 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 °'Cr was then calculated relative
to the total amount of >'Cr 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 gpl120 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
amodel 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



150 R. Kunert

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/JV1.76.14.7306-7321.2002. Copyright® 2002, American Society for
Microbiology)



6 The Neutralizing Anti-HIV Antibody 2G12 151

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 2GI12 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 gpl120 preparations treated with endoglycosidases
revealed that 2G12-gp120 binding was lost when gp120 was treated with Aspergillus
saitoi mannosidase (cleaving only aMan(l—2)aMan linkages) and also Jack
Bean mannosidase (specifically releasing terminal Man residues from o(1—2),
o(1—3), and o(1—6)-linked sugars) indicating that the o(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 gpl120 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 MansGIcNAc, MangGlcNAc and ManyGlcNAc, isolated from
ovalbumin and soybean agglutinin, were performed. MangGlcNAc 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 MangGIcNAc contains three
accessible disaccharide bonds in contrast to MangGIcNAc with only one and
MansGIcNAc with no o(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 S,ow 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 (Schiilke 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

Fab
Fe

Fig. 6.2 Electron microscopy of 2G12. (a) Representative images of individual 2G12 molecules
and interpretive diagram. x 500,000. (b) Computationally averaged electron micrographs
(n = 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 lom3, Calarese et al. 2003), B-D x 1,000,000 and human
Fc fragment (PDB 1fcl, 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 Man9GIcNAc2 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 by mAb 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
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protein with a domain-swapped structure (Ziétkowska 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)-linked Man residues and has been shown to inhibit the
binding of mAb 2G12 to gpl120 (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 «Man(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
(Frangois 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 1. The bioreactor cultivation system for cell
propagation to production scale consists of three stirred tank reactors (bioreactor F1
with 15 I working volume, bioreactor F3 with 260 1 working volume and bioreactor
F5 with 1,750 1 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 CO, 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,
pO, 30% of air saturation. For production of approx. 1,500 I 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 1) with a cell density
of 1-5 x 10° 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 4+ 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 um
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 further DNA and HCP
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).

Acknowledgement I want to thank all scientists and technicians at the Institute of Applied
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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 x 10° copies per cell. The LPGs share a similar
architecture of a GPI tail, a (Gal);(Man),(GIc)GIcNAc linker oligosaccharide,
a repeating phosphodisaccharide (e.g. —6PGal(l1—4)aMan(1P—)9_40), and
a small cap (e.g. Gal,Man), 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 o(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-PO,) 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-GIcNAc rather than O-GalNAc (Previato et al. 1998), and the
overall composition favours GIcNAc 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 EHS 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 o(1—3)-linked core
fucosylation of LacdiNAc (BGalNAc(1—4)GIcNAc) 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
o(1—3)-linked fucosylated derivatives of the basic LacdiNAc (LDN, BGalNAc
(1—-4)GIcNAc) 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 of Wistereria floribunda lectin (to the LDN core)
and of the oFuc(1—3)GIcNAc-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 Le* antigen
(BGal(1—4)[aFuc(1—3)]GIcNAc); this is represented for example in the
Circulating Cathodic Antigen (Van Dam et al. 1994). The Le™ antigen represents
the terminal trisaccharide of the larger lacto-N-fucopentaose (LNFPIII) product
present in schistosomes. The Le* 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
SMLDNI1.1 (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 oFuc(1—3)GalNAc and
aFuc(1—2)aFuc(1—3)GIcNAc, 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 Le* 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 Le™ 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 o-1 and ®-1 (designated by their opposite
migration in immunoelectrophoresis). These two proteins share a predominant
N-glycan structure composed of a diantennary Le™ and a 3,6-difucosylated inner-
most GIcNAc 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 -1 ®-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 f(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, 20006).
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 Le* structure predominates. Le™ is also
the prime determinant of cercarial glycolipids, accompanied by a pseudo-Le"
structure which is o(1—3) fucosylated on both Gal and GIcNAc 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, BGIcNAc(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 oGal(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) (Poltl 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 7. 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, GIcNAc 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 o-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-p-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 7. 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/Le® 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 o(1—3)-fucose and P(1—2)-xylose containing N-glycans, as well as
LNFP-1II/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), Le™ 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, SIGNRI1-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 GIcNAc 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 Man3GIcNAc,) 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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Human IgE Antibodies Against 8
Cross-Reactive Carbohydrate Determinants

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 o(1—3)-linked fucose and/or f(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 (Gal) 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 o(l—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 o(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 o(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 Lewis® antennae, as known from some conifer pollen allergens
and many plant foods (Alisi et al. 2001; Fotisch 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 MMXF® 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
MUXE? 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 o(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 (Arah 1)
(van Ree et al. 2000; Kolarich and Altmann 2000). The glycoproteins from
Bermuda grass pollen carry predominantly non-xylosylated glycans, mainly
MMEF?, 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 o(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 MMF® or MUF® type and are often accompanied by
a second core fucosylation in o(1—6) position (MMF’F®, MUF’F®) (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 o(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 naive 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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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

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).
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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 o(1—3)-
fucosylation appears to be largely absent despite the presence of o(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
o(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 o(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 GnGnXF’
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 MMXF’ and MUXF® 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; Miller 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%) (Schafer 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 = <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
etal. 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 (Fotisch 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.

Fotisch 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 (Fotisch 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 pg/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 o(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 (Fotisch and
Vieths 2001; Fotisch et al. 2003; Tacovacci 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
Arah 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; Poltl 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 FcyRIIb-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; Miiller 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 MUXF’) and
HRP (mostly displaying MMXF"), 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. A more 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 (Miiller 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 «1,3 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 -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 f-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 P-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 «-Gal, a Mammalian IgE-Binding Glycan

Galactose-o(1—3)-galactose (briefly termed oGal) 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. «Gal has been identified as a
relevant epitope of cat salivary IgA (Gronlund et al. 2009), but also other Ig might
represent relevant sources of oGal in view of the presence of galactosylated
oligosaccharides sometimes bearing terminal oGal 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 o1,3-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 oGal 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 oGal 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



196 W. Hemmer

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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Structural Glycobiology of Antibody 9
Recognition in Xenotransplantation
and Cancer Immunotherapy

Mark Agostino, William Farrugia, Mauro S. Sandrin,
Andrew M. Scott, Elizabeth Yuriev, and Paul A. Ramsland

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 (D<)
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. Miiller-Loennies (eds.), Anticarbohydrate Antibodies, 203
DOI 10.1007/978-3-7091-0870-3_9, © Springer-Verlag/Wien 2012



204 M. Agostino et al.

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 oGal 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 oGal 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 PGal(1—4)Glc/GlcNAc linkages. The most populated conformational
cluster of PGal(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 oGal(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)pfGal(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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b

Fig. 9.1 In silico predictions of aGal carbohydrate recognition by antibodies. Preferred binding
modes for aGal(1—3)BGal(1—4)GIcNAc 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)

In general, the terminal oGal 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 oGal 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 oGal carbohydrate
xenoantigens (Ramsland et al. 2003; Yuriev et al. 2009).
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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-oGal 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)GIcNAc] 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 (NeuSAc) being the other and only naturally occurring sialic
acid in humans. Humans lack the functional enzyme that synthesizes endogenous
Neu5Gc by hydroxylation of the NeuSAc 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 NeuSGc (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 Neu5Ge, it
appeared that most of the natural human antibodies against Neu5SGc 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 NeuS5Gc 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 Neu5Gce in nonhuman primate tissues will complicate the preclini-
cal analysis, but knocking out the enzyme that converts NeuSAc into Neu5Gc in
aGal knockout pigs would be a prudent consideration.

As mentioned above, the complications from the increased exposure of fGal 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 Sd*-
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 (B4GALNT?2) after screening for IgG
binding to cell surface expression libraries generated from CD46 transgenic and
o(1—3)Gal transferase knockout pig aortic endothelial cells. The BAGALNT?2
enzyme transfers GalNAc in B(1—4)-linkage to a(2—3)-sialylated Gal residues
to generate the Sd* or CAD antigen (Byrne et al. 2011). Although greater than 90%
of humans express the Sd* antigen, individuals that lack this antigen show a strong
antibody response to the Sd* (CAD) determinant (Donald et al. 1983). Along with
other carbohydrates, the identification of this putative Sd®-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 («GT-KO) has provided a source of aGal-deficient organs
for xenotransplants, initially in nonhuman primates. Removal of the oGal 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-o
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 «GT-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 (Le®, Le®, Le* and Le¥ 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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Table 9.1 Examples of carbohydrate tumor-associated antigens recognized by antibodies

Antigen Carbohydrate determinant® Tumor types®
name

Lewis carbohydrates®

Le® BGal(1—3)[aFuc(1—4)]GlcNAc—R Colon, gastric, small cell
lung cancer

Le* BGal(1—4)[aFuc(1—3)]GlcNAc—R Epithelial cancers

Le® aFuc(1—2)BGal(1—3)[atFuc(1—4)]GlcNAc—R Gastric cancer

Le aFuc(1—2)BGal(1—4)[atFuc(1—3)]GlcNAc—R Epithelial cancers and

small cell lung cancer
Gangliosides/glycolipids

GD3 aNeuSAc(2—8)aNeu5Ac(2—3)BGal(1—4) Melanoma, neuroblastoma,
Glc—Cer glioblastoma

GD2 aNeuS5Ac(2—8)aNeu5Ac(2—3)[fGalNAc Neuroblastoma,
(1—4)]1pGal(1—4)Glc—Cer melanoma, sarcoma

GM3 aNeu5Ac(2—3)BGal(1—4)Glc—Cer Meningioma, melanoma,

neuroblastoma

GM2 aNeu5Ac(2—3)[BGalNAc(1—4)]pGal(1—4) Melanoma, neuroblastoma,
Glc—Cer glioblastoma

Globo H oFuc(1—2)BGal(1—3)BGalNAc(1—3)aGal Breast, colon, small cell
(1—4)BGal(1—4)Glc—Cer lung cancer

Truncated O-glycans®

T or TF BGal(1—3)GalNAc—Ser/Thr Breast, colon cancer

Tn GalNAc—Ser/Thr Colon, ovarian cancer

R, a variety of short or long carbohydrate chains attached to glycolipids or glycoproteins;
Cer, ceramide

"Some 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)]

“In addition to the core determinants, sialylated forms of most of these antigens are frequently
over-expressed in cancer

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).



212

M. Agostino et al.

Table 9.2 Crystal structures of antibodies against carbohydrate tumor-associated antigens

PDB Resolution (A) Antibody Specificity (C/U)* Reference

1ICLY 2.50 chBR96 Fab Le’ (C) Jeffrey et al. (1995)

ICLZ 2.80 muBR96 Fab Le’ (O) Jeffrey et al. (1995)

1UCB  2.50 chBR96 Fab Le¥ (U) Sheriff et al. (1996)

1S3K 1.90 hu3S193 Fab Le¥ (O) Ramsland et al.
(2004)

3EYV  2.50 hu3S193 Fab Le¥ (C and U) Farrugia et al. (2009)

1UZz6  2.05 291-2-G3-A Le* (U) van Roon et al. (2004)

Fab
1UZ8 1.80 291-2-G3-A Le* (C) van Roon et al. (2004)
Fab

1BZ7 2.50 R24 Fab GD3 (U) Kaminski et al.
(1999b)

1R24 3.10 R24 Fab GD3 (U) Kaminski et al.
(1999b)

IPSK  2.80 ME361 Fab GD2 (U) Pichla et al. (1997)

1RIH 2.50 14-F7 Fab N-glycolyl GM3 (U) Krengel et al. (2004)

3-1U4 1.75 chP3 Fab N-glycolyl GM3 (U) Talavera et al. (2009)

3IET 2.20 237mAb Fab Tn, G[TNYb]KPPL Brooks et al. (2010)

©
3IF1 2.20 237mAb Fab Tn, GalNAc (C) Brooks et al. (2010)

#C =