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Summary

Clostridium difficile is a leading cause of infectious diarrhea and mortality worldwide. Emerg-
ing antibiotic resistance has fostered studies on toxin-neutralizing vaccines and therapeu-
tic monoclonal antibodies (mAbs) that limit symptoms but not intestinal colonization by
C. difficile. Bacterial surface glycans are promising targets for colonization-inhibiting vac-
cines but are weakly and inconsistently expressed by C. difficile in vitro. Their study has
recently been facilitated by chemically synthesized glycans. This thesis describes detailed
immunological examinations of synthetic glycans of C. difficile polysaccharide-I (PS-I) and
lipoteichoic acid (LTA) en route towards novel vaccines and therapeutic mAbs.

Efforts to ascertain the vaccine potential of the PS-I pentasaccharide repeat unit are
described in Section 1.1. Microarray-assisted screening of clinical specimens revealed a
correlation of pentasaccharide-specific antibody levels with reduced symptoms of C. difficile
disease, indicative of protective effects. The pentasaccharide elicited T cell-dependent anti-
body responses in mice when formulated as glycoconjugate with the CRM197 protein. Anti-
pentasaccharide antibodies localized to the intestine in vivo and bound to C. difficile bacteria
in vitro. Vaccination with the glycoconjugate significantly protected mice from experimental
C. difficile infection.

Section 1.2 describes the identification of a minimal epitope of PS-I. A disaccharide of
rhamnose and glucose emerged as the smallest epitope recognized by pentasaccharide-raised
murine antibodies, as shown by microarray and surface plasmon resonance (SPR). When
formulated as CRM197 glycoconjugate, the disaccharide elicited antibodies of comparable
quality as the pentasaccharide did. This provided a crucial step towards anti-clostridial
vaccines with limited synthetic effort.

In Section 1.3, the generation and analysis of anti-PS-I mAbs is described. They were ob-
tained via the hybdridoma technique from mice immunized with the pentasaccharide-CRM197

glycoconjugate. SPR studies demonstrated nanomolar affinity binding to the pentasaccha-
ride and low-affinity recognition of the disaccharide. Isothermal titration calorimetry revealed
that enhanced binding to the pentasaccharide was the result of an entropic gain likely me-
diated by hydrophobic interactions with rhamnoses. The mAbs recognized C. difficile and
could protect mice from bacterial disease.

Section 1.4 focuses on efforts towards a fully synthetic vaccine based on oligovalent PS-I
disaccharides. Insights gained from glycan-antibody interaction studies allowed for the ratio-
nal design of a PS-I glycan mimetic intended to elicit protective antibodies. Five disaccharides
presented on a synthetic scaffold were highly antigenic and bound by antibodies with five
orders of magnitude stronger avidity than monovalent glycans, as shown by SPR. Equipped
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SUMMARY

with a CRM197 T cell epitope, the fully synthetic vaccine candidate elicited antibodies highly
specific for the PS-I pentasaccharide in mice. These findings provided proof-of-concept that
immunological properties of larger glycans can be resembled by oligovalent display of minimal
epitopes.

Section 1.5 describes studies on the vaccine potential of synthetic LTA oligomers.
Microarray-assisted screening of patient-derived sera showed that synthetic LTA glycans rep-
resent natural epitopes that are likely immunogenic during C. difficile infection. Based on
these findings, a CRM197 glycoconjugate displaying a tetrasaccharide of LTA was synthesized
that was immunogenic in mice. In vivo challenge studies demonstrated that vaccination with
the LTA glycoconjugate could significantly protect mice from C. difficile colonization.

In conclusion, this study shows that synthetic PS-I and LTA glycans are promising anti-
gens for colonization-inhibiting vaccines and therapeutic antibodies against C. difficile.
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Zusammenfassung

Clostridium difficile ist weltweit eine Hauptursache infektiöser Diarrhö und Sterblichkeit.
Antibiotikaresistenzen führten zur Untersuchung gegen bakterielle Toxine gerichteter Impf-
stoffe und monoklonaler Antikörper. Diese lindern Symptome, verhindern aber nicht die in-
testinale Besiedlung durch C. difficile. Bakterielle Oberflächenglykane sind vielversprechende
Angriffspunkte für Besiedlungs-inhibierende Impfstoffe, werden vom Erreger in vitro jedoch
nur schwach produziert. Ihre Untersuchung wurde kürzlich durch chemisch synthetisierte
Glykane vereinfacht. Diese Arbeit beschreibt immunologische Untersuchungen synthetischer
Glykane des C. difficile Polysaccharids PS-I und Lipoteichonsäure (LTA), welche zu neuen
Impfstoffen und therapeutischen Antikörpern führen können.

Arbeiten hinsichtlich des Impfstoffpotenzials der Pentasaccharid-Wiederholungseinheit
von PS-I sind in Abschnitt 1.1 beschrieben. Mikroarray-basierte Screenings klinischer Proben
zeigten eine Korrelation Pentasaccharid-spezifischer Antikörper mit schwächeren Symptomen,
was auf eine Schutzwirkung hindeutet. Das Pentasaccharid erzeugte T-Zell-abhängige An-
tikörperantworten in Mäusen, wenn dieses als Glykokonjugat mit dem CRM197-Protein for-
muliert wurde. Anti-Pentasaccharid-Antikörper wurden in vivo in den Intestinaltrakt trans-
portiert und banden an C. difficile in vitro. Impfung mit dem Glykokonjugat schützte Mäuse
signifikant vor experimenteller C. difficile-Infektion.

Abschnitt 1.2 beschreibt die Identifizierung eines minimalen Epitops von PS-I. Ein Di-
saccharid aus Rhamnose und Glukose wurde mittels Mikroarray und Oberflächenplasmonres-
onanzspetroskopie (SPR)-Messungen als kleinstes Epitop, das von Pentasaccharid-erzeugten
Mausantikörpern erkannt wird, identifiziert. Das als CRM197-Glykokonjugat formulierte Dis-
accharid erzeugte in Mäusen Antikörper, die denen gegen das Pentasaccha-rid ähnelten.
Dies ist ein wichtiger Schritt hinsichtlich der Entwicklung von Impfstoffen mit limitiertem
synthetischen Aufwand.

Abschnitt 1.3 umfasst die Erzeugung und Analyse monoklonaler Antikörper gegen PS-
I, die durch die Hybridom-Technik aus mit Pentasaccharid-CRM197-Glykokonjugat immu-
nisierten Mäusen erhalten wurden. SPR-Studien zeigten, dass die Antikörper mit nanomo-
larer Affinität das Pentasaccharid und mit niedrigerer Affinität das Disaccharid erkennen.
Isothermale Titrationskalorimetrie-Messungen ließen eine entropisch bevorzugt Bindung an
das Pentasaccharid erkennen, vermutlich erzeugt durch hydrophobe Interaktionen mit Rham-
nosen. Die Antikörper erkannten C. difficile und schützten Mäuse vor bakterieller Krankheit.

Abschnitt 1.4 legt den Fokus auf Bestrebungen in Richtung eines komplett synthetischen
Impfstoffs basierend auf oligovalenten PS-I-Disacchariden. Durch Glykan-Antikörper-

7



ZUSAMMENFASSUNG

Interaktionsstudien gewonnene Einblicke ermöglichten das rationale Design von PS-I-Glykan-
mimetika, welche protektive Antikörper hervorrufen sollen. SPR-Studien zeigten, dass fünf
auf einem synthetischen Träger präsentierte Disaccharide stark antigen wirksam waren und
von Antikörpern mit fünf Größenordnungen stärkerer Avidität als monovalente Glykane
gebunden wurden. Mit einem CRM197-T-Zell-Epitop versehen erzeugte der komplett syn-
thetische Impfstoffkandidat in Mäusen Antikörper mit hoher Spezifität gegen das Pentasac-
charid. Dies lieferte den Machbarkeitsnachweis, dass immunologische Eigenschaften größerer
Glykane durch oligovalente Präsentation minimaler Epitope nachgeahmt werden können.

Abschnitt 1.5 beschreibt Studien hinsichtlich des Impfstoffpotenzials synthetischer LTA-
Oligomere. Mikroarray-basiertes Screening von Patientenseren zeigte, dass synthetische LTA-
Glykane natürlichen Epitopen entsprechen, die vermutlich während der C. difficile-Infektion
immunogen wirksam sind. Basierend darauf wurde ein CRM197-Glykokonjugat mit einem
LTA-Tetrasaccharid synthetisiert, das in Mäusen immunogen war. In vivo-Infektionsversuche
zeigten, dass eine Impfung mit dem LTA-Glykokonjugat die C. difficile-Besiedlung in Mäusen
signifikant verminderte.

Zusammenfassend zeigt diese Studie, dass synthetische PS-I- und LTA-Glykane vielver-
sprechende Antigene für Besiedlungs-inhibierende Impfstoffe und therapeutische Antikörper
gegen C. difficile sind.
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Chapter 1

Introduction

1.1 Clostridium difficile

Clostridium difficile is a Gram-positive, obligate anaerobic, rod-shaped and spore-forming

bacterium that was first identified in the stool of healthy newborns in 1935.1–3 Initially labeled

Bacillus difficilis since isolation and culture was difficult, it was renamed to Clostridium

difficile in 1960 based on morphologic similarities to other clostridial species.4 In 1962,

C. difficile was first described as a pathogen.5 The bacterium was identified in wounds,

abscesses, blood and other body fluids of patients with various diseases. The C. difficile

isolates were resistant to several antibiotics and highly virulent when injected into guinea

pigs that died within few days. Since no bacterial growth was observed in the animals, death

was concluded to have been the consequence of yet uncharacterized C. difficile toxins.5

1.1.1 Disease Epidemiology

In 1978, toxin-producing (toxigenic) C. difficile was discovered as causative agent of pseu-

domembranous colitis, a severe form of colonic inflammation that frequently follows antibiotic

treatment.6–8 Today, toxigenic C. difficile is the leading cause of antibiotic-induced, hospital-

acquired (nosocomial) colitis and diarrhea in the developed countries.9 The disease burden

now even surpasses that attributed to methicillin-resistant Staphylococcus aureus (MRSA).10

Infection with C. difficile, termed CDI, can be asymptomatic but frequently causes symptoms

from mild fever to diarrheal colitis and death in severe cases.2 The main risk factors are comor-

bidities, use of broad-spectrum antibiotics, hospitalization, immune suppression and advanced

age (> 65 years).11 In 2013, C. difficile caused 250,000 infections, 14,000 deaths and $1 bil-

lion in excess medical costs in the US.12 The total burden to the US economy amounts to
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1.1 Clostridium difficile

about $8.2 billion annually.13 Presently, an estimated 5 % of hospitalized patients will acquire

CDI, and while most other nosocomial infections such as MRSA are decreasing, C. difficile

rises continuously.10 From 2000 to 2007, C. difficile-related deaths increased by 400 %.12 The

recent gain in incidence and case-fatality rates of CDI has been attributed to newly emerging

hypervirulent C. difficile strains characterized by elevated toxin secretion and antibiotic resis-

tance, such as ribotype 027.14,15 Ribotype 027 has recently caused recent severe epidemics

in North America, Europe, Asia and Oceania.16,17 Other strains contribute to morbidity and

mortality worldwide, including ribotypes 001, 017, 046 and 078 that have been responsi-

ble for outbreaks in Europe, the Americas and Asia, and have developed drug resistance

as well.18–22 A number of widely used antibiotics, especially clindamycin, cephalosporines,

penicillins and fluoroquinolones, are becoming increasingly ineffective against C. difficile.23,24

In addition to hospitalized elderly patients that are at main risk, children25, adolescents16

and pregnant women26 are now acquiring CDI also outside of healthcare facilities17, further

exacerbating the social and economic burden.

1.1.2 Life Cycle

C. difficile passes through a life cycle in which the dividing vegetative cells produce metabol-

ically inactive spores [Fig. 1.1].27 The vegetative cells can only thrive in the anaerobic in-

testinal tract, in humans preferrably the colon.28 Outside of this environment, vegetative

cells are killed within minutes when oxygen is present.29 In contrast, spores survive exposure

to oxygen for five months or longer and are resistant to desiccation, alcohol-based disin-

fectants, UV radiation and temperatures of up to 71 ◦C.30–33 Both asymptomatic carriers

and CDI patients shed C. difficile spores that are the main vehicle of transmission through

the fecal-oral route.27 Viable spores are detected abundantly in hospitals on the hands of

healthcare personnel, on medical equipment, floors, bedsheets and bathroom surfaces.30,34

Spores are also found in wild and domesticated animals, fresh water and soil.4,35 Infants

provide a particularly important reservoir, since up to 70 % carry C. difficile.36–38 Despite

frequent colonization also with toxigenic strains, infants rarely develop CDI, likely because

they lack the cellular receptors for clostridial toxins.39 Up to 15 % of the adult population

asymptomatically carry C. difficile, including toxigenic strains.40

Ingested spores that survive stomach passage (pH 1.5-3.5) germinate in the small in-

testine to form vegetative cells.27 Fewer than ten spores may be sufficient for infection,

depending on the C. difficile strain and host parameters.41 Patients receiving proton pump
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Figure 1.1: Life cycle of C. difficile. Spores from various sources, mainly healthcare facilities,
are ingested and survive stomach passage. Germination to vegetative cells occurs in the small
intestine. The cells colonize the colon, followed by secretion of toxins that cause inflammation
and disease. Sporulation occurs and spores are defecated. Outside of the intestine, spores remain
viable for long time periods and can infect humans and other mammalian species. Interventions
and host factors that eiher inhibit or favor C. difficile at different steps of the life cycle are
indicated. Figure adapted from Seekatz and Young27.

inhibitors for gastric diseases provide a stomach milieu (pH > 4) that favors spore survival,

which may explain their increased risk of acquiring CDI.29 Germination in the small intes-

tine is triggered by specific metabolites of the gut microbiota, especially primary bile acids

such as taurocholate.42,43 Conversely, secondary bile acids like chenodeoxycholate inhibit

germination.44 Vegetative cells migrate to the colon where they attach to the epithelium

that is covered by a dense and viscous mucus layer.45 Colonization is mediated by bacterial

adhesins that either bind to the epithelial cell surface or to mucus-associated extracellular ma-

trix (ECM) proteins. Various C. difficile adhesins have been characterized, including S-layer

proteins (SLPs) P36 and P4746–48, cell wall protein Cwp6649, heat shock protein GroEL50,

the Fbp68 fibronectin-binding protein51 as well as flagellar proteins FliC and FliD52. In ad-

dition, the ECM-degrading surface cysteine protease Cwp84 contributes to adherence.53,54

Small animal immunization studies and human serum analyses indicated that antibodies to

the bacterial adhesins are capable of limiting colonization of C. difficile.49,50,55–66 Therefore,

the immunosenescent elderly67, immunosuppressed HIV-positive individuals68,69 and organ

transplant receivers70,71 are at increased risk of contracting CDI. Another factor that influ-
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ences colonization is the composition of the gut microbiota.27 The healthy adult intestine

harbors 1014 bacteria of about one thousand different species that provide colonization resis-

tance to C. difficile by occupying ecological niches and competing for nutrients.72,73 Reduced

microbial complexity that is a consequence of antibiotic use or of advanced age favors ac-

quisition of C. difficile.74,75

Following colonization, C. difficile multiplies and produces toxins.45 The main virulence

factors are clostridial toxins A and B (TcdA and TcdB) that share 63 % sequence homology

and have glucosyltransferase activity.76 TcdA and TcdB are large secreted proteins of about

300 kDa that enter epithelial cells via receptor-mediated endocytosis.77,78 The uptake involves

binding to glycan or glycoprotein receptors including α-Galp-(1→3)-β-Galp-(1→4)-GlcNAc,

Lewis blood group antigens, heat shock glycoprotein gp96, sucrase-isomaltase (TcdA)79–82,

chondroitin sulfate proteoglycan 4 and poliovirus receptor-like 3 (toxin B)83,84. Inside the host

cell, both toxins transfer glucose from UDP-glucose to Rho familiy GTPases, which triggers

rearrangement of the actin cytoskeleton and, in turn, apoptotic or necrotic cell death.85–88

The resulting tissue damage activates local inflammation, leading to CDI symptoms.45 Most

disease-causing C. difficile strains express both TcdA and TcdB that act in concert.83 A third

toxin termed binary toxin CDT, composed of CDTa and CDTb subunits, is found in about 6 %

of clinical C. difficile isolates.89,90 CDT uses lipolysis-stimulated lipoprotein receptor to enter

cells and triggers cytoskeletal disorganization through actin-specific ADP ribosyltransferase

activity.91,92 Binary toxin potentiates pathogenic effects of TcdA and TcdB, leading to more

severe disease associated with ribotype 027 and other highly virulent strains.93,94 About 50

to 70 % of the human population harbor systemic and/or mucosal antibodies to clostridial

toxins that can alleviate CDI symptoms through toxin-neutralizing activity.45,95

Finally, muliplying C. difficile cells produce spores that are shed by CDI patients in quan-

tities of up to 107 spores per gram of feces.2,27,45 Elevated spore formation (sporulation)

characteristic of ribotype 027 and other hypervirulent strains may increase environmental

survival and dissemination.45,96

1.2 Therapy against C. difficile: Current Guidelines and Inves-

tigational Approaches

Antibiotics are currently the only therapy against CDI approved by the US Food and Drug Ad-

ministration (FDA) and other health agencies worldwide.97 The evidence-based recommenda-
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tion is treatment with metronidazole, vancomycin or fidaxomicin that are active against most

C. difficile strains. Although resistance to these antibiotics has recently been identified in

some clinical isolates98, the majority of CDI cases can be successfully cured97. Patients with

complicated, life-threatening disease that often require long-lasting and combined antibiotic

treatment, however, frequently experience recurrent infections.99–102 Recurrence is the result

of antibiotic-induced damage to the gut microbiota, a condition that favors re-emergence

of the same C. difficile strain or re-infection by spores from the environment.100–102 This af-

fects up to 30 % of patients after initial antibiotic treatment and almost two thirds following

treatment for a second episode.100–104 Recurrence rates are increasing, partly attributed to

emerging hypervirulent strains.14,15,105–107 Antibiotic treatment involves significant medical

costs of an estimated $25,000 per patient and recurrent disease episode.108 Other antibiotics

such as nitazoxanide and rifaximin may be efficacious against drug-resistant C. difficile strains

but are currently not approved for CDI treatment.109–113

The fact that depressed antibody levels, especially low anti-toxin IgG, predispose for

the acquisition of C. difficile provided a rationale to investigate passive immunotherapy as

treatment against recurrent CDI.114,115 Intravenous polyclonal immunoglobulins116 (IVIG) or

toxin-neutralizing monoconal antibodies117 (mAbs) are efficiently transported to the intesti-

nal lumen by transcytosis118–120 and have been shown to significantly limit recurrence109.

Anti-toxin mAb therapy is further discussed in Section 1.3.3.

Other investigational therapies target the dysbiotic gut microbiota of CDI patients by

means of probiotics or fecal microbiota transplantation (FMT).109,110,121,122 Probiotics are

orally administered microorganisms that thrive in the intestine and may thereby limit growth

of C. difficile. A promising probiotic is the yeast Saccharomyces boulardii that significantly

reduced recurrence of CDI in two placebo-controlled clinical trials.123,124 In addition, probiotic

use of a non-toxigenic C. difficile strain has been shown to efficiently limit recurrence in small

animal models and is presently subject to clinical investigation.125 FMT, the transfer of fecal

microbiota from a healthy donor, has recently emerged as the most effective treatment option

with impressive cure rates of about 90 % against recurrent CDI.97,103,126–130 Fecal material

is applied directly to the patient’s intestine as a suspension128 or orally administered via

frozen capsules that dissolve in the small intestine129. The procedure restores the dysbiotic

gut microbiota and thereby precludes colonization by C. difficile.74,75 Due to safety concerns

and the non-characterizable nature of human feces131–133, FMT is presently not generally

approved by the FDA and other health agencies and considered a rescue therapy only after
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antibiotics have failed repeatedly97. To overcome safety concerns of FMT, combinations of

defined enteric bacterial species are currently investigated as substitute for human stool.134

1.3 Vaccines against C. difficile: Current Status and Future

Directions

The limitations of antibiotic treatment have recently solicited the search for a protective

vaccine against CDI, a disease generally considered to be vaccine-preventable.135 Vaccines

provide the most effective and cost-saving measure to prevent infectious diseases.136 To

date, however, no vaccine against C. difficile is commercially available.135 Currently investi-

gated vaccine candidates either aim at inducing toxin-neutralizing antibodies or at preventing

colonization by targeting surface antigens. In addition to preventive vaccines, passive im-

munization approaches with mAbs against toxins or surface antigens provide a promising

therapeutic option against recurrent CDI.

1.3.1 Vaccination with Clostridial Toxins

The toxin-neutralizing vaccine candidates utilize TcdA and TcdB, the major virulence factors

of C. difficile, as immunogens.7–9 Toxins were identified as auspicious vaccine targets in the

1980s when levels of toxin-neutralizing serum and mucosal antibodies were found to corre-

late with protection from clinical manifestations of CDI.137–139 Soon after these discoveries,

immunization with formalin-inactivated toxins (toxoids) isolated from C. difficile culture was

shown to completely protect hamsters and mice from experimental disease.140–145 Since

the 1990s, recombinant DNA technology made nontoxic derivatives of the clostridial tox-

ins from easy to handle bacteria like Escherichia coli available, circumventing the process

of formalin inactivation and the laborious culture of C. difficile.135 Immunization with toxin

fragments146–149 as well as chimeric toxin A/B constructs150–152 have been shown similarly

efficacious as toxoids in preventing CDI disease manifestations in small animals. While early

studies suggested that anti-TcdA antibodies alone sufficiently protect humans from CDI

symptoms, today’s consensus is that an effective toxin-neutralizing vaccine needs to induce

antibodies to both TcdA and TcdB.153–155 Such a vaccine would also limit symptoms caused

by TcdA-negative, TcdB-positive C. difficile strains associated with severe disease.156–158

Following the promising results in small animals, three toxin-based C. difficile vaccine

candidates have been forwarded to clinical investigation [Table 1.1]. The first one is ACAM-
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Table 1.1: Anti-toxin vaccine candidates tested in clinical studies. i. m., intramuscular.
aReferences include either the original publication or the trial details provided at clinicaltrials.gov.
Table modified from Leuzzi et al.135

Antigens (manufacturer) Development stage Formulation Subjects Ref.a

Toxoids A and B Phase I 4 doses i. m., Healthy adults 159,160
(ACAM-CDIFF by Acambis) ± Alum

Pilot study 4 doses i. m., Patients 161
no adjuvant

Toxoids A and B Phase I 3 doses i. m., Healthy adults 162,163
(Sanofi Pasteur) with Alum and elderly

Phase II 3 doses i. m., Adults at risk 164
± Alum for CDI

Mutant toxoids A and B Phase I 3 doses i. m., Healthy adults 168
(Pfizer) ± Alum and elderly

Toxin A/B fusion protein Phase I 3 doses i. m., Healthy adults 171
(VLA84 by Valneva) ± Alum and elderly

Phase II 3 doses i. m., Healthy adults 172
± Alum and elderly

CDIFF by Acambis.159 This two-component vaccine contains formalin-inactivated, partially

purified toxoids (∼ 44 %) obtained from C. difficile culture and ammonium sulfate fraction-

ation of TcdA and TcdB. A phase I trial demonstrated the safety and immunogenicity of

ACAM-CDIFF that was administered intramuscularly with or without aluminum hydroxide

(Alum) adjuvant to healthy adults.159 All vaccinated participants mounted neutralizing serum

antibodies to both toxins.160 This encouraged a pilot trial in three patients with recurrent

CDI that received the non-adjuvanted toxoid vaccine.161 Two of the participants developed

neutralizing antibodies to both TcdA and TcdB, and all three experienced resolution of diar-

rhea. Following acquisition of Acambis by Sanofi Pasteur in 2008, the production process has

been optimized to obtain toxoids of higher purity (>90 %).145 The Alum-adsorbed vaccine

showed a good safety and tolerability profile and induced 100 % (TcdA) and 75 % (TcdB)

seroconversion in healthy adults and elderly volunteers in a phase I trial.162,163 A recently

completed phase II trial with over 600 hospitalized adults at risk for CDI confirmed the safety

and found seroconversion rates of 97 % and 92 % for toxins A and B, respectively, after three

intramuscular injections of the Alum-adsorbed vaccine.164 Another phase II trial with CDI

patients investigating the prevention of recurrence has been completed, but results have not

been reported.165 A phase III interventional trial is currently recruiting participants.166

Pfizer is investigating a vaccine composed of genetically modified toxoids A and B pro-

duced in a non-sporulating C. difficile strain that lacks native toxin genes.167 This production

process limits the safety issues associated with large-scale fermentation, such as exposure
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to spores and toxins.135 Despite site-directed mutations at the glucosyltransferase domains

that are responsible for cytopathic effects, residual toxicity was observed that is abrogated

by formalin treatment.167 A phase I trial found the vaccine that was administered intramus-

cularly with or without Alum to be safe and well-tolerated in healthy adult (50-64 years) and

elderly (65-85 years) subjects.168 Both cohorts showed similar magnitudes of neutralizing

anti-TcdA/B IgG responses and seroconversion rates above 90 %. The non-adjuvanted vac-

cine was more immunogenic than the Alum-adsorbed proteins168, in contrast to the Acam-

bis/Sanofi Pasteur toxoids164. Phase II trials testing different adjuvant-free vaccination

regimes in healthy adults and elderly volunteers are ongoing.169,170

A recombinant toxin A/B fusion protein that lacks glucosyltransferase activity termed

VLA84 is investigated by Valneva, with opt-in rights by GlaxoSmithKline.171–173 Phase I and

II trials showed favorable safety and tolerability, with or without Alum, and induction of

functional antibodies to both toxins in healthy adult and elderly subjects.171,172 Similar to

the Pfizer vaccine168, immunogenicity of the non-adjuvanted fusion protein was superior to

Alum-adsorbed VLA84174. Phase III investigation is expected to start by mid-2016. With

overall good safety and immunogenicity profiles, the first toxin-neutralizing vaccines are

expected to obtain licensure around the year of 2020.135

1.3.2 Vaccination with Surface Antigens

An inherent limitation of toxin-neutralizing vaccines is their inability to prevent bacterial col-

onization that precedes toxin production.135 Although tetanus and diphtheria toxoid vaccines

have successfully limited infections with Clostridium tetani and Corynebacterium diphtheriae,

respectively, these bacteria may be more susceptible to toxin immunity than C. difficile due to

their different infectious routes.175 C. tetani is not transmitted between individuals, in spite of

a significant human reservoir.176 C. diphtheriae spreads from person to person, but epidemics

can easily be contained due to the lack of spore production.177 Contrarily, C. difficile infections

frequently originate from spores shed by aymptomatic carriers of toxigenic strains, including

infants36–38,178 and adults40. The human reservoir may further increase upon introduction

of toxin-neutralizing vaccines, as high anti-toxin antibody levels correlate with asymptomatic

carriage.154,179 Increased risk of infection imposed on non-vaccinated, immunocompromised

and elderly populations and the evolution of more virulent and drug-resistant strains may

result. Due to these potential drawbacks, colonization-preventing vaccination approaches

that could limit the human reservoir are intensely investigated.135
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Early evidence that vaccination with surface antigens can limit disease was gained from

hamsters immunized with crude protein extracts of bacterial cultures.65 It was shown that the

levels of C. difficile-agglutinating antibodies correlated with protection from lethal challenge.

The molecular characterization of surface proteins that mediate bacterial adherence spawned

more targeted immunization studies.135 S-layer proteins (SLPs) are the most abundant pro-

teins on the surface of C. difficile.58 Partially purified SLPs obtained from bacterial culture

were capable of elicing SLP-specific antibodies in mice and hamsters that, however, did not

confer significant protection from lethal C. difficile challenge.57 Immunization with recombi-

nant SLP produced in E. coli only weakly reduced colonization and lethality of challenged

mice and hamsters, respectively.58 Several studies testing the vaccine potential of GroEL

protein62, flagellar proteins FliC63 and FliD180 as well as the cysteine protease Cwp8464,181

confirmed that immunity to surface proteins only partially prevents colonization and death

in small animal models. With conflicting results concerning the administration route, it is

still debated whether parenteral or mucosal immunization, inducing predominantly systemic

IgG or mucosal IgA, respectively, is favorable to deliver surface antigens.135 Recently, im-

munization with spore-associated proteins has been shown to completely prevent C. difficile

colonization in mice.182 However, long-lasting protection may be difficult to achieve since

high levels of circulating antibodies are required to entirely block spore germination.

A potential drawback of using proteins for a vaccine is their predisposition to antigenic

variation. Protective efficacy may decrease over time due to selection of escape mutants that

display different antigen repertoires than those represented in the vaccine. Escape mutants

of Mycobacterium tuberculosis, Bordetella pertussis and other bacterial pathogens cause

on-going infections despite area-wide vaccination.183 In the case of C. difficile, significant

sequence variability within immunodominant epitopes of TcdB184 and surface proteins such

as SLPs185,186 contribute to virulence and immune evasion. Protein-based vaccines may

therefore not confer broad and sustainable protection from the various circulating clinical

C. difficile strains. Surface glycans provide appealing alternative vaccine targets. Glycans are

less prone to escape mutations, since unlike proteins they are not directly encoded in the bac-

terial genome but arise from multi-enzyme assembly machineries.187 Currently investigated

glycan-based vaccine approaches against C. difficile are described in Section 1.4.
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1.3.3 Passive Immunization with Monoclonal Antibodies

The discovery of toxin-neutralizing antibodies whose presence correlates with protection from

disease has spawned the investigation of anti-toxin mAbs for CDI treatment.45,95,117 Passive

immunization is an attractive therapeutic option especially for the elderly and immunocom-

promised individuals that do not produce sufficient levels of C. difficile-specific antibodies to

contain the disease.67–71 First evidence for the therapeutic efficacy of passive immunization

was obtained in hamsters that were protected from lethal C. difficile challenge by intravenous

or oral administration of polyclonal anti-toxin antibodies in both prophylactic and therapeutic

settings.188-190 While antibodies to TcdA alone only conferred partial protection, combined

anti-toxin A and B completely prevented death.190 Likewise, anti-toxin mAbs are effective in

animals. Oral administration of a lethal dose of TcdA together with a murine anti-TcdA mAb

completely prevented death of hamsters.191 The same mAb protected mice from C. difficile

disease and lethality when administered intravenously prior to challenge.192

The first fully human anti-toxin mAbs were generated by immunizing transgenic mice

carrying human immunoglobulin genes with inactivated toxins A and B.193 Intraperitoneal

injection of these mAbs partially protected hamsters from lethal C. difficile challenge in both

prophylactic and therapeutic settings. Combined use of anti-toxin A and B offered enhanced

protection over either mAb alone. These human mAbs, termed GS-CDA1 (anti-TcdA) and

MDX-1388 (anti-TcdB) have recently entered clinical investigation [Table 1.2].117 A phase

II trial sponsored by Medarex investigated their therapeutic efficacy in hospitalized CDI

patients.194 Combined with antibiotics, intravenous administration of GS-CDA1 and MDX-

1388 significantly reduced the recurrence rate to 7 % as compared to antibiotics alone with

25 %. Merck has completed the MODIFY I/II phase III studies that investigated the clinical

efficacy of intravenous anti-TcdA (actoxumab) and anti-TcdB (bezlotoxumab) in hospital-

ized CDI patients.195,196 In both MODIFY I and MODIFY II, bezlotoxumab reduced recur-

rence rates from 27.6 % and 25.7 % (antibiotics alone) to 15.9 % and 14.9 % (antibiotics

combined with bezlotoxumab), but did not improve diarrheal symptoms or the duration of

hospitalization.197 Actoxumab did not provide any clinical benefits. Bezlotoxumab was se-

lected for marketing authorization application, with an FDA decision expected by July of

2016.197
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Table 1.2: Human anti-toxin mAbs tested in clinical studies. i. v., intravenous. aReferences
include either the original publication or the trial details provided at clinicaltrials.gov. Table
modified from Zhao et al.188

mAbs (manufacturer) Development stage Formulation Subjects Ref.a

Anti-TcdA GS-CDA1 and Phase II 1 dose i. v., Patients 117,194
anti-TcdB MDX-1388 GS-CDA1 +
(Medarex) MDX-1388

Anti-TcdA actoxumab Phase III 1 dose i. v., Patients 195,196
and anti-TcdB bezlo- actoxumab or
toxumab (Merck) bezlotoxumab or

both combined

1.4 The Prospects of Glycan-based Vaccines against C. difficile

The cell wall of Gram-positive bacteria including C. difficile contains a number of immuno-

logically active surface-exposed glycopolymers that provide attractive targets for both active

and passive vaccination approaches.

1.4.1 The Cell Wall of Gram-positive Bacteria

Gram-positive bacteria have a single lipid membrane surrounded by a cell wall containing

peptidoglycan as main structural component [Fig. 1.2].198–200 Peptidoglycan (also known as

murein) is a polymer of alternating β-(1→4)-linked D-GlcNAc and D-N-Acetylmuramic acid

(D-MurNAc) subunits that is cross-linked by species-specific oligopeptides via the 3-position

of D-MurNAc. In contrast to Gram-negatives with a single peptidoglycan layer of 7-8 nm,

Gram-positive bacteria express multi-layered peptidoglycan of 20-80 nm thickness that confer

their species-specific shape, e. g., rod or coccal. The cell wall is densely functionalized with

glycopolymers that are either covalently attached to peptidoglycan or membrane-anchored,

termed teichoic acids (TA) and lipoteichoic acids (LTA), respectively.201–209

Cell membrane

Teichoic acid Lipoteichoic acid

Cytoplasm

Peptidoglycan

D-MurNAc

D-GlcNAc

TA repeating unit

TA linking unit

LTA repeating unit

LTA membrane anchor

Figure 1.2: Cell wall of Gram-positive bacteria. Figure adapted from Brown et al.200
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TAs comprise a disaccharide linking unit and a polymer of phosphodiester-linked polyol re-

peating units that can be functionalized with glycan moieties [Fig. 1.3].201–203 The conserved

linking disaccharide is composed of D-N-Acetylmannosamine (D-ManNAc) that is β-(1→4)-

linked to D-GlcNAc-1-phosphate with up to three glycerol-3-phosphate (GroP) units attached

to the 4-position of D-ManNAc.201,202 The anomeric phosphate group of the disaccharide

is linked to peptidoglycan via a phosphodiester bond to the C-6 hydroxyl of D-MurNAc.

The repeating units extend from the GroP end of the linking unit.201,202 TA repeating units

exhibit substantial inter-species variation and are classified as types I-IV based on their com-

position [Fig. 1.3]. The common structural feature is a GroP moiety functionalized with

various amino acids and/or glycans.201 The typical size of TAs is 5-10 kDa, corresponding to

about 15 to 40 repeating units.203 TAs maintain ion homeostasis of Gram-positive bacteria

due to their net negative charge that attracts cations such as Mg2+ or K+.202 Networks of

TA-coordinated cations are also critical for the porosity and rigidity of the cell wall and sup-

port the overall bacterial shape.202 In addition, TAs have been shown to mediate adhesion of

pathogenic Gram-positive bacteria to host tissues.210,211 Being recognized by the adaptive

immune system, TAs provide attractive targets for vaccination approaches.212

Common linking unit (types I-IV)

Pe
pt

id
og

ly
ca

n

Repeating units
Type I (e.g., Bacillus spp., Streptococcus spp.)

R = D-Ala R  = D-Ala
R  = α- or β-D-Glc/GlcNAc

1

2

Type II (e.g., Bacillus spp., Streptococcus spp.)

R  = α- or β-D-Gal
R  = β-D-Glc

1

2

Type III (Staphylococcus spp.) Type IV (Nocardiopsis spp.)

Teichoic acid-like repeating units (C. di�cile)
Polysaccharide-I (PS-I) Polysaccharide-II (PS-II)

Figure 1.3: Structural diversity of teichoic acids. C. difficile teichoic-acid like repeating units
are highlighted. Figure adapted from Brown et al.201 and Ganeshapillai et al.205
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LTAs consist of an anchoring unit that is linked to a polymer of phosphodiester-linked

polyol repeating units of high inter-species variability. Five LTA structures termed types

I-V have been identified [Fig. 1.4]. The anchoring unit is a glycerol molecule functionalized

with two fatty acid esters and a mono- to trisaccharide in most cases composed of D-

Glc. The repeating units are connected to the terminal glycan moiety of the anchor via a

phosphodiester linkage (types I, II, III and V) or a glycosidic bond (type IV). The common

structural feature of LTA type I-IV repeating units is a GroP moiety that is functionalized

with amino acids and/or glycans. Type V LTA, in contrast, does not contain GroP but

glyceric acid (GroA). The typical size of LTAs is 10 kDa that corresponds to about 25 type

I repeating units.204 Being negatively charged, LTAs bind cations, support ion homeostasis

and cell wall integrity similar to TAs.204 Human pathogens such as Listeria monocytogenes

and group A Streptococcus utilize LTAs to attach to host epithelium.213,214 Like TAs, LTAs

are immunogenic and therefore auspicious targets for antibacterial vaccines.204

Type I (e.g., Bacillus, Staphylococcus spp.)

Type II (Lactococcus garviae)

Type III (Clostridium inoccuum)

Type IV (Streptococcus pneumoniae)

R = fatty acids

R  = D-Ala or D-GlcNAc
R = fatty acids

1

R  = α-D-GlcN or α-D-GlcNAc
R = fatty acids

1

R  = D-Ala
R = fatty acids

1

R = fatty acids

Type V (C. di�cile, Peptostreptococcus anaerobius)

Figure 1.4: Structural diversity of lipoteichoic acids. The repeating units are depicted blue and
the anchoring units green. Fatty acids (R) usually are saturated or mono-unsaturated C14 to
C18 species.207 The wavy bond in type IV represents alpha linkage between repeating units and
beta linkage to the anchoring unit.204 C. difficile LTA is highlighted. Figure adapted from Percy
and Gründling204 and Reid et al.207
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1.4.2 Structure and Function of C. difficile Cell Wall Glycans

While the presence of phosphate-containing surface carbohydrates was already reported in the

early 1980s215,216, it was not until 2008 that the structures of two C. difficile cell wall glycans

designated as Polysaccharide-I (PS-I) and Polysaccharide-II (PS-II) have been determined205.

PS-II constitutes about 40 % by weight of the cell wall.216 The polysaccharide consists of

phosphodiester-linked branched hexasaccharide repeating units containing D-Glc, D-Man and

D-GalNAc moieties as shown in [Fig. 1.3].205,216 PS-II has an average size of about 10 kDa

corresponding to six to eight repeating units and to date has been identified on all investigated

C. difficile isolates in vitro.205,206 PS-I is composed of phosphodiester-linked branched D-Glc

and L-Rha-containing pentasaccharide repeating units [Fig. 1.3].205,206 Originally identified

solely on an isolate of C. difficile ribotype 027, PS-I was suggested to be a strain-specific

polysaccharide.205 The subsequent detection on other, non-ribotype 027 strains206 and the

frequent presence of PS-I-specific serum antibodies in horses217, however, indicated that

PS-I is likely commonly expressed in vivo. Due to their structural similarities with TAs, PS-I

and PS-II have been designated as teichoic acid-like polysaccharides.205 PS-II is in part also

present as a membrane-anchored low molecular weight species of two repeating units.206 To

date, both polysaccharides have been uniquely identified on C. difficile.

A third surface glycan, termed PS-III or LTA, has recently been characterized.207 The

membrane-anchored polymer of phosphodiester-bridged disaccharide repeating units contain-

ing D-Glc, D-GlcNAc and GroA is classified as type V LTA [Fig. 1.4].204 This polysaccharide

has been identified also on three other C. difficile-related bacterial species; Clostridium sor-

dellii, Clostridium bifermentans and Peptostreptococcus anaerobius.208,215

The functions of C. difficile cell wall glycans remain largely unknown, but roles in pro-

moting cation homeostasis, wall integrity and adherence to host tissue similar to other TAs

and LTAs are likely.202,204 They may also contribute to the shape of C. difficile, since PS-I,

PS-II and LTA are present in the rod-like vegetative form, but not in the ovoid spores.206 In

addition, PS-II anchors surface proteins to the cell wall via non-covalent interactions.218 The

anchored proteins, in turn, mediate bacterial adherence to intestinal epithelium.46–48,219

Extending from the cell wall, some C. difficile strains harbor lowly abundant capsule-like

glycans under culture conditions.220 However, these are not associated with virulence220 and

probably have limited biological function in vivo compared to the cell wall glycans205,207.
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1.4.3 Glycan-based Antibacterial Vaccines: Current State of the Art

Anti-bacterial vaccines can be subdivided into whole-cell and subunit vaccines.221 The latter

class utilizes defined components of the target bacterium, an approach considered to be

favorable over whole-bacteria vaccines that often induce only limited protection and cause

adverse reactions.222 Bacterial surface glycans provide formidable targets for anti-bacterial

subunit vaccines since they are commonly targeted by the adaptive immune system during

infections.223

First-generation glycan-based subunit vaccines contain free capsular polysaccharides iso-

lated from cultured bacteria including Streptococcus pneumoniae, Haemophilus influenzae

type B and Neisseria meningitidis.224 Intradermal or intramuscular injection of these vaccines

induces protective anti-glycan antibodies in immunocompetent healthy adults.223 Their im-

munogenicity is largely attributed to B cell receptor (BCR) crosslinking through binding

repetitive B cell epitopes of the polysaccharides [Fig. 1.5a].225 BCR crosslinking leads to the

activation of glycan-specific B cells independent of T cell help and induces differentiation to

short-lived plasma cells that produce low-affinity antibodies mainly of the IgM class.223,225

Due to their limited immunogenicity, polysaccharide vaccines do not induce protection in in-

dividuals with weak immune systems, such as young children, the elderly and HIV patients.224

The poor quality of antibody responses to free glycans can be overcome by covalent

attachment to a carrier protein that requires chemical activation of the polysaccharide.226

The resulting glycoconjugate is able to induce T cell-dependent immunity. Binding of the B

cell epitope-containing polysaccharide portion to the BCR of a glycan-specific B cell triggers

internalization and processing of the glycoconjugate to peptide or glycopeptide fragments

[Fig. 1.5b]. Glycoconjugate-derived T cell (glyco)peptide epitopes are presented on MHC

class II molecules and recognized by T helper (Th) cells via their T cell receptor (TCR).225

This interaction triggers Th cells to release cytokines such as interleukin-4 (IL-4) that stim-

ulate immunoglobulin class switching and affinity maturation in the B cell. The resulting

glycan-specific plasma cells are long-lived and produce high-affinity antibodies mainly of the

IgG class. In addition, Th involvement triggers B cell differentiation to memory B cells that

generate accelerated antibody responses once the immune system re-encounters the respec-

tive glycan epitope. Thereby, glycoconjugate vaccines are superior to free polysaccharides in

mediating long-term protection also in the elderly and young children.224

Commonly used FDA-approved carrier proteins are formalin-inactivated diphtheria and

tetanus toxoids as well as the non-toxic diphtheria toxin mutant CRM197.223,224 All cur-
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Figure 1.5: Mechanism of action of polysaccharide and glycoconjugate vaccines. (a) Polysac-
charides induce BCR crosslinking through repetitive epitopes. This induces B cells differen-
tiatiation into IgM-secreting plasma cells. (b) Glycoconjugates engage BCRs through the
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Figure adapted from Pollard et al.204
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rently licensed glycoconjugate vaccines are adsorbed to aluminum salt adjuvants to increase

their immunogenicity.223,224 Aluminum salt particles act as a depot, whereby the adsorbed

glycoconjugate antigen persists for up to three weeks at the site of injection.227 This con-

stantly attracts immune cells, including dendritic cells (DCs) and other professional antigen-

presenting cells. The adsorbed, particulate antigens are subject to phagocytosis and are

thereby more efficiently taken up DCs than soluble antigens.227 After phagocytosis, DCs

process the glycoconjugate to (glyco)peptides that are presented to näıve T cells in drain-

ing lymph nodes, which generates carrier-specific Th cells that help to differentiate B cells

to antibody-producing plasma cells [Fig. 1.5b]. Furthermore, adsorption to aluminum salts

partially denatures the (glyco)protein, which may facilitate its proteolytic processing and

presentation by DCs.228 The introduction of glycoconjugate vaccines against S. pneumoniae,

H. influenzae type B, N. meningitidis and others has greatly reduced the incidence of the

respective infectious diseases.223

Drawbacks of isolated polysaccharides are structural heterogeneity, batch-to-batch varia-

tion and contamination with undesired bacterial components.229 The presence of impurities

in polysaccharide-based vaccines has been associated with adverse reactions.230 Thus, pu-

rification is a cumbersome process and multiple control steps are required to ensure that a

polysaccharide preparation meets the quality for vaccine use.231 Cost-efficient vaccine pro-

duction may be further impeded for glycans that are inconsistently expressed in vitro, as is

the case with both C. difficile PS-I and LTA.206,217,232 These limitations can be overcome

by using synthetic oligosaccharide antigens that are inherently free of contaminations and

not restricted to in vitro-expressed polysaccharides.233 Chemical synthesis furthermore al-

lows for the installment of linker moieties usually containing nucleophiles such as thiols or

primary amines for efficient, orientation-specific covalent attachment to lysine residues of

carrier proteins.229,233 Like polysaccharides, oligosaccharides are usually T cell-independent

antigens whose immunogenicty benefits from conjugation to a protein and the use of an ex-

ternal adjuvant such as aluminum salt.229,234 Such a semi-synthetic glycoconjugate vaccine

has been brought into practice by Quimi-Hib, a vaccine against H. influenzae type B licensed

in Cuba that contains tetanus toxoid-conjugated synthetic oligosaccharides of the capsular

polysaccharide.234
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1.4.4 C. difficile Cell Wall Glycans as Vaccine Candidates

Due to the absence of a genuine capsule220, the cell wall-associated polysaccharides of

C. difficile are surface-exposed and have been investigated as potential vaccine targets232.

Studies on PS-II are most advanced due to consistent and high expression levels in vitro.

The identification of polysaccharide-specific IgG in horse serum suggested that PS-II is im-

munogenic during natural exposure to C. difficile.232 Pigs vaccinated with non-adjuvanted

polysaccharide elicited anti-PS-II IgM antibodies.206 Immunization of mice with a glycocon-

jugate composed of isolated PS-II and CRM197 formulated with MF59 adjuvant gave rise

to high levels of anti-PS-II IgG.235 The antibodies efficiently stained C. difficile bacteria,

confirming that PS-II is a well-exposed antigen. PS-II polysaccharide conjugated to the

heat-labile enterotoxin B (LTB) or bovine serum albumin (BSA) proved to be immunogenic

in rabbits and mice, respectively.232 Synthetically generated PS-II oligosaccharides have been

studied as well. Seeberger and colleagues reported the first synthesis of the hexasaccharide

repeating unit with an aminopentyl linker at the reducing end.236 The identification of IgA

to synthetic PS-II in the feces of CDI patients confirmed that the oligosaccharide shares

one or more natural epitopes with the polysaccharide that are immunogenic during human

infection. Immunization of mice with a glycoconjugate of the hexasaccharide and CRM197

formulated with Freund’s adjuvant (FA) gave rise to anti-PS-II serum IgG and mAbs of high

specificity.236 An alternative synthetic route for the PS-II hexasaccharide, including a phos-

phorylated derivative, and a tetrasaccharide substructure with reducing end aminopentyl

linkers was subsequently reported.235 Corresponding CRM197 glycoconjugates formulated

with MF59 were immunogenic in mice, but only IgGs raised by the hexasaccharide recog-

nized C. difficile bacteria in vitro, more efficiently so when the phosphorylated compound

was used.

Vaccine studies with PS-I has been hampered by inconsistent polysaccharide expression

in vitro.232 Seeberger and colleagues reported the first synthesis of the PS-I pentasaccharide

repeating unit with reducing end aminopentyl linker.237 An alternative synthetic route for

the same molecule was later reported.217 The consistent identification of IgGs in horse serum

recognizing both natural and synthetic PS-I glycans confirmed the presence of shared epitopes

that are immunogenic during CDI.217

Immunization of rabbits with whole C. difficile bacteria gave rise to IgGs binding to

isolated LTA.238 Purified and deacylated LTA was used to prepare glycoconjugates with

the human serum albumin (HSA) and Pseudomonas aeruginosa exotoxin A (ExoA) carrier
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proteins. IgGs raised with the FA-formulated glycoconjugates in mice and rabbits recognized

vegetative C. difficile cells, showing that LTA is a surface-exposed antigen.238 LTA is likely

expressed ubiquitously, since the antibodies bound to a wide variety of C. difficile isolates and

to some related clostridial species as well. A subset of C. difficile spores was also recognized,

suggesting the presence of LTA in a maturation-specific manner.238

The currently available data supports that all three C. difficile glycans are surface-exposed

antigens that are recognized by the adaptive immune system. Therefore, PS-I, PS-II and

LTA are auspicious targets for colonization-preventing antibacterial vaccines.

1.5 Novel Developments in Glycan-Based Vaccines

Conventional glycoconugate vaccines contain rather ill-defined glycan epitopes and require

constant cooling to prevent degradation and aggregation processes.229 These limitations

may be overcome by using rationally designed oligosaccharide epitopes instead of isolated

polysaccharides and synthetic scaffolds to replace carrier proteins. In addition, mAbs directed

against bacterial surface glycans provide an appealing alternative therapeutic option for

antibiotic-resistant pathogens including C. difficile.

1.5.1 Rational Glycan Epitope Design

Oligosaccharide-based vaccines require the identification of epitopes that induce antibodies

efficently recognizing the native bacterial surface glycan.229 However, the structural determi-

nants of oligosaccharides that guide specificity and affinity of anti-glycan antibodies remain

poorly understood.239,240 Therefore, epitopes that induce protective antibodies are conven-

tionally discovered through time-consuming trial-and-error processes in which oligosaccha-

rides are synthesized based on biological repeating units and immunologically evaluated in

animals.229,241,242 If an epitope proves to be non-immunogenic or the generated antibodies

do not recognize the pathogen, different oligosaccharides are synthesized and tested.

A more rational approach to epitope selection and design that may help to reduce both

synthetic effort and the number of animal experiments requires knowledge on how the adap-

tive immune system interacts with glycan antigens. One property that influences the immuno-

genicity of oligosaccharides is their size. Epitopes as small as disaccharides have been shown

to induce protective antibodies against S. pneumoniae serotype 3 and the fungal pathogen

Candida albicans in pre-clinical settings.243,244 Larger glycans are usually more immunogenic
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but come at the expense of synthetic complexity.234,245–248 Therefore, the identification of

a minimal epitope, the smallest oligosaccharide inducing antibodies to the larger glycan it is

derived from, is a crucial step towards rationally designed vaccines with minimal synthetic

effort.242,243 The immunogenicity of small oligosaccharides strongly depends on how the epi-

tope is presented. The terminal, non-reducing end of a glycan is most exposed to the immune

system and consequently preferentially targeted by antibodies.249 It is therefore conceivable

that glycan epitopes exposing non-mammalian monosaccharide moieties at the non-reducing

end represent highly immunogenic structures. Two recently reported examples are a tetrasac-

charide of a Bacillus anthracis surface glycoprotein240,250 and a trisaccharide component of

Yersinia pestis lipopolysaccharide239,251 (LPS). The B. anthracis tetrasaccharide contains

an unusual terminal sugar named anthrose, 2-O-methyl-4-(3-hydroxy-3-methylbutanamido)-

4,6-dideoxy-D-glucopyranose240, and the Y. pestis trisaccharide has a non-reducing end L-

glycero-D-manno-heptose moiety239. Two respective semi-synthetic glycoconjugates were

highly immunogenic in mice and gave rise to antibodies efficiently recognizing the native

glycans on B. anthracis250 and Y. pestis251, respectively. Molecular interaction studies with

mAbs revealed that the terminal non-mammalian monosaccharides were crucial for antibody

binding that was characterized by nanomolar affinity in both cases.239,240

Uncovering potential glycan epitopes greatly benefits from recent advances in oligosac-

charide synthesis233 as well as methods that enable detailed quantitative glycan-antibody

interaction studies, of which glycan microarrays229,252,253, surface plasmon resonance239,240

(SPR) and isothermal titration calorimetry254 (ITC) are important examples.

Glycan microarray technology is a powerful tool for multiplexed glycan-protein interaction

studies in high throughput.229,233,252,253 A large number of oligo- or polysaccharides can be

immobilized on the same microarray slide either covalently or via non-covalent adsorption.253

Oligosaccharides produced by chemical synthesis bearing reducing end linkers with primary

amines can be covalently coupled to active ester-functionalized glass slides [Fig. 1.6a].239,240

Incubation with antibody-containing samples such as serum of healthy and diseased individ-

uals provides a useful starting point for discovering antigenic glycan epitopes whose levels of

antibody recognition correlate with clinical parameters.253 Glycan-antibody interactions are

quantitatively detected by virtue of fluorescence-labeled detection antibodies. Microarrays

can also be utilized to determine epitope recognition patterns of anti-glycan mAbs.239,240

Glycan microarrays are restricted to high-affinity interactions, as weakly bound antibodies

are removed during washing procedures. In contrast, SPR allows for detecting low-affinity
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Figure 1.6: Methods to characterize glycan-antibody interactions. (a) Glycan microarray. Syn-
thetic oligosaccharides are covalently immobilized via amino groups onto NHS ester-activated
glass slides. Glycan-binding antibodies (red) are detected with a fluorescence-labeled antibody.
Epitope recognition patterns to multiple glycans spotted onto the same slide are obtained.
(b) SPR. A capture antibody is immobilized onto the sensor chip surface. Binding of gly-
cans (analytes) to the captured anti-glycan mAb (green) is detected in real time by changes of
intensity in the reflected light beam. The resulting sensorgram showing association and dissoci-
ation stages is used to infer binding kinetics by curve fitting (black overlaid lines). Alternatively,
equilibrium constant KD is determined with an equilibrium plot. (c) ITC. The glycan is titrated
into an antibody solution (or vice versa) set to a constant temperature. Recorded heat changes
yield a thermogram (top graph). An isotherm constructed by integration of injection peaks
shows total enthalpy change (∆H) over the glycan-to-antibody molar ratio (bottom graph).
From the isotherm stoichiometry and KD of the interaction is inferred. The depicted data is
from experiments described in this thesis.

binding events down to the millimolar range and thereby represents a powerful complementary

method. SPR can be employed to determine the affinity of mAb-glycan interactions and to

map binding epitopes.239,240,254 mAbs are either directly immobilized to the functionalized

gold surface of the SPR sensor chip, or indirectly via capture antibodies recognizing the

constant region of the mAb [Fig. 1.6b]. The latter approach is favorable since captured

mAbs are not modified by the immobilization procedure and retain full binding activity.

When glycans are passed over the sensor chip surface, their binding to the immobilized

mAbs causes concentration-dependent changes in plasmon wavelength of the gold layer.

These changes are detected by a beam of polychromatic light that is reflected from the

gold surface. The wavelength that is in resonance with the surface plasmon is absorbed,

which is detected in the reflected beam in real time and visualized as sensorgrams. From

the sensorgrams, kinetic parameters of glycan-mAb interactions such as affinity, association

and dissociation rate constants are inferred. SPR has been used, for instance, to study the

29



1.5 Novel Developments in Glycan-Based Vaccines

binding affinities and map the epitopes of mAbs against glycan antigens of B. anthracis and

LPS structures of various Gram-negative bacteria.239,240,254

ITC is a useful technique for characterizing the thermodynamic parameters of glycan-mAb

interactions in solution. Typically, the glycan antigen is titrated into a measurement cell that

contains a solution of the mAb maintained at a constant temperature [Fig. 1.6c].254 The heat

released by glycan-mAb binding events is recorded by gradual glycan titrations as a function

of time to yield a thermogram. By integration of the injection peak areas, an isotherm is

calculated that is used to infer the affinity, stoichiometry, enthalpy (∆H) and entropy (∆S)

of the interaction. Typical glycan-protein interactions are majorly enthalpy-driven through

hydrogen bonding, van der Waals forces and electrostatic attractions when charged moieties

are present.256–262 Interactions involving hydrophobic groups can lead to favorable entropy by

water displacement.263 Thereby, recognition of methyl group-containing deoxy sugars such as

rhamnose (6-deoxy-L-mannose) can contribute to antibody affinity, which may be harnessed

for glycan epitope design.249,264–266

1.5.2 Fully Synthetic Glycan-based Vaccines

When conventionally displayed on glycoconjugates, small oligosaccharide antigens often in-

duce only weak and inconsistent anti-glycan antibody responses due to immunodominance

of the carrier protein.267,268 Novel carrier strategies feature glycan antigens that are multiva-

lently displayed on non-immunogenic synthetic backbones to enhance their immunogenicity.269

Examples of synthetic carriers are cyclic270 or dendrimeric271 peptides that have shown fa-

vorable immunogenicity profiles in small animal studies, as well as oligo(amidoamine)s272–276

(OAAs). Installment of a synthetic peptide T epitope can lead to T cell-dependent anti-

body responses.269–271,277 Internal immunestimulatory molecules such as the toll-like recep-

tor (TLR) agonist Pam2CysSK4
277 or glycosphingolipids (GSL) that activate natural killer T

(NKT) cells278,279 substitute for external adjuvants such as Alum [Fig. 1.7]. Fully synthetic

vaccines would be less sensitive to temperature changes than conventional Alum-adsorbed

glycoconjugates280,281 and could thereby render cost-intensive cooling chains unneccessary.

1.5.3 Passive Vaccination with Monoclonal Antibodies against Antibiotic-

Resistant Bacteria

Increasing drug resistance of C. difficile and many other bacterial pathogens has spawned

the investigation of mAbs as therapeutic alternative to antibiotics.282 Due to their surface-
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Figure 1.7: Evolution of glycan-based vaccines. First generation vaccines consist of free isolated
polysaccharides that induce short-lived IgM responses to repetitive glycan B cell epitopes (blue
circles).224 By introduction of a carrier protein that contributes T cell epitopes and Alum as
external adjuvant, long-lived and T cell-dependent IgG responses are generated.224 Semi-synthetic
vaccines contain carrier protein-linked synthetic oligosaccharide antigens and likewise require an
external adjuvant.234 Fully synthetic vaccines display one or multiple synthetic oligosaccharide
antigens on a non-immunogenic carrier linked to a peptide T epitope and an immunostimulant
serving as internal adjuvant, such as a TLR agonist or NKT-activating GSL.277–279

exposed nature and, compared to proteins, lower degree of antigenic variation, bacterial

glycans provide formidable targets for anti-bacterial mAbs. As a recent example of this

approach, mAbs directed against LPS of pathogenic E. coli significantly reduced the burden of

bacterial disease in mice.283 In the case of C. difficile, passive administration of mAbs against

cell wall glycans could complement the comprehensively investigated toxin-neutralizing mAbs

that are close to clinical implementation but only partially prevent recurrent disease (see

Section 1.3.3).

1.6 Aims of this Thesis

Three known cell wall polysaccharides of C. difficile are promising targets for colonization-

inhibiting antibacterial vaccines. Previous vaccine studies focusing on PS-II showed that

this glycan antigen could efficiently induce the production of antibodies in small animals

that recognized the bacterial surface. In contrast, little is known on the immunological

properties of the other polysaccharides PS-I and LTA, as studies have been impeded by their

low and inconsistent expression in cultured bacteria. To facilitate access to the latter glycans,

Seeberger and coworkers have recently generated oligosaccharides of PS-I and LTA through

chemical synthesis.237,284,285

This work aimed to evaluate the potential of synthetic oligosaccharides as anti-C. difficile
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vaccine candidates through detailed studies on their immunological properties in vitro and

in vivo. A comprehensive set of PS-I and LTA-derived oligosaccharides was kindly provided

by Dr. Christopher Martin. Glycan microarray analyses were employed to reveal antigenic

epitopes that served as a starting point for preclinical immunogenicity studies. The ability of

CRM197 glycoconjugates displaying antigenic epitopes of PS-I and LTA to stimulate glycan-

specific antibody responses was investigated in the mouse model. Anti-PS-I mAbs generated

with the hybridoma technique helped to obtain comprehensive insights into glycan-antibody

interactions using a combination of glycan microarray, SPR and ITC analyses. The interaction

studies revealed a disaccharide minimal glycan epitope of PS-I that provided the basis of a

fully synthetic vaccine candidate comprising five disaccharide copies and a CRM197 T cell

epitope (kindly provided by Dr. Felix Wojcik). The ability of the synthetic construct to

elicit anti-PS-I antibodies in mice was investigated. Cell culture-based in vitro assays were

employed to assess whether polyclonal and monoclonal anti-glycan antibodies could reduce

attachment of viable C. difficile bacteria to human colon epithelial cells. Finally, the in vivo

protective efficacy of active vaccination with PS-I and LTA glycoconjugates and of passively

administered anti-PS-I mAbs was studied in a murine model of C. difficile infection and

disease.
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Chapter 2

Materials & Methods

2.1 Materials

Instruments
Analytic balance XA205Du Mettler Toledo; Urdorf, Switzerland
Autoclave Laboklav MV SHP Steriltechnik; Detzel Schloss, Germany
Autoflex Speed MALDI-TOF system Bruker Daltonics; Bremen, Germany
Balance M-prove Sartorius AG; Göttingen, Germany
Biacore T100 GE Healthcare; Uppsala, Sweden
Biological safety cabinet Safe 2020 Thermo Scientific; Waltham, MA, USA
Centrifuge 5417R Eppendorf; Hamburg, Germany
Centrifuge 5810R Eppendorf; Hamburg, Germany

with swinging-bucket rotor, cat.no. A-4-81
with microplate rotor, cat.no. A-2-DWP

Centrifuge MiniSpin Eppendorf; Hamburg, Germany
Centrifuge Multifuge 1 L-R Thermo Scientific; Waltham, MA, USA
with swinging-bucket rotor, cat.no. 75002000
with microplate rotor, cat.no. 75002010

Centrifuge Sepatech Megafuge 1.0 Heraeus; Osterode, Germany
with swinging-bucket rotor, cat.no. 2150
with microplate rotor, cat.no. 3471

CO2 cell culture incubator CB150 Binder; Tuttlingen, Germany
Flow cytometer FACS Canto II BD Biosciences; Heidelberg, Germany
FPLC system Äkta Purifier UPC10 GE Healthcare; Uppsala, Sweden
Freezing container Nalgene Sigma-Aldrich; St. Louis, MO, USA
Freeze dryer Alpha 2-4 LD Plus Martin Christ; Osterode, Germany
Gel electrophoresis system Mini-Protein Tetra Biorad; Munich, Germany
Horizontal shaker Yellow Line IKA Werke; Staufen, Germany

continued on following page
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Incubator hood TH 15 Edmund Bühler; Hechingen, Germany
LAS-4000 mini imager Fujifilm; Tokyo, Japan
Light microscope Hund Wilovert Wilovert; Buckinghamshire, UK
Light microscope Axiovert 40 C (inverted) Zeiss; Oberkochen, Germany
Liquid nitrogen storage unit NRT 2010 Consarctic; Schoellkrippen, Germany
Magnetic stirrer RCT basic IKA-Werke; Staufen, Germany
Microarray scanner 4300A Molecular Devices; Sunnyvale, CA, USA
Microarray spotter sciFLEXARRAYER S3 Scienion; Berlin, Germany
Microcalorimeter MicroCal iTC200 GE Healthcare; Uppsala, Sweden
Microcentrifuge MiniStar silverline VWR; Darmstadt, Germany
Micropipettes Brandt; Wertheim, Germany
Microplate reader Infinite M200 PRO
NanoQuant Tecan Trading; Männedorf, Switzerland

NanoDrop ND-1000 Spectrophotometer Thermo Scientific; Waltham, MA, USA
Neubauer cell counting chamber Paul Marienfeld; Lauda Königshofen,

Germany
pH-Meter 826 pH Mobile Meter Metrohm Schweiz; Zofingen, Switzerland
Thermal shaker Thermomixer comfort Eppendorf; Hamburg, Germany
Tissue homogenizer IKA T10 IKA-Werke; Staufen, Germany
Water bath TW8 Julabo; Seelbach, Germany

Consumables
Amicon Ultra centrifugal filters Ultracel Merck Millipore; Tullagreen, Ireland
Bottle-top vacuum filters, 0.22µm pore size Corning; New York, NY, USA
Cell culture plates, 6-, 12-, 24-, 48- and
96-well Corning; New York, NY, USA

Cell culture flasks, 25, 75, 150 and 300 cm2 TPP; Trasadingen, Switzerland
Conical centrifuge tubes, 15 and 50 mL Corning; New York, NY, USA
Cryogenic vials Corning; New York, NY, USA
ELISA plates Nunc 96-well Thermo Scientific; Waltham, MA, USA
Flow cytometry tubes Sarstedt; Nürnberg, Germany
Injection needles, sterile B. Braun; Melsungen, Germany
Microcentrifuge tubes, 0.5, 1.5 and 2 mL Eppendorf; Hamburg, Germany
Microtiter plates, round-bottom, 96-well Corning; New York, NY, USA
Microtiter plates, V-bottom, 384-well Genetix; New Milton, UK
Pasteur pipettes, glass Roth; Karlsruhe, Germany
Pipette tips Greiner Bio One; Kremsmünster, Austria
Serological pipettes, 1, 5, 10 and 25 mL Corning; New York, NY, USA
Syringes, sterile B. Braun; Melsungen, Germany
Syringe filters, PVDF, 0.2µm pore size Roth; Karlsruhe, Germany
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Kits, Reagents and Adjuvants

Acrylamide/bis-acrylamide, 30 % (29:1) AppliChem; Darmstadt, Germany
Alum Alhydrogel gel adjuvant Brenntag; Frederikssund, Denmark
Amersham ECL Prime Western Blotting
Detection Reagent GE Healthcare; Uppsala, Sweden

Amine Coupling Kit GE Healthcare; Uppsala, Sweden
Bovine serum albumin (BSA), protease-free VWR; Darmstadt, Germany
CodeLink-Activated Slides SurModics; Eden Prairie, MN, USA
Complete Freund’s adjuvant (CFA) Sigma-Aldrich; St. Louis, MO, USA
2,5-Dihydroxyacetophenone (DHAP) Bruker Daltonics; Bremen, Germany
Dulbecco’s PBS buffer powder, 10 x AppliChem; Darmstadt, Germany
Icomplete Freund’s adjuvant (ICFA) Sigma-Aldrich; St. Louis, MO, USA
Lipopolysaccharide (LPS), isolated from
E. coli Sigma-Aldrich; St. Louis, MO, USA

Micro BCA Protein Assay Kit Thermo Scientific; Rockford, IL, USA
Mouse Antibody Capture Kit GE Healthcare; Uppsala, Sweden
Mouse Antibody Isotyping Kit MMT1 AbD Serotec; Kidlington, UK
Mouse TNF-α Quantikine ELISA Kit R&D Systems; Minneapolis, MN, USA
Murine IL-1β Standard ABTS ELISA
Development Kit Peprotech; Rocky Hill, NJ, USA

Murine IL-10 Standard ABTS ELISA
Development Kit Peprotech; Rocky Hill, NJ, USA

Murine IL-12 Standard ABTS ELISA
Development Kit Peprotech; Rocky Hill, NJ, USA

Murine IL-6 Standard ABTS ELISA
Development Kit Peprotech; Rocky Hill, NJ, USA

PageRuler Plus Prestained Protein Ladder Thermo Scientific; Rockford, IL, USA
Polyethylene glycol (PEG) 1500 Roche; Mannheim, Germany
Protease Inhibitor Cocktail, EDTA-free,
tablets Sigma-Aldrich; St. Louis, MO, USA

Proteus Protein G Midi Purification Kit AbD Serotec; Kidlington, UK
Recombinant Murine GM-CSF Peprotech; Rocky Hill, NJ, USA
SPR sensor chips CM5 GE Healthcare; Uppsala, Sweden
3,3’,5,5’-Tetramethylbenzidine (TMB) Thermo Scientific; Rockford, IL, USA
N,N,N’,N’-Tetramethylethylenediamine
(TEMED) AppliChem; Darmstadt, Germany

Triethylamine Sigma-Aldrich; St. Louis, MO, USA
Trypan Blue Solution, 0.4 % Thermo Scientific; Rockford, IL, USA
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Chemicals

Unless mentioned otherwise, all chemicals were analytical grade and purchased from Roth

(Karlsruhe, Germany), Merck (Darmstadt, Germany) or Sigma-Aldrich (St. Louis, MO,

USA). Deionized water in the following refers to water that was purified with a Milli-Q

purification system (Merck Millipore; Billerica, MA, USA).

Antibodies
Flow cytometry
Anti-mouse CD11c-APC (17-0114-81) eBioscience; San Diego, CA, USA
Anti-mouse CD80-FITC (553768) BD Biosciences; Heidelberg, Germany
Anti-mouse CD86-PE (553692) BD Biosciences; Heidelberg, Germany
Anti-Mouse IgG (whole molecule)-FITC produced
in goat (F0257) Sigma-Aldrich; St. Louis, MO, USA

Goat anti-mouse IgG (H+L), AF 635 (A-31574) Life Technologies; Carlsbad, CA, USA

Microarray
AF 594 AffiniPure Donkey Anti-Mouse IgM,
µ Chain Specific (715-585-140) Dianova; Hamburg, Germany

Anti-Human IgA, (α-chain specific)-FITC
produced in goat (F9637) Sigma-Aldrich; St. Louis, MO, USA

Anti-Mouse IgA (α-chain specific)-FITC
produced in goat (F9384) Sigma-Aldrich; St. Louis, MO, USA

Goat anti-Human IgG (H+L), AF 647 (A-21445) Life Technologies; Carlsbad, CA, USA
Goat anti-mouse IgG (H+L), AF 635 (A-31574) Life Technologies; Carlsbad, CA, USA
Goat anti-mouse IgG1, AF 594 (A-21125) Life Technologies; Carlsbad, CA, USA
Goat anti-mouse IgG2a, AF 647 (A-21241) Life Technologies; Carlsbad, CA, USA
Goat anti-mouse IgG3, AF 488 (A-21151) Life Technologies; Carlsbad, CA, USA

ELISA and western blot
Anti-Diphtheria Toxin, goat (ab19950) Abcam; Cambridge, UK
Anti-Goat IgG (whole molecule)-Peroxidase anti-
body produced in rabbit (A4174) Sigma-Aldrich; St. Louis, MO, USA

Goat anti-Mouse IgG (H+L)-HRPO, MinX
Hu,Bo,Ho, (115-032-062) Dianova; Hamburg, Germany
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Buffers and Solutions
Alum extraction buffer 0.6 M sodium citrate dihydrate, 0.55 M sodium phos-

phate dibasic, 30 mM sodium dodecyl sulfate, pH 8.5
Brine Saturated aqueous solution of NaCl
Conjugation buffer for DSAP
conjugation chemistry 100 mM sodium phosphate, pH 7.4

Conjugation buffer for p-nitro-
phenol chemistry 100 mM sodium phosphate, pH 8

Coomassie staining solution 0.5 % (w/v) Coomassie Brilliant Blue R-250, 50 %
(v/v) methanol, 10 % (v/v) acetic acid

Coomassie destaining solution 50 % (v/v) methanol, 10 % (v/v) acetic acid
Coupling buffer 50 mM sodium phosphate, pH 8.5
Laemmli loading buffer, 4 x 40 % (v/v) glycerol, 0.25 M Tris-HCl, pH 6.8, with 4 %

(w/v) SDS and 0.015 % (w/v) bromophenol blue
Phosphate-buffered saline (PBS) 137 mM NaCl, 2.9 mM KCl, 10 mM Na2HPO4, 1.8 mM

KH2PO4, pH 7.4
PBS-T0.05 PBS with 0.05 % (v/v) Tween-20
PBS-T0.1 PBS with 0.1 % (v/v) Tween-20
PBS-BSA PBS with 1 % (w/v) BSA
PBS-T-BSA PBS with 0.01 % (v/v) Tween-20 and 1 % (w/v) BSA
Ponceau S staining solution 0.1 % (w/v) Ponceau S, 5 % (v/v) acetic acid
Protein A/G binding buffer 100 mM sodium phosphate, 150 mM NaCl, pH 7.4
Protein A/G elution buffer 200 mM glycine-HCl, pH 2.5
Protein A/G neutralization buffer 1 M Tris-HCl, pH 9
Quenching buffer for microarray 50 mM sodium phosphate, 50 mM ethanolamine, pH 9
Regeneration buffer for SPR 10 mM Tris-HCl, pH 1.7
SDS-PAGE running buffer 25 mM Tris, 192 mM glycine, pH 8.3, with 0.1 % SDS
SDS-PAGE separation buffer, 6 x 1.5 M Tris-HCl, pH 8.8
SDS-PAGE stacking buffer, 4 x 0.5 M Tris-HCl, pH 6.8
Silver stain fixing solution 50 % (v/v) ethanol, 12 % (v/v) acetic acid with 0.05 %

(v/v) aqueous 37 % formaldehyde
Silver stain solution 1 1 mM Na2S2O3

Silver stain solution 2 10 mM AgNO3 with 0.08 % (v/v) aqueous 37 %
formaldehyde

Silver stain solution 3 5 M Na2CO3, 1 mM Na2S2O3 with 0.04 % (v/v) aque-
ous 37 % formaldehyde

Tris-buffered saline (TBS) 50 mM Tris-HCl, 150 mM NaCl, pH 7.5
TBS-T TBS with 0.05 % (v/v) Tween-20
TBS-T-BSA TBS with 0.05 % (v/v) Tween-20 and 1 % (w/v) BSA
Western blot transfer buffer 25 mM Tris, 192 mM glycine, 10 % (v/v) methanol,

pH 8.3
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Cell Culture Basal Media, Buffers and Supplements

BM Condimed H1 Hybridoma Supplement, 10 x Roche; Mannheim, Germany
DPBS (Dulbecco’s Phosphate-Buffered Saline) PAN-Biotech; Aidenbach, Germany
DMEM (Dulbecco’s Modified Eagle Medium) PAN-Biotech; Aidenbach, Germany
DMSO cell culture grade AppliChem; Darmstadt, Germany
Fetal bovine serum (FBS), South America 3302 PAN-Biotech; Aidenbach, Germany
Gentamycin, 50 mg/mL Serva Electrophoresis; Heidelberg,

Germany
L-Glutamine, stable, 200 mM PAN-Biotech; Aidenbach, Germany
Hepes buffer solution, 1 mM PAN-Biotech; Aidenbach, Germany
HT supplement, 50 x (5 mM hypoxanthine,
0.8 mM thymidine), Gibco Life Technologies; Darmstadt, Germany

Hypoxanthine, aminopterin and thymidine (HAT)
supplement, 50 x Sigma-Aldrich; St. Louis, MO, USA

IMDM (Isocove’s Modified Dulbecco’s Medium),
L-Glutamine and Hepes, with 3.024 g/L NaHCO3 PAN-Biotech; Aidenbach, Germany

ISF-1 Medium, with 2.438 g/L NaHCO3, L-Alanyl-
L-Glutamine, Pluronic F68 Biochrom; Berlin, Germany
β-Mercaptoethanol, 50 mM in PBS PAN-Biotech; Aidenbach, Germany
Non-essential amino acids (NEAA), 100 x PAN-Biotech; Aidenbach, Germany
Pen/Strep (10,000 U/mL penicillin,
10 mg/mL streptomycin) PAN-Biotech; Aidenbach, Germany

RPMI (Roswell Park Memorial Institute) 1640
medium, without L-Glutamine, with 2 g/L
NaHCO3 PAN-Biotech; Aidenbach, Germany

Sodium pyruvate, 100 mM PAN-Biotech; Aidenbach, Germany
Trypsin/EDTA, 0.25 % / 0.02 % in PBS, without
calcium and magnesium PAN-Biotech; Aidenbach, Germany

Cell Culture Cultivation Media

All media were sterilized by filtering through bottle-top vacuum filters with 0.22µm pore

size before use. FBS was incubated at 56 ◦C for 45 min before use to inactivate complement

proteins.
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Complete IMDM IMDM supplemented with 10 % FBS, 2 mM L-Glutamine, 1 mM
sodium pyruvate, Pen/Strep (diluted 1:100), NEAA (diluted 1:100),
50µM β-Mercaptoethanol and 50µg/mL Gentamycin

Hybridoma selection IMDM supplemented with 10 % FBS, 2 mM L-Glutamine, 1 mM
sodium pyruvate, Pen/Strep (diluted 1:100), NEAA (diluted 1:100),
50µM β-Mercaptoethanol, 50µg/mL Gentamycin, BM Condimed
H1 Hybridoma Supplement (diluted 1:10) and HAT (diluted 1:50)

Serum-free ISF-1 ISF-1 supplemented with Pen/Strep (diluted 1:100) and 50µg/mL
Gentamycin

Complete RPMI RPMI supplemented with 10 % FBS, 2 mM L-Glutamine, 1 mM
sodium pyruvate and Pen/Strep (diluted 1:100)

Bone marrow cell RPMI supplemented with 10 % FBS, 2 mM L-Glutamine,
differentiation Pen/Strep (diluted 1:100), 20 ng/mL recombinant murine GM-CSF

Complete MEM MEM supplemented with 20 % FBS, 2 mM L-Glutamine and
Pen/Strep (diluted 1:100)

Bacteria and Cell Lines

Clinical isolates of C. difficile ribotypes 001, 014, 027, 048 and 078 were kindly supplied by

Dr. Ulrich Nübel of the Robert-Koch-Institut, Wernigerode, Germany. C. difficile ribotype

017 is a clinical isolate obtained by Prof. Jochen Mattner of the Universität Erlangen, Ger-

many. Clostridium bifermentans was a kind gift of Dr. Jochen Klumpp of the ETH Zürich,

Switzerland. The other bacteria were purchased from the Leibniz Institut DSMZ–Deutsche

Sammlung von Mikroorganismen und Zellkulturen, Braunschweig, Germany. Mammalian cell

lines were purchased from the American Type Culture Collection (ATCC), Manassas, VA,

USA. Formalin-inactivated bacteria were stored in PBS at 4 ◦C. Mammalian cell lines were

stored in liquid nitrogen (vapor phase) in appropriate culture medium supplemented with

10 % cell culture grade DMSO.
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Bacteria Source
Clostridium bifermentans Environmental isolate, ETH Zurich
Clostridium perfringens Environmental isolate, ETH Zurich
C. difficile reference strain DSM 1296 DSMZ
C. difficile ribotype 001 Clinical isolate, RKI Wernigerode
C. difficile ribotype 014 Clinical isolate, RKI Wernigerode
C. difficile ribotype 017 Clinical isolate, Universität Erlangen
C. difficile ribotype 027 Clinical isolate, RKI Wernigerode
C. difficile ribotype 046 Clinical isolate, RKI Wernigerode
C. difficile ribotype 078 Clinical isolate, RKI Wernigerode
Salmonella enterica DSM 17058 DSMZ
Streptococcus pneumoniae DSM 14377 DSMZ

Mammalian cell lines Source
Caco-2 human colon adenocarcinoma (HTB-37) ATCC
HL-60 human promyelocytic leukemia (CCL-240) ATCC
P3X63Ag8.653 mouse myeloma (CRL-1580) ATCC

Software
Biacore T100 Control and Evaluation Softwares GE Healthcare; Uppsala, Sweden
Excel 2010 Microsoft; Redmond, Washington, USA
FACSDIVA Software 6.1.3 BD Biosciences; Heidelberg, Germany
FlexAnalysis Software Bruker Daltonics; Bremen, Germany
FlowJo Analysis Software 7.6.5 Tree Star; Ashland, OR, USA
GenePix Pro 7 Molecular Devices; Sunnyvale, CA, USA
GraphPad Prism 6 GraphPad Software; La Jolla, CA, USA
OriginPro 8.6G Software OriginLab; Northampton, MA, USA
sciFLEXARRAYER Software Scienion; Berlin, Germany
Tecan i-control Software Tecan Trading; Männedorf, Germany
UNICORN 5.11 Software GE Healthcare; Uppsala, Sweden

2.2 Methods

Oligosaccharides

Oligosaccharides of C. difficile PS-I 1-6237,284 and 13286, the lipophosphoglycan capping

tetrasaccharide of Leishmania species 8287-289 and oligomers of C. difficile LTA 17-19285 were

synthesized by Dr. Christopher Martin according to published protocols. The hexasaccharide

repeating unit of C. difficile PS-II 7236 was synthesized by Dr. Ju Yuel Baek, and 3-Deoxy-

D-manno-oct-2-ulosonic acid (Kdo) 9290 was synthesized by Dr. You Yang, as described.
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Preparation of Microarrays

Synthetic amine-functionalized oligosaccharides or proteins were immobilized on commercial

N-hydroxysuccinimide (NHS) ester-activated microarray glass slides (CodeLink Activated

Slides; SurModics; Eden Prairie, MN, USA) using a piezoelectric spotting device (S3; Sci-

enion; Berlin, Germany) such that 64 identical subarrays were contained on each slide.252

For spotting, oligosaccharides or proteins were diluted in coupling buffer (50 mM sodium

phosphate, pH 8.5). Microarray slides were incubated in a humid chamber for 24 h at room

temperature to complete coupling reactions. Remaining NHS ester groups were deactivated

with quenching buffer (50 mM sodium phosphate, 50 mM ethanolamine, pH 9) for 1 h at

50 ◦C. Slides were rinsed three times with deionized water, dried by centrifugation (300 x g,

5 min) and stored desiccated until use.252

C. difficile Patients and Control Subjects

All clinical samples analyzed in this study were obtained from patients of the Univer-

sitätsklinikum Erlangen and were kindly provided by Prof. Jochen Mattner of the Universität

Erlangen, Germany.284 C. difficile infection (CDI) was diagnosed with a positive toxin ELISA

and the growth of C. difficile from fecal material 5-25 days after the onset of clinical symp-

toms. The majority of CDI patients were hospitalized in intensive care units due to surgeries

(e. g., abdominal, brain) or organ transplantation. The control groups reflect individuals

whose fecal samples were sent in for microbial analysis as well as patients without diarrhea.

Ten of the samples that were sent in for microbial analysis were not associated with gas-

trointestinal infections. In the remaining samples, Salmonella enterica (2 x), Campylobacter

jejuni (1 x), Citrobacter freundii (4 x), Pseudomonas aeruginosa (2 x), Proteus vulgaris (1 x),

Providencia rettgeri (1 x), Enterobacter cloacae (1 x) and Candida albicans (1 x) were iden-

tified. Most of the control subjects were ambulant patients, five suffered from malignant

disease and eight were hospitalized in intensive care units. All CDI patients and controls

were age- and sex-matched and between 10 and 92 years old.

Ethics Statement

Human serum and fecal samples: The study protocol (no. 4439) for the analysis of serum

and fecal specimens of C. difficile patients and control individuals was approved by the Ethics

Committee of the Universität Erlangen, Germany. Animal experiments: Mouse studies were
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performed in strict accordance with the German regulations of the Society for Laboratory

Animal Science and the European Health Law of the Federation of Laboratory Animal Science

Associations. All efforts were made to minimize suffering. Experiments other than infection

studies were performed at the Bundesinstitut für Risikobewertung, Berlin, Germany. Infection

studies were performed by Prof. Jochen Mattner at the Universität Erlangen, Germany.

Processing of Blood Samples

Fresh mouse blood samples were transferred to 1.5 mL microcentrifuge tubes and incubated

for at least 1 h at room temperature to induce blood clot formation. Blood was centrifuged

for 10 min at 1,200 x g to separate erythrocytes from serum. Serum was carefully transferred

from the supernatant into 0.5 mL microcentrifuge tubes and stored at -20 ◦C until use.

Human serum samples were kindly provided by Prof. Jochen Mattner, Universität Erlangen,

Germany.

Processing of Fecal Samples

Frozen human fecal samples were kindly provided by Prof. Jochen Mattner, Universität Erlan-

gen, Germany. After thawing, stool samples were weighed in 1.5 mL microcentrifuge tubes.

Two volumes of PBS supplemented with Protease Inhibitor Cocktail, EDTA-free (Sigma-

Aldrich; St. Louis, MO, USA) per stool wet weight were added. Samples were vortexed

vigorously, incubated on ice for 1 h, and centrifuged (10,000 x g, 20 min). Supernatants were

carefully transferred into 0.5 mL microcentrifuge tubes and stored at -20 ◦C until use.

Microarray-assisted Binding Analysis of Antibodies

Spotted and quenched microarray slides were blocked using PBS with 1 % (w/v) BSA (PBS-

BSA) for 1 h at room temperature, washed three times with PBS and dried by centrifugation.

FlexWell 64 grids (Grace Bio-Labs; Bend, OR, USA) were applied to the slides to yield 64

wells for individual experiments.252 Slides were incubated with fecal supernatant, serum or

monoclonal antibodies (mAbs) diluted in PBS with 0.01 % (v/v) Tween-20 and 1 % (w/v)

BSA (PBS-T-BSA). Fecal and serum samples were diluted 1:100 unless mentioned other-

wise. mAbs were diluted at concentrations ranging from 0.001 to 50µg mL-1. Hybridoma

supernatant was used undiluted. Slides were incubated with the respective samples for 1 h

at room temperature in a humid chamber. Wells were washed three times using PBS with

0.1 % Tween-20 (PBS-T0.1). The grids were removed and slides were dried by centrifugation
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(300 x g, 5 min). The dried microarrays were incubated with fluorescence-labeled detection

antibodies diluted in PBS-T-BSA for 1 h at room temperature in a humid chamber. Equal dis-

tribution of the antibody solutions was achieved by application of coverslips, as described.252

The following dilutions were used (detailed information on the antibodies can be found in

the Materials section above): anti-human IgA (F9637), 1:100; anti-human IgG (A-21445),

1:400; anti-mouse IgA (F9384), 1:200; anti-mouse IgG (A-31574), 1:400; anti-mouse IgG1

(A-21125), 1:400; anti-mouse IgG2a (A-21241), 1:400; anti-mouse IgG3 (A-21151), 1:200;

anti-mouse IgM (715-585-140), 1:200. After incubation with the detection antibodies, slides

were washed three times with PBS-T0.1, rinsed once with deionized water and dried by cen-

trifugation. The microarray slides were scanned with a GenePix 4300A scanner (Molecular

Devices; Sunnyvale, CA, USA). The photomultiplier tube (PMT) voltage was adjusted to

reveal scans free of saturated signals (usually, a value of 400). Image analysis was carried

out with the GenePix Pro 7 software supplied with the 4300A instrument. Background-

subtracted mean fluorescence intensity (MFI) values were exported to Microsoft Excel for

further analyses. For competition microarray analyses, pooled sera of mice immunized with

glycoconjugate 20 (Alum group, week 5, pooled, 1:1,500) was pre-incubated with adjuvant-

extracted glycoconjugate 20 at 0.4µg mL-1, or CRM197 (50µg mL-1) as control, for 5 min

before applying to blocked microarray slides. IgG antibody levels were detected and evaluated

as above, using anti-mouse IgG (A-31574).

Synthesis of Di-N-Succinimidyl Adipate Spacer

2.3 g of N-hydroxysuccinimide and 2.79 mL of Et3N were added to a solution of 1.453 mL

adipoyl chloride in 90 mL tetrahydrofuran and reacted for 24 h while stirring. The solvent

was evaporated in vacuo and the residue was partitioned between dilute aqueous hydrochloric

acid and chloroform. The organic layer was separated and washed successively with water

and brine, dried over sodium sulfate, filtered and evaporated to yield a white solid. The

product was recrystallized from isopropanol. The structure and purity of the final product

was confirmed by NMR spectroscopy with kind help of Dr. Stefan Matthies. DSAP spacer

was stored in a desiccated environment to prevent hydrolysis.

Glycoconjugate Preparation with Di-N-Succinimidyl Adipate Spacer

In this procedure, di-N-succinimidyl adipate (DSAP) serves as crosslinking reagent between

synthetic oligosaccharides bearing amine-functionalized linkers and lysine residues of the
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carrier protein.291 PS-I pentasaccharide 1 (3 mg) or PS-I disaccharide 3 (1.5 mg) were solu-

bilized in 100µL anhydrous dimethylsulfoxide (DMSO). LTA dimer 18 (2.6 mg) was dissolved

in 200µL anhydrous DMSO. Kdo 9 (2 mg) was dissolved in 190µL anhydrous DMSO and

10µL methanol. The respective solutions were added drop-wise, over a period of 30 min, to

stirred solutions containing 10-fold molar excess of DSAP solubilized in 200µL anhydrous

DMSO with 10µL Et3N. The mixture was reacted for an additional 1.5 h at room tempera-

ture while stirring. After addition of 0.4 mL conjugation buffer (100 mM sodium phosphate,

pH 7.4), non-reacted spacer was extracted twice with 10 mL of chloroform. The upper aque-

ous phase was recovered and immediately reacted with 1 mg of CRM197 (Pfénex; San Diego,

CA, USA) that was solubilized in 1 mL of conjugation buffer. After 12 h of incubation at

room temperature while stirring, the reaction product was desalted and concentrated with

deionized water using 10 kDa centrifugal filter units (Merck Millipore; Tullagreen, Ireland).

The protein concentration was determined with the Micro BCA Protein Assay Kit (Thermo

Scientific; Rockford, IL, USA) according to the manufacturer’s recommendations. Resulting

glycoconjugates 10 (with pentasaccharide 1), 11 (with Kdo 9), 12 (with disaccharide 3)

and 20 (with LTA dimer 18) were stored at 4 ◦C until use. A second preparation of the

glycoconjugate with 1 termed 10’ was prepared using the same protocol with 2.9 mg 1 and

1 mg CRM197. The GlcNAc-BSA glycoconjugate used to detect antibodies against the spacer

moiety was prepared with this method and was a kind gift by Dr. Chakkumkal Anish.

Preparation of Sodium Dodecyl Sulfate Polyacrylamide Gels

Separation gels (10 %) were prepared by mixing 4.9 mL deionized water, 1.7 mL 6 x separation

buffer (1.5 M Tris-HCl, pH 8.8), 3.3 mL acrylamide/bis-acrylamide 30 % (29:1) (AppliChem;

Darmstadt, Germany), 100µL of a 10 % (w/v) aqueous solution of ammonium persulfate

(APS) and 10µL of N,N,N’,N’-Tetramethylethylenediamine (TEMED) (AppliChem; Darm-

stadt, Germany). After application into a gel casting chamber (Mini-Protein Tetra; Biorad;

Munich, Germany) the solution was gently overlaid with 50 % (v/v) isopropanol and the

separation gel was allowed to polymerize for at least 30 min. The isopropanol layer was

gently removed and the stacking gel solution composed of 3 mL deionized water, 1.25 mL

4 x stacking gel buffer (0.5 M Tris-HCl, pH 6.8), 0.65 mL acrylamide/bis-acrylamide, 100µL

of 10 % APS and 10µL TEMED was added to the top of the polymerized separation gel.

An appropriate comb was applied and the stacking gel was allowed to polymerize for at least

30 min. Gels were used directly or stored at 4 ◦C.

44



2.2 Methods

Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis

Protein samples were dissolved in Laemmli loading buffer (40 % (v/v) glycerol, 0.25 M Tris-

HCl, pH 6.8 with 4 % (w/v) SDS and 0.015 % (w/v) bromophenol blue) and heated at

95 ◦C for 10 min. Samples were run on 10 % SDS-PAGE gels at 20 V cm-1 and stained

with Coomassie staining solution (0.5 % (w/v) Coomassie Brilliant Blue R-250, 50 % (v/v)

methanol, 10 % (v/v) acetic acid) for 30 min. Stained gels were destained with Coomassie

destaining solution (50 % (v/v) methanol, 10 % (v/v) acetic acid). As an alternative to

Coomassie staining, gels were stained by silver staining as follows. Gels were incubated

in fixing solution (50 % (v/v) ethanol, 12 % (v/v) acetic acid with 0.05 % (v/v) aqueous

37 % formaldehyde) for 1 h. After washing twice with deionized water for 10 min, gels were

incubated with silver stain solution 1 (1 mM Na2S2O3) for 1 min and washed three times with

deionized water for 20 s. Gels were incubated in silver stain solution 2 (10 mM AgNO3 with

0.08 % (v/v) aqueous 37 % formaldehyde) for 12 min. After washing twice with deionized

water for 20 s, gels were incubated silver stain solution 3 (5 M Na2CO3, 1 mM Na2S2O3 with

0.04 % (v/v) aqueous 37 % formaldehyde) for 10-20 min until protein bands became visible.

The reaction was stopped by washing twice with deionized water for 2 min.

Matrix-assisted Laser Desorption/Ionization with Time-of-Flight Mass Spec-

trometry

Mass spectra were acquired with an Autoflex Speed MALDI-TOF system (Bruker Dalton-

ics; Bremen, Germany). Samples were spotted using the dried droplet technique with

2,5-dihydroxyacetophenone (DHAP) as matrix292 on MTP 384 ground steel target plates

(Bruker Daltonics). The matrix was prepared by dissolving 7.6 mg DHAP in 375µL ethanol

and addition of 125µL of an 18 mg mL-1 aqueous solution of diammonium hydrogen citrate

(C6H8O7 · 2 NH3). Samples were prepared by mixing 2µL of desalted protein sample with

2µL of DHAP matrix and 2µL of 2 % (v/v) trifluoroacetic acid (TFA) prior to spotting. The

mass spectrometer was operated in linear positive mode. Mass spectra were acquired over

an m/z range from 30,000 to 210,000 and data was analyzed with the FlexAnalysis software

provided with the instrument.
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Glycan Determination with Anthrone Reagent

Anthrone reactions were performed in 96-well round-bottom plates following a published

procedure293 with modifications. 5 µL desalted solutions of 10, 12*, 16 or CRM197 were

added to 35 µL of a 0.1 % (w/v) solution of anthrone reagent in 98 % sulfuric acid. After

incubation at 95 ◦C for 20 min, plates were cooled down for 10 min at room temperature

and absorbance at 579 nm was determined in a spectrophotometric plate reader. Signals

were compared to standard curves using D-Glucose and L-Rhamnose at a molar ratio of 3:2

(for 10) or 1:1 (for 12* and 16). Such, total glycan content of the samples and average

antigen-to-CRM197 molar ratios were calculated. For 12* and 16, this calculation yielded 20

molecules of disaccharide 3 and 1.3 molecules of pentavalent OAA 15 (equal to 6.5 molecules

of the disaccharide 13) per molecule of CRM197, respectively.

Preparation of Intestinal Tissue Homogenates

A female C57BL/6 mouse immunized twice (at weeks 0 and 2) with 10 in the presence of

Alum adjuvant as described below was sacrified at week 18 after initial immunization. An

age-matched näıve mouse served as control. The intestinal tracts were surgically removed.

Feces were obtained from the retrograde portion of the colon. The small intestine and the

colon were separated from the remaining tissue and rinsed three times with ice-cold PBS sup-

plemented with Protease Inhibitor Cocktail, EDTA-free (Sigma-Aldrich; St. Louis, MO, USA)

to remove the luminal contents. Tissue was supplemented with 5 mL of ice-cold PBS with

Protease Inhibitor and homogenized with an IKA T10 homogenizer (IKA-Werke; Staufen,

Germany). After incubation on ice for 1 h, homogenates were centrifuged at 13,000 x g for

5 min. The supernatant was carefully removed and the protein content determined with

the Micro BCA Protein Assay Kit (Thermo Scientific; Rockford, IL, USA) according to the

manufacturer’s recommendations. For microarray binding studies, the protein concentration

was adjusted to 100µg mL-1 with PBS.

Glycoconjugate Preparation with Di-p-Nitrophenyl Adipate Spacer

In this procedure, di-p-nitrophenyl adipate serves as crosslinker between synthetic oligosac-

charides bearing amine-functionalized linkers and lysine residues of the carrier protein.294

The crosslinking reagent was kindly provided by Dr. Sharavathi Guddehali Parameswarappa.

To obtain glycoconjugate 12*, 2.2 mg (5.3µmol) disaccharide 3 were reacted with 6-fold
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molar excess of the crosslinking reagent in anhydrous DMSO/pyridine (2:1) in the presence

of Et3N for 2 h at room temperature. The reaction product was successively washed with

dichloromethane/diethylether (1:1) until thin-layer chromatography (TLC) revealed complete

removal of non-reacted crosslinking reagent. The reaction yielded 2.6 mg of the activated

half ester as white solid (74 % yield). 1.4 mg (2.1µmol) of the half ester were reacted

with 2 mg (34.2 nmol) of CRM197 (Pfénex; San Diego, CA, USA) in 100 mM sodium phos-

phate buffer, pH 8, for 24 h at room temperature. To obtain glycoconjugate 16, 380µg

(71.3 nmol) of pentavalent oligo(amidoamine) (OAA) 15 were reacted with 6-fold molar

excess of the crosslinking reagent in anhydrous DMSO/pyridine (2:1) in the presence of

Et3N for 2 h at room temperature. The reaction product was successively washed with

dichloromethane/diethylether (1:1) until TLC revealed complete removal of non-reacted

crosslinking reagent. The reaction yielded 230µg of the activated half ester as white

solid (58 % yield). The complete reaction product was reacted with 0.5 mg of CRM197

in 100 mM sodium phosphate buffer, pH 8, for 24 h at room temperature. The resulting gly-

coconjugates were desalted and concentrated with deionized water using 10 kDa centrifugal

filter units (Merck Millipore; Tullagreen, Ireland). The protein concentration was deter-

mined by measuring the absorbance at 280 nm in a Nanodrop ND-1000 spectrophotometer

(Thermo Scientific; Waltham, MA, USA), using an extinction coefficient of 54,320 M-1 cm-1.

The extinction coefficient was calculated from the amino acid sequence of CRM197 re-

trieved from www.reagentproteins.com/product detail/CRM197 Lyophilized.html with the

ProtParam program on web.expasy.org/protparam/. The glycoconjugates were stored at

4 ◦C until use.

Western Blots

Proteins were separated by SDS-PAGE as described above and electroblotted in western blot

transfer buffer (25 mM Tris, 192 mM glycine, 10 % (v/v) methanol, pH 8.3) onto polyvinyli-

dene difluoride (PVDF) membranes using a tank blotting system. Ponceau S staining was

performed to confirm successful protein transfer. After washing three times with TBS-T

(Tris-buffered saline with 0.05 % (v/v) Tween-20) to remove the Ponceau stain, PVDF mem-

branes were blocked with TBS-T containing 5 % (w/v) skimmed milk powder. The CRM197

protein was immunolabeled with goat anti-diphtheria toxin antibody (Abcam; Cambridge,

UK) diluted 1:2500 in TBS-T with 1 % (w/v) BSA (TBS-T-BSA) and detected with anti-

goat IgG horseradish peroxidase (HRP) conjugate antibody (Sigma-Aldrich; St. Louis, MO,
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USA) diluted 1:5000 in TBS-T-BSA after three washing steps with TBS-T. PS-I glycans were

immunolabeled with a mixture of mAbs 2C5, 10A1 and 10D6 (each at 2.5 µg mL-1 in TBS-

T-BSA) and detected with anti-mouse IgG HRP conjugate antibody (Dianova; Hamburg,

Germany) diluted 1:10,000 in TBS-T-BSA after three washing steps with TBS-T. Chemo-

luminescence was detected using the Amersham ECL Western Blotting Detection Reagent

(GE Healthcare; Uppsala, Sweden) according to the manufacturer’s recommendations, in a

LAS-4000 mini imager (Fujifilm; Tokyo, Japan).

Alum Adsorption Studies

Two assays were performed to quantify the adsorption of glycoconjugate 20 or CRM197

(Pfénex; San Diego, CA, USA) to aluminum hydroxide gel adjuvant (Alum Alhydrogel;

Brenntag; Frederikssund, Denmark). First, in a modified assay described by Skrastina et

al.295, Alum particles (3, 1.5, 0.3 or 0.03µL) were incubated with 3µg of glycoconjugate or

CRM197 in PBS (final volume 20µL) and briefly vortexed. Samples were incubated at 4 ◦C

for 0.5, 1, 4 or 24 h while rotating or used directly after mixing. Samples were centrifuged

at 3000 x g for 10 min. The protein concentration in the supernatant was determined with

the Micro BCA Protein Assay Kit (Thermo Scientific; Rockford, IL, USA) modified such

that it allowed for measuring small volume samples (5µL) in a NanoDrop ND-1000 Spec-

trophotometer (Thermo Scientific; Waltham, MA, USA). Percent values were calculated by

referencing to samples with Alum particles, but without protein set to 100 % and samples

with protein, but without Alum set to 0 %. Second, a described flow cytometric assay296

with modifications was performed. Different concentrations of the glycoconjugate or CRM197

(0.1, 1, 5 or 10µg) were incubated with 10µL of Alum in PBS (final volume 70µL) at 4 ◦C

while rotating for 24 h and subjected to flow cytometry, as described below.

Stability Studies of Glycoconjugates

To assess its long-term and temperature stability, glycoconjugate 20 was first filter-sterilized

(0.22µm pore size). The glycoconjugate was used either diluted in PBS, adsorbed to alum

hydroxide gel adjuvant (Alum Alhydrogel; Brenntag; Frederikssund, Denmark) at a ratio of

1:1 (w/v), or formulated as 50 % (v/v) emulsion with Incomplete Freund’s adjuvant (ICFA)

(Sigma-Aldrich; St. Louis, MO, USA). All samples contained 15µg of 20 in a final volume

of 100µL sterile PBS. The samples were incubated for one week at different temperature

regimes (7 d at 4 ◦C, 6 d at 4 ◦C and 1 d at 37 ◦C, 4 d at 4 ◦C and 3 d at 37 ◦C, or 7 d at 37 ◦C).
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The glycoconjugate was extracted from Alum particles with Alum extraction buffer (0.6 M

sodium citrate dihydrate, 0.55 M sodium phosphate dibasic, 30 mM sodium dodecyl sulfate,

pH 8.5), as described.297 To 100µL of the Alum-adsorbed glycoconjugate solution, 200µL of

Alum extraction buffer were added, mixed 10 times by inversion and incubated at 60 ◦C for

2.5 h with gently inverting the samples every 20 min. Samples were centrifuged at 425 x g for

2 min. The supernatant was directly used for analysis by SDS-PAGE or, after washing three

times with deionized water using 10 kDa centrifugal filter units (Merck Millipore; Tullagreen,

Ireland) to remove potentially detached glycans, to competition microarray studies. The

glycoconjugate was extracted from ICFA emulsions by using a described procedure298 with

minor modifications. To the emulsions (100µL), 50µL of benzyl alcohol was added and

vortexed for 20 min at maximum speed on a benchtop vortex. Samples were centrifuged at

16,100 x g for 10 min. Glycoconjugate was recovered from the aqueous (middle) phase that

was used directly for SDS-PAGE or, after washing three times with deionized water using

10 kDa centrifugal filter units (Merck Millipore), to competition microarray studies.

Flow Cytometry

All flow cytometry measurements were performed with a FACS Canto II instrument (BD

Biosciences; Heidelberg, Germany), counting at least 10,000 events per sample and using

PBS with 1 % (w/v) BSA (PBS-BSA) as sample buffer. The acquired data was exported

to the FlowJo Analysis Software 7.6.5 (Tree Star; Ashland, OR, USA) for further analysis.

Bone marrow-derived dendritic cells: Bone marrow-derived dendritic cells (BMDCs) or

bone marrow (BM) cells were incubated with anti-mouse CD11c-APC (eBioscience; San

Diego, CA, USA), anti-mouse CD80-FITC and anti-mouse CD86-PE (both BD Biosciences;

Heidelberg, Germany) antibodies, diluted 1:200 in PBS-BSA and incubated for 45 min at

room temperature protected from light. Cells were washed once with PBS-BSA and subjected

to flow cytometry. Opsonophagocytosis assay: Surface-bound bacteria were detected with

anti-mouse IgG Alexa Fluor 635 antibody (Life Technologies; Carlsbad, CA, USA) diluted

1:200 in PBS-BSA and washed once with PBS-BSA prior to flow cytometric measurement.

Alum adsorption assay: Alum particles that have been adsorbed with glycoconjugate 20 or

CRM197 (Pfénex; San Diego, CA, USA) were blocked with 10 % (w/v) BSA in PBS for 30 min,

washed once with PBS and incubated with undiluted hybridoma cell culture supernatant of

a proprietary anti-CRM197 mouse IgG clone 8H6 (a kind gift by Dr. Chakkumkal Anish and

Annette Wahlbrink) for 30 min. Particles were washed three times with PBS and incubated
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with goat anti-mouse IgG (whole molecule)-FITC (Sigma-Aldrich; St. Louis, MO, USA)

diluted 1:100 in PBS-BSA for 20 min. After washing once with PBS, particles were subjected

to flow cytometry.

Animals

Mice were kept in individually ventilated cages (IVCs) in the animal facility of the Bundesin-

stitut für Risikobewertung, Berlin, Germany under specific pathogen-free (SPF) conditions.

Mice were purchased from Charles River, Sulzfeld, Germany.

Immunizations

For all immunization studies, 6-8 weeks old, female C57BL/6 mice (Charles River; Sulzfeld,

Germany) were used. Immunizations were performed via the subcutaneous (s. c.) route into

the neck of mice using an injection volume of 100µL and sterile needles with a length of 0.5

inches. Antigens were diluted in sterile PBS. Immunizations with Freund’s adjuvant (FA)

(Sigma-Aldrich; St. Louis, MO, USA) were performed as follows: For each first immunization

(priming), the glycoconjugate or oligo(amidoamine) antigen (in PBS) was mixed with an

equal volume of Complete Freund’s adjuvant (CFA) with two 1 mL glass syringes connected

through a polytetrafluoroethylene (PTFE) adapter to a homogeneous emulsion that was used

for immunization. All subsequent immunizations were prepared with Incomplete Freund’s

adjuvant (ICFA) using the same procedure. For immunizations with Alum, glycoconjugate

antigens (in PBS) were pre-adsorbed in 1.5 mL microcentrifuge tubes with 1µL per µg

protein of aluminum hydroxide gel adjuvant (Alum Alhydrogel; Brenntag; Frederikssund,

Denmark) and rotated for 24 h at 4 ◦C. The glycan doses per injection were as follows: for

glycoconjugates 10, 12 and 20, 3µg; for oligo(amidoamine) 15, 5µg; for glycoconjugates

12* and 16, 1µg.

Enzyme-linked Immunosorbent Assays

Cytokines: Commercial ELISA kits were used to determine concentrations of interleukins

IL-1β, IL-6, IL-10 and IL-12 (Peprotech; Rocky Hill, NJ, USA) and tumor necrosis factor-

alpha TNF-α (R&D Systems; Minneapolis, MN, USA) according to the manufacturer’s

recommendations. Whole cells and proteins: Formalin-inactivated bacteria at an optical

density (OD600) of 0.2 or proteins at a concentration of 2 or 10µg mL-1 (all in PBS) were

adsorbed to the surface of 96-well ELISA plates overnight at 4 ◦C. After washing once with
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PBS, wells were blocked with PBS containing 1 % (w/v) BSA for 1 h at room temperature and

washed once with PBS. Wells were incubated with pooled mouse sera diluted 1:300 (PS-I) or

1:500 (LTA/PS-III) or antibodies at the indicated concentrations in PBS with 0.01 % (v/v)

Tween-20 and 1 % (w/v) BSA (PBS-T-BSA). After incubation for 1 h at room temperature,

wells were washed three times with PBS containing 0.05 % (v/v) Tween-20 (PBS-T0.5).

Wells were incubated with secondary antibodies, anti-mouse IgG HRP conjugate antibody

(Dianova; Hamburg, Germany) diluted 1:10,000 or anti-goat IgG HRP conjugate antibody

(Sigma-Aldrich; St. Louis, MO, USA) diluted 1:5000 (both in PBS-T-BSA) for 1 h at room

temperature. After washing three times with PBS-T0.5, wells were incubated with 3,3’,5,5’-

Tetramethylbenzidine (TMB) substrate (Thermo Scientific; Rockford, IL, USA) and the

color reaction was observed. After an appropriate incubation time at room temperature,

the reaction was stopped with 2 % sulfuric acid. Absorbance at 450 nm was measured in a

UV-Vis microplate reader (Tecan Trading; Männedorf, Germany).

Generation and Purification of Monoclonal Antibodies and Isotyping

The generation of mAbs to the pentasaccharide 1 followed our standard protocol252 using

glycoconjugate 10 composed of CRM197 (Pfénex; San Diego, CA, USA) and 1. Six 6-8

weeks old, female C57BL/6 mice (Charles River; Sulzfeld, Germany) were subcutaneosly

immunized with the glycoconjugate in the presence of aluminium hydroxide gel adjuvant

(Alum Alhydrogel; Brenntag; Frederikssund, Denmark) three times in two-week intervals.

Each immunization contained 3 µg of the immunogen 1. The antibody response was fol-

lowed weekly by glycan microarray-assisted analysis of sera for IgG antibodies to 1, CRM197

and the generic spacer moiety composed of aminopentyl and adipoyl moieties, as well as

control oligosaccharides. For serum IgG analysis, spotted and quenched microarray slides

were blocked for 1 h using PBS with 1 % (w/v) bovine serum albumin (BSA) (PBS-BSA),

washed three times with PBS and dried by centrifugation (300 x g, 5 min). Slides were then

equipped with 64-well incubation chambers (FlexWell 64; Grace Bio-Labs, Bend, OR, USA),

and incubated with mouse sera diluted 1:100 in PBS with 1 % (w/v) BSA and 0.01 % (v/v)

Tween-20 for 1 h in a humid chamber. After washing three times using PBS with 0.1 %

(v/v) Tween-20 (PBS-T0.1) and drying by centrifugation, the microarray slides were incu-

bated for 1 h with anti-mouse IgG Alexa Fluor 635 antibody (A-31574) diluted 1:400 in PBS

with 0.01 % Tween-20 (v/v) and 1 % BSA (w/v) (PBS-T-BSA) in a humid chamber. Af-

ter washing three times using PBS-T0.1 and rinsing once with deionized water, microarray

51



2.2 Methods

slides were dried by centrifugation and scanned with a GenePix 4300A microarray scanner

(Molecular Devices; Sunnyvale, CA, USA). The mouse with the highest IgG response to 1

was selected for splenocyte isolation one week after the third immunization. Splenocytes

were fused with P3X63Ag8.653 myeloma cells (ATCC CRL-1580) that were grown in com-

plete IMDM medium to obtain hybridomas using polyethylene glycol (PEG) 1500 (Roche;

Mannheim, Germany).252,299 The procedure followed the protocol of the BM Condimed H1

Hybridoma supplement (Roche; Mannheim, Germany). Fused hybridoma cells were seeded

into ten 96-well cell culture plates using Hybridoma Selection medium and observed for

clonal growth under a light microscope. Glycan microarray-assisted selection of hybridoma

clones followed our standard protocol.252 After the first subcloning step, Hybridoma Selection

medium was replaced with complete IMDM containing BM Condimed H1 Hybridoma sup-

plement and HT supplement (Life Technologies; Darmstadt, Germany) diluted 1:50. After

three subsequent subcloning steps, three hybridoma clones, 2C5, 10A1, and 10D6, producing

IgGs exclusively to 1 were recovered. To isolate mAbs, clonal hybridoma cells were gradually

adapted to serum-free ISF-1 medium (Biochrom; Berlin, Germany) and expanded. IgGs from

the supernatant medium were either isolated with the Proteus Protein G Midi Purification

Kit (AbD Serotec; Kidlington, UK) or by fast protein liquid chromatography (FPLC). The

isotypes of purified mAbs were determined with the Mouse Antibody Isotyping Kit MMT1

(AbD Serotec; Kidlington, UK) according to the manufacturer’s recommendations.

Fast Protein Liquid Chromatography

FPLC was performed on an Äkta Purifier UPC10 System (GE Healthcare; Uppsala, Sweden)

at 4 ◦C operated with the UNICORN 5.11 software supplied with the instrument. To purify

monoclonal antibodies (mAbs) on large scale, up to 1 L of hybridoma supernatant was passed

through 5 mL Pierce Protein A/G Chromatography cartridges (Thermo Scientific; Rockford,

IL, USA) overnight at flow rates ranging from 0.5 to 1 mL min-1. The next day, the following

program was chosen to elute the resin-bound mAbs at a flow rate of 5 mL min-1: 75 mL

(15 column volumes) of 100 % Protein A/G binding buffer (100 mM sodium phosphate,

150 mM NaCl, pH 7.4) to wash the column, then 50 mL (10 column volumes) of 80 % Protein

A/G binding buffer and 20 % Protein A/G elution buffer (200 mM glycine-HCl, pH 2.5) to

remove non-specifically bound proteins, and finally 100 mL (20 column volumes) of 100 %

Protein A/G elution buffer to elute IgGs. The flow-through was collected in 5 mL fractions

in 15 mL conical tubes that contained an appropriate amount of Protein A/G neutralization
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buffer (1 M Tris-HCl, pH 9) such that the final solutions attained approximately pH 7.4. The

presence of protein within the fractions was followed by on-line UV absorption at 280 nm. The

fractions that contained eluted IgG were concentrated using 10 kDa centrifugal filter units

(Merck Millipore; Tullagreen, Ireland) with PBS. Protein concentration was determined with

a NanoDrop ND-1000 Spectrophotometer (Thermo Scientific; Waltham, MA, USA). mAbs

were stored at 4 ◦C in PBS. For long-term storage, 0.02 % (w/v) sodium azide was added.

Surface Plasmon Resonance

All SPR measurements were performed on a Biacore T100 instrument (GE Healthcare; Up-

psala, Sweden) using CM5 sensor chips and PBS as running buffer. Polyclonal serum

antibody analysis: Pentasaccharide 1 or disaccharide 3 were coupled to the sensor chip

surface using the Amine Coupling Kit (GE Healthcare) and the standard parameters of the

Immobilization procedure in the Biacore Control software provided with the instrument.

Coupling conditions were the following: oligosaccharides diluted to 2 mM in 100 mM sodium

phosphate buffer, pH 7.4, a flow rate of 10µL min-1 and 420 s contact time, 25 ◦C. Binding

runs were performed with the standard parameters of the Binding function, using serum

diluted 1:50 in PBS, a flow rate of 30µL min-1 and a temperature of 25 ◦C. To compensate

for non-specific binding of serum components, samples were injected such that they passed

through a flow cell functionalized with 10,000 response units (RU) of BSA. The binding re-

sponses were monitored as a function of time (sensorgram) and were double-referenced with

PBS injections and BSA-functionalized flow cells. Regeneration buffer (10 mM glycine-HCl,

pH 1.7) was passed through the flow cells for 30 s after each single measurement. Bind-

ing and stability values were assessed with the Biacore Evaluation software provided with

the instrument. Analysis of mAbs: Affinities of mAbs were determined as described.239

Measurement flow cells were functionalized with about 10,000 RU of mouse IgG capture

antibody using Mouse Antibody Capture and Amine Coupling kits (both GE Healthcare)

following the manufacturer’s recommendations. Blank-immobilized flow cells were used as

reference to compensate for non-specific binding of analytes to the sensor chip surface. Ki-

netic measurement runs were performed with the Biacore T100 Control software supplied

with the instrument by using the Kinetics function. All measurements were performed at

25 ◦C and a flow rate of 30µL min-1. Approximately 500 RU of mAbs were captured at a

concentration of 50µg mL-1 in PBS. Then, oligosaccharides or oligo(amidoamine) (OAA)

constructs (all diluted in PBS) were passed through both reference and measurement flow
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cells at various concentrations. Standard parameters for association and dissociation times

were applied unless mentioned otherwise. After each single measurement, flow cells were

treated with regeneration buffer (10 mM glycine-HCl, pH 1.7) for 30 s. Kinetic evaluation of

binding responses was performed with the Biacore T100 Evaluation software supplied with

the instrument, using sensorgrams double-referenced to PBS injections and blank flow cells.

Two kinetic models, a 1:1 binding Langmuir model and a two-state reaction model (the latter

assuming a conformational change in the antibody-analyte complex) were evaluated for data

fitting. The quality of fits was evaluated by inspecting residual plots, chi square and standard

error values for association and dissociation rate constants (ka and kd, respectively). Both

models yielded comparable fittings. The 1:1 binding model was chosen over the two-state

reaction model to calculate ka, kd and equilibrium constant (KD) values, as the former makes

fewer assumptions. When ka and/or kd were outside of the measurable ranges of the instru-

ment, a steady-state equilibrium model was used instead to infer KD values. The kinetic 1:1

binding model was generally preferred over the steady-state model in cases where both were

applicable since the former provides more information. Kinetic and steady-state fits yielded

comparable KD values. Fitting of the dissociation stage only was performed with a custom

kinetic model kindly supplied by Dr. Uwe Bierfreund (GE Healthcare). Thermodynamic pa-

rameters were inferred by using the Thermodynamics function of the Biacore T100 Control

software with the same experimental set-up described above but temperatures ranging from

13 to 37 ◦C. Values for the changes in Gibb’s free energy (∆G), enthalpy (∆H) and entropy

(∆S) were inferred by van’t Hoff analysis with the Biacore T100 Evaluation software. In-

teraction Map (IM) analysis from SPR binding traces was kindly carried out by Dr. Karl

Andersson (Ridgeview Diagnostics; Uppsala, Sweden) according to published procedures.300

Isothermal Titration Calorimetry

All measurements were performed in a MicroCal ITC200 system (GE Healthcare; Uppsala,

Sweden) that was provided by Prof. Markus Wahl of the Freie Universität Berlin, Germany

with kind technical assistance of Nicole Holton. The temperature was 25 ◦C. Oligosaccharides

1 or 3 at 250µM or 3 mM, respectively, were titrated into the measurement cell containing

7µM of monoclonal antibodies 2C5 or 10A1 in PBS using an injection volume of 2µL.

The reference cell contained PBS only. Data analysis was performed with the OriginPro

8.6G software (OriginLab; Northampton, MA, USA) provided with the instrument. The One

Set of Sites model was used to fit the data points to infer thermodynamic parameters and
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stoichiometry values. Data for the low c value measurements in the case of disaccharide 3

were fitted with a constant stoichiometry of 2.

In vitro Differentiation of Mouse Bone Marrow Cells and Stimulation Assays

Bone marrow (BM) cells were isolated from femurs and tibias of six weeks old female BALB/c

mice. Cell suspensions were adjusted to 106 cells mL-1 and seeded into 6-well cell culture

plates (3 mL per well) in bone marrow cell differentiation medium (RPMI supplemented

with 10 % FBS, 2 mM L-Glutamine, Pen/Strep (diluted 1:100) and 20 ng mL-1 recombinant

murine GM-CSF (Peprotech; Rocky Hill, NJ, USA)). Cells were incubated for 8 days at

37 ◦C and 5 % CO2 to induce differentiation into dendritic cells (DCs). Every 2-3 days,

cells were fed by gently swirling the plates, aspirating 75 % of the medium and adding

fresh bone marrow cell differentiation medium. Successful differentiation was assessed by

flow cytometric determination of CD11c expression with non-differentiated BM cells serving

as controls. For stimulation assays, BM-derived dendritic cells (BMDCs) were adjusted to

2.5 x 106 cells mL-1 in medium without GM-CSF and seeded into 96-well cell culture plates

(200µL per well) supplemented with different concentrations of LTA dimer 18 or E. coli

lipopolysaccharide (LPS) (Sigma-Aldrich; St. Louis, MO, USA). BMDCs in medium alone

served as control. Cells were incubated for 12 h at 37 ◦C and 5 % CO2. Culture supernatants

were recovered for cytokine determination by ELISA and cells for flow cytometric quantitation

of DC activation markers.

Opsonophagocytosis Assay

The OPA followed published procedures301 with modifications. The assay was performed with

HL-60 cells (CCL-240; American Type Culture Collection; Manassas, VA, USA) that were

differentiated to granulocyte-like cells with N,N-dimethylformamide (DMF), as described.302

HL-60 cells (105 cells mL-1) were incubated in RPMI-1640 with 10 % fetal calf serum, 100

U mL-1 penicillin, 100 µg mL-1 streptomycin, 2 mM L-Glutamine and 100 mM DMF for seven

days at 37 ◦C and 5 % CO2. Cell viability was confirmed by Trypan Blue exclusion assay. Cells

with a viability of 80-90 % were used. All incubation and washing steps were performed with

1 % BSA in PBS. Formalin-inactivated bacteria (C. difficile ribotype 014) were incubated

with pooled serum of mice immunized with glycoconjugate 20 in the presence of Alum (sera

of weeks 0 and 5) diluted 1:50 for 30 min at 37 ◦C while shaking. Bacteria were washed three

times. Bacterial adhesion was performed in 96-well round-bottom plates by adding 25µL
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bacterial suspension with an optical density (OD600) of 1.2 to 106 differentiated HL-60 cells

in a final volume of 125µL per well and incubation at 4 ◦C for 30 min. Cells were washed

three times with ice-cold buffer to remove unbound bacteria. Then, cells were incubated for

45 min at either 4 ◦C to measure adhesion or 37 ◦C to measure phagocytosis. After washing

three times with ice-cold buffer, non-phagocytosed bacteria were detected by incubating cells

with pooled serum (week 5) diluted 1:50 for 20 min and, after washing once, with goat anti-

mouse IgG Alexa Fluor 635 antibody (Life Technologies; Carlsbad, CA, USA) diluted 1:500.

The amount of surface-bound bacteria was determined by flow cytometry.

C. difficile Adhesion Inhibition Assay

This assay was performed with kind help of Prof. Jochen Mattner and Erik Wegner at

the Universität Erlangen, Germany. The ability of antibodies to inhibit bacterial adhesion

to intestinal surfaces was determined with an in vitro assay described before303–305 with

minor modifications. Caco-2 human colon epithelial cells (HTB-37; American Type Culture

Collection; Manassas, VA, USA) were seeded into 96-well tissue culture plates (2 x 104 cells

per well) in complete MEM (MEM supplemented with 20 % FBS, 2 mM L-Glutamine and

Pen/Strep diluted 1:100) and grown for 2 days at 37 ◦C and 5 % CO2 to obtain confluent

monolayers. Cells were rinsed twice with serum- and antibiotics-free MEM and C. difficile

bacteria obtained from liquid overnight cultures were washed twice with PBS. Cells and

bacteria were pre-incubated at 37 ◦C and 5 % CO2 with either pooled sera of mice immunized

with glycoconjugate 20 (diluted 1:100 in MEM), 10 % xylitol solution in MEM, monoclonal

antibody 2C5 (100µg mL-1 in MEM) or MEM alone, cells for 45 min and bacteria for 10 min.

Then, C. difficile suspensions were added to the Caco-2 monolayers (4 x 104 bacteria per well)

and co-incubated at 37 ◦C and 5 % CO2 for 1 h. Non-adherent bacteria were removed by

washing three times with MEM. The monolayers were then treated with 1 % EDTA in PBS

and detached by vigorous pipetting. Cell suspensions were vortexed, plated at appropriate

dilutions onto blood agar plates and cultivated for at least 24 h at 37 ◦C under anaerobic

conditions before counting of colony-forming units (CFUs).

C. difficile Challenge Studies

The challenge studies were performed with the kind help of Prof. Jochen Mattner and Erik

Wegner at the Universität Erlangen, Germany. Female, 6-8 weeks old C57BL/6 mice were

rendered susceptible to C. difficile infection and colitis with intraperitoneal (i. p.) injections
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of clindamycin (20 mg per kg body weight) for one day.306 The next day, mice were chal-

lenged via oral gavage with 107 (active immunization studies) or 108 (passive immunization

studies) CFUs of the C. difficile strain M68.307 M68 is a clindamycin-resistant ribotype 017

strain isolated from a hospital outbreak of C. difficile disease in Dublin, Ireland.156 Intestinal

colonization was quantified five or eight days after the infection by determining the C. difficile

CFUs in fecal suspensions that were plated at limited dilutions on selective agar medium and

cultivated for 24 h at 37 ◦C. The degree of colonization is diplayed as CFUs per g of feces.

Enterococcus spp. CFUs served as control. Characteristic colonies were counted and iden-

tified at random by MALDI-TOF MS analysis. Histopathological analysis of colon samples

was performed to determine the degree of colitis. For active immunization experiments, mice

received Alum-adjuvanted glycoconjugates s. c. at doses corresponding to 3µg glycan anti-

gen. Glycoconjugates 10’ and 11 were administered two times at days -21 and -7 relative to

the infection, 20 and CRM197 (a protein amount equal to 20) were injected three times at

days -35, -21 and -7. For passive immunization studies, mice received purified monoclonal

antibodies i. p. and intrarectally (i. r.), both 100µg, three times at days -7, -3 and 0 relative

to bacterial challenge. Control groups contained non-infected and sham-immunized (with an

equivolume of PBS) mice.
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Chapter 3

Results
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Broecker F, Hanske J, Martin CE, Baek JY, Wahlbrink A, Wojcik F, Hartmann L, Rade-
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A discussion and outlook of the results presented in this chapter is provided in Chapter 4.
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3.1 Synthetic C. difficile Polysaccharide-I Glycans as Vaccine

Candidates

The potential of synthetic C. difficile PS-I glycans as immunogens for preventive vaccines was

investigated. The PS-I-derived oligosaccharides used in this study were kindly provided by

Dr. Christopher Martin and obtained following published synthetic routes.237,284 They com-

prised the pentasaccharide repeating unit, α-Rhap-(1→3)-β-Glcp-(1→4)-[α-Rhap-(1→3)]-

α-Glcp-(1→2)-α-Glcp 1 and substructures thereof; trisaccharide Rha-(1→3)-Glc-(1→4)-Glc

2, disaccharide Rha-(1→3)-Glc 3, rhamnose 4, tri-glucoside Glc-(1→4)-Glc-(1→2)-Glc 5 and

di-glucoside Glc-(1→2)-Glc [Fig. 3.1]. The following three structurally nonrelated oligosac-

charides served as controls. C. difficile PS-II hexasaccharide repeating unit 7 was kindly pre-

pared by Dr. Ju Yuel Baek following reported synthesis protocols.236 The lipophosphoglycan

capping tetrasaccharide of Leishmania species 8 was synthesized by Dr. Christopher Martin,

as described.287–289 3-Deoxy-D-manno-oct-2-ulosonic acid (Kdo) 9 was kindly supplied by

Dr. You Yang.290 All oligosaccharides were equipped with an aminopentyl linker moiety at

the reducing end that allowed for orientation-specific covalent linkage to microarray surfaces

and protein carriers to facilitate their immunological evaluation.

3.1.1 Synthetic PS-I Glycans Are Antigenic and Recognized by Antibodies

of C. difficile Patients

One prerequisite for an oligosaccharide to act as candidate immunogen for a vaccine is its

recognition by antibodies raised during natural human infection, referred to as antigenicity.253

Precedence for this approach is provided by the identification of serum IgG antibodies to

clostridial toxins in CDI patients by enzyme-linked immonosorbent assay (ELISA) that was

the starting point to the successful use of toxins for vaccination.135,137–139 The recent gly-

can microarray-assisted detection of secreted IgA (sIgA) antibodies to the synthetic PS-II

repeating unit 7 in the feces of CDI patients by Seeberger and colleagues provided first

experimental evidence for the antigenicity of C. difficile surface glycans.236 Consequently, 7

proved to be immunogenic in mice. Glycan microarrays are a powerful tool to characterize

the antigenic properties of oligosaccharides by enabling multiplexed binding studies with an-

tibodies of diverse clinical specimens.253 The recognition patterns of natural antibodies to a

given set of oligosaccharides allows for the rational selection of the most promising glycan

epitope(s) for subsequent immunological studies in small animal models.
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Figure 3.1: Synthetic oligosaccharides of C. difficile PS-I 1-6 and control glycans, C. difficile
PS-II hexasaccharide 7, Leishmania lipophosphoglycan capping tetrasaccharide 8 and Kdo 9.

To investigate their antigenicity, PS-I oligosaccharides 1-6 were covalently coupled via the

amine-functionalized linkers to the surface of N-hydroxysuccinimide (NHS) ester-activated

microarray slides. This enabled the multiplexed screening for glycan-specific antibodies in

human clinical specimens [Fig. 3.2a]. Oligosaccharides 7 and 8 as well as coupling buffer were

spotted as controls [Fig. 3.2b]. The clinical samples used in this study were kindly provided

by Prof. Jochen Mattner of the Universität Erlangen, Germany. First, sera obtained from 35

reconvalescent CDI patients (diagnosed with toxigenic C. difficile and recovered) were tested

for the presence of IgG to 1-8. 24 age- and sex-matched individuals without known history

of CDI served as control group. Serum IgG to the C. difficile glycans 1-7 was detected in all

individuals of both groups [Fig. 3.2b]. IgG to 8 was found in about 50 % of all individuals

at generally low levels (data not shown). Quantitative analysis of serum IgG levels to 1-7

revealed a high degree of inter-individual variation in both groups [Fig. 3.2c]. The universal

presence of IgG to rhamnose 4 confirmed reports by others.308,309 There was no statistically

significant difference in serum IgG levels between CDI patients and controls for any of the

investigated glycans except for tri-glucoside 5. Collectively, microarray-assisted serum IgG
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Figure 3.2: Microarray-assisted detection of IgG to PS-I glycans in human serum specimens.
(a) Experimental setup. Oligosaccharides were coupled to microarray surfaces and probed with
sera containing IgG that was detected by a fluorescence-labeled anti-IgG antibody. (b) The
microarray spotting pattern is shown to the left. Oligosaccharides were spotted at 0.1 mM
(small circles) or 1 mM (large circles). Representative microarray scans are shown to the right.
(c) Serum IgG levels expressed as microarray-inferred mean fluorescence intensity (MFI) values
obtained from the indicated oligosaccharides spotted at 1 mM. Circles represent single individuals
(mean values of two experiments), horizontal lines the mean of each group. *P ≤ 0.05; unpaired
two-tailed Student’s t-Test. Figure modified from Martin et al.284

analysis demonstrated that synthetic PS-I glycans 1-6 are antigenic and represent naturally

occurring epitopes recognized by systemic human antibodies.

sIgA serves as first line of defense against intestinal infections.310 To investigate for the

presence of sIgA to PS-I epitopes, fecal specimens obtained from 19 CDI patients and 23

age- and sex-matched controls without CDI were subjected to glycan microarray analysis

[Fig. 3.3a]. The majority of samples of both groups contained detectable levels of sIgA to

1-6 and 7 [Fig. 3.3b]. sIgA to PS-II hexasaccharide 7 has been identified previously in feces

of CDI patients.236 Fewer than 50 % of all samples contained detectable amounts of sIgA

to 8 (data not shown). Quantitative analysis revealed that levels of sIgA to 1-7 were highly

variable inter-individually [Fig. 3.3c]. While there was no statistically significant difference

between CDI and control individuals, the data verified the presence of mucosal antibodies

to PS-I epitopes 1-6. The presence of fecal sIgA and serum IgG to 1-7 in non-CDI control

individuals may have been the result of previous asymptomatic exposure to C. difficile.40
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Figure 3.3: Microarray-assisted detection of sIgA to PS-I glycans in human fecal specimens.
(a) Experimental setup. Oligosaccharides were coupled to microarray surfaces and probed with
fecal supernatants containing sIgA that was detected with fluorescence-labeled anti-IgA antibody.
(b) The microarray spotting pattern is shown to the left. Oligosaccharides were spotted at
0.1 mM (small circles) and 1 mM (large circles). Representative microarray scans are shown to
the right. (c) Fecal sIgA levels of the indicated patient groups expressed as microarray-inferred
MFI values obtained from the indicated oligosaccharides spotted at 1 mM. Circles represent
single individuals (mean values of two experiments), horizontal lines the mean of each group.
(d) Exemplary microarray scans representing fecal sIgA signals to the indicated glycans spotted
at 1 mM in quadruplicate. (e) Fecal sIgA levels of the indicated patient groups depicted as in
panel (c). *P ≤ 0.05; unpaired two-tailed Student’s t-Test. Figure modified from Martin et al.284

High levels of fecal sIgA to TcdA in CDI patients have been shown to correlate with

mild clinical symptoms, suggesting protective effects of these particular antibodies.311 To

determine whether glycan-specific fecal sIgA levels likewise correlate with disease symptoms,

additional fecal specimens of CDI patients distinguished by clinical disease parameters were

subjected to microarray-assisted antibody analysis. A group of eleven patients had self-

limiting disease with watery diarrhea fewer than three times daily for less than five days

associated with mild abdominal cramping and tenderness (mild disease). A second group

comprising 25 patients presented with persisting watery diarrhea more than five times daily

over ten days or longer and at least one of the following symptoms: fever, blood/pus in

the stool, abdominal cramping/pain (severe disease). Ten individuals not diagnosed with

CDI served as controls. Fecal sIgA levels were quantified using microarrays displaying PS-I

pentasaccharide 1 and PS-II hexasaccharide 7 [Fig. 3.3d]. sIgA levels to 1 were significantly

higher in CDI patients with mild disease than in the controls [Fig. 3.3e]. Most importantly,
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patients with mild disease showed significantly higher sIgA levels to both 1 and 7 as compared

to those with severe disease. This correlation raises the possibility that mucosal antibodies

to 1 and 7 contribute to immune defense against C. difficile in the intestinal tract.

3.1.2 The PS-I Pentasaccharide Repeating Unit Is Immunogenic in Mice

PS-I pentasaccharide 1 was selected for further immunological evaluation in mice. The

presence of anti-1 IgG/sIgA in all investigated clinical specimens [Figs. 3.2 & 3.3] suggested

that this epitope is commonly immunogenic during human exposure to C. difficile. Elevated

sIgA levels correlated with milder clinical symptoms in CDI patients [Fig. 3.3], indicating

protective effects. In addition, 1 contains two terminal rhamnose residues [Fig. 3.1]. As

a non-mammalian sugar, rhamnose is foreign to the immune system and by itself highly

immunogenic in humans and mice.308,309,312,313 This suggested that immunogenicity of 1

may benefit from the two rhamnose units.

To study its immunogenicity in mice, 1 was first conjugated to the carrier protein CRM197.

Covalent linkage to a protein enhances the usually poor immunogenicity of carbohydrates

and helps to induce T cell-dependent antibody responses.226 CRM197, a non-toxic mutant

of the diphtheria toxin314,315, is constituent of licensed conjugate vaccines against various

bacterial pathogens223–225 and a suitable carrier for synthetic oligosaccharides316. Reaction of

1 via the amine-functionalized linker to lysine side chains of CRM197 using di-N-succinimidyl

adipate (DSAP) as crosslinker furnished glycoconjugate 10 [Fig. 3.4a]. Analysis by denaturing

sodium dodecyl acrylamide gel electrophoresis (SDS-PAGE) showed that 10 ran at a higher

mass than native CRM197 did [Fig. 3.4b]. This verified successful conjugation. There was no

evidence of nonreacted protein. The mass shift between CRM197 and 10 was quantified by

matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF

MS) to be about 9,500 Da [Fig. 3.4c]. The difference in mass corresponded to an average of

9.6 molecules 1 per CRM197. Colorimetric carbohydrate quantification by anthrone assay293

was in agreement with MALDI-TOF MS analysis and further verified incorporation of 1 into

10 [Fig. 3.4d].

To assess its capability of eliciting antibodies to immunogen 1, mice were immunized with

10 in a prime-boost regime [Fig. 3.5a]. Three groups of six mice received 10 subcutaneously

(s. c.) either non-adjuvanted, with aluminum hydroxide (Alum), or with Freund’s adjuvant

(FA). Alum was selected as a human-approved adjuvant for glycoconjugate vaccines223–225

and FA due to its potent promotion of anti-glycan antibodies in mice236. Each injection
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Figure 3.4: Preparation and characterization of glycoconjugate 10. (a) Reaction scheme.
Reagents and conditions: (i) di-N-succinimidyl adipate, Et3N DMSO; (ii) CRM197, 100 mM
sodium phosphate, pH 7.4. Graphical representation of CRM197 was retrieved from the RCSB
Protein Data Bank on www.rcsb.org. (b) Denaturing SDS-PAGE analysis of 10 and CRM197.
Protein was stained with Coomassie brilliant blue. Numbers to the left are marker protein sizes
in kDa. (c) MALDI-TOF MS analysis of 10 (red) and CRM197 (blue). a.u., arbitrary units.
(d) The glycan concentration of a solution of 10 was determined by two methods. Results
obtained from MALDI-TOF MS analysis in combination with bicinchoninic acid (BCA) protein
determination (gray) and from anthrone assay (black) are shown. Bars represent mean + SD of
three independent experiments. Figure modified from Martin et al.284

contained an amount of 10 corresponding to 3µg of immunogen 1. Sera were retrieved

at various time points up to 18 weeks after the initial immunization to follow the antibody

responses over time. Microarray slides displaying immunogen 1, CRM197 as well as control

oligosaccharides 7 and 8 were employed to study antibody binding specificities [Fig. 3.5b].

A dummy glycoconjugate composed of GlcNAc monosaccharide and bovine serum albumin

(BSA) that was synthesized with the same chemistry as 10 (a kind gift of Dr. Chakkumkal

Anish) was also included. The GlcNAc-BSA conjugate allowed for detecting antibodies to

the generic spacer moiety of aminopentyl and adipoyl groups. The spacers of glycoconju-

gates can be immunogenic and may in some cases suppress antibody responses to the glycan

immunogen.317 Microarray analysis revealed that immunization with 10 induced serum an-

tibodies to all components of the glycoconjugate; the immunogen 1, the carrier protein and

the spacer [Fig. 3.5c]. Detectable quantities of anti-1 antibodies were found in serum of

four of six mice (no adjuvant), five of six mice (Alum) and six of six mice (FA). Antibodies

to 7 and 8 remained undetectable throughout the observation period in any of the mice,

demonstrating the high specificity of anti-glycan antibodies for 1. Quantification of anti-

body levels revealed robust induction of anti-1 IgM, IgG and IgA in all three groups of mice
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Figure 3.5: Immunogenicity of glycoconjugate 10 in mice. (a) Immunization regime. C57BL/6
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the right. (d) Serum antibody levels expressed as microarray-inferred MFI values obtained from
1 spotted at 1 mM. Data points show mean±SEM of six mice. *P ≤ 0.05, **P ≤ 0.01; unpaired
two-tailed Student’s t-Test. (e) Experimental setup applying to panel (f). (f) IgG binding
signals of pooled serum (Alum group) at week 5 to different bacteria as determined by whole cell
ELISA. Signals were normalized to those of week 0 (dashed line). Bars show mean + SD of two
independent experiments in duplicate. Statistical significance (week 5 vs week 0) is indicated as
in panel (d). Figure modified from Martin et al.284

[Fig. 3.5d]. Long-lived antibody responses detectable 18 weeks after initial immunization and

isotype switching from IgM to IgG and IgA indicated the involvement of T cell help. While

10 was immunogenic by itself, co-administration with an adjuvant further promoted anti-1

antibodies. FA was more effective than Alum and helped to raise IgM, IgG and IgA levels

that were significantly higher as compared to those elicited by non-adjuvanted 10.

Alum was slightly less efficient than FA but is the more relevant adjuvant for potential

clinical applications, as it is approved for human use and part of licensed glycoconjugate

vaccines.223–225 Therefore, the ability of antibodies elicited by 10 with Alum to recognize

the native polysaccharide on the surface of C. difficile was investigated by whole cell ELISA.

Formalin-inactivated bacteria were immobilized in ELISA plates, with Clostridium perfringens

65



3.1 Synthetic C. difficile Polysaccharide-I Glycans as Vaccine Candidates

Stomach
Small

intestine

Caecum

Colon

Naïve or immunized
with 10 (week 18)

IgG
IgM
IgA

1

Naïve
Im

m
unize

d

Colon
homogenate

Naïve
Im

m
unize

d

Small intestine
homogenate

Naïve
Im

m
unize

d

Feces

Immobilized
glycan

Microarray surface

Detection
antibody

Mucosal
antibodies

a b c

Figure 3.6: Detection of anti-1 antibodies in the intestine of a mouse immunized with 10.
(a) The small intestine and colon of a mouse immunized with 10 in the presence of Alum
(see Fig. 3.3a) were removed at week 18. An age-matched näıve mouse served as control.
Supernatants of tissue homogenates and feces were subjected to microarray-assisted analysis
of the mucosal antibodies. (b) Experimental setup. (c) The spotting pattern is shown to the
left. Compound 1 was spotted in triplicate at 0.1, 0.5 and 1 mM. Exemplary microarray scans
representing anti-1 antibodies in both mice with the indicated color code are shown to the right.

serving as control [Fig. 3.5e]. C. difficile and C. perfringens are phylogenetically closely related

species.318 Yet, PS-I polysaccharide has been exclusively identified on C. difficile to date.232

IgG of pooled serum at week 5 weakly but significantly bound to the C. difficile reference

strain DSM1296 as well as to isolates representing the clinically relevant ribotypes 001, 017

and 07819,156 [Fig. 3.5f]. No significant binding to C. difficile ribotype 046 or C. perfringens

was observed. This demonstrated that anti-1 antibodies specifically bound to the natural

polysaccharide on the surface of C. difficile. The overall weak binding signals were likely the

result of low and inconsistent expression levels of PS-I in vitro.232

In order to confer protection from C. difficile infection, the anti-1 antibodies need to lo-

calize to the site of infection. Infection occurs via ingested C. difficile spores that germinate

in the small intestine. Vegetative bacteria then migrate and adhere to colonic mucosa where

they multiply and cause disease.27 Mucosal antibodies that mediate resistance to intestinal

infections comprise sIgA produced by tissue-resident B cells310 as well as serum IgG118,119

and IgM120 transported into the intestinal lumen via receptor-mediated transcytosis. Con-

sequently, the mammalian intestine harbors significant amounts of anti-bacterial IgG and

IgM in addition to sIgA.319 To test whether anti-1 antibodies elicited by s. c. immunization

with 10 localize to the intestine, one mouse of the Alum group was sacrificed at week 18

post-immunization. The intestinal tract was removed and homogenates of small intestine

and colon tissues were subjected to glycan microarray-assisted antibody analysis [Fig. 3.6a,b].

Supernatants of the homogenates and feces of the same mice contained high amounts of

anti-1 IgG and IgM, but not IgA [Fig. 3.6c]. In contrast, there was no evidence for anti-1

antibodies in corresponding samples of an age-matched näıve mouse. This showed that s. c.
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immunization with 10 did not lead to signficant levels of mucosal sIgA, but the raised anti-1

IgG and IgM antibodies were efficiently transported from the serum into the intestinal lumen

and may thereby mediate protection from C. difficile.

3.1.3 Immunization with PS-I Pentasaccharide Limits C. difficile Coloniza-

tion in Mice In Vivo

Next, the ability of a vaccine candidate with immunogen 1 to limit experimental C. difficile

disease in mice was investigated. A new glycoconjugate of CRM197 and 1 termed 10’ was

prepared with similar reaction conditions used to obtain 10 [Fig. 3.7a]. Kdo monosaccharide

9 expressed by Gram-negative bacteria290,320 was coupled to the same carrier protein to

furnish control glycoconjugate 11 [Fig. 3.7b]. Increased masses of both 10’ and 11 relative

to native CRM197 observed by denaturing SDS-PAGE analysis verified successful conjuga-

tions [Fig. 3.7c]. The mass differences to CRM197 were determined to be 7,500 Da (10’)

and 3,100 Da (11) by MALDI-TOF MS analysis [Fig. 3.7d]. For 10’ and 11, respectively,

this corresponded to an average of 7.5 molecules 1 and 7 molecules 9 per CRM197. Hav-

ing an almost similar antigen loading as compared to 10’, 11 provided a suitable control

glycoconjugate for the intended challenge studies.
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the presence of Alum at the indicated time points. Serum and feces were retrieved to assess
antibody responses and degrees of bacterial colonization, respectively. (b) Microarray scans
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Two groups of eight mice were immunized s. c. with either 10’ or 11 in a prime-boost

regime [Fig. 3.8a]. Alum was used as adjuvant. Each injection comprised 3µg of the re-

spective glycan antigen. Six or five of the animals immunized with 10’ or 11, respectively,

were orally challenged with 107 colony-forming units (CFUs) of the C. difficile M68 strain

that is known to colonize the murine intestine and to induce colitis.307 The challenge studies

were kindly performed by Prof. Jochen Mattner, Universität Erlangen, Germany. One day

prior to the challenge, mice were rendered susceptible to C. difficile infection by intraperi-

toneal administration of the antibiotic clindamycin, as described.306 The degree of intestinal

colonization five days post-challenge was determined by counting the C. dfficile CFUs in fe-

cal suspensions after culture at limited dilutions on selective agarose medium. Serum IgG

responses at days -21 and 5 relative to the challenge were assessed with microarray slides

presenting PS-I pentasaccharide 1 and Kdo 9 [Fig. 3.8b]. Expectedly, mice immunized with

10’ elicited IgG to 1 and injection of 11 promoted IgG to 9. All mice mounted IgG to

CRM197, as inferred by ELISA [Fig. 3.8c], demonstrating that every animal was successfully
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immunized. Comparison of the microarray-inferred IgG levels at days -21 and 5 revealed

that seven of eight mice immunized with 10’ elicited detectable amounts anti-1 antibodies.

By contrast, neither mouse immunized with 11 had IgG to 1. The mean level of C. difficile

colonization determined as CFUs per gram of feces was lower by 99 % in mice immunized

with 10’ than in the control group, with statistical significance [Fig. 3.8d]. Most notably,

fecal C. difficile was indectable (CFU = 0) in five of six mice administered with 10’, whereas

all five control mice immunized with 11 presented with high numbers of C. difficile. There

was no difference in the extent of colitis between both groups, as determined by histopatho-

logical analysis of colon tissue at day 5 (personal communication by Jochen Mattner). This

was likely attributed to the high infectious dose used for challenge that enabled some degree

of bacterial colonization and toxin production before efficient clearance of C. difficile from

the intestine at day 5. In conclusion, polyclonal anti-1 IgG elicited by active immuniza-

tion significantly and substantially limited intestinal C. difficile colonization in mice in vivo.

PS-I pentasaccharide 1 is therefore an auspicious antigen for a colonization-inhibiting vaccine

against CDI.
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3.2 Identification of a Disaccharide Minimal Epitope of PS-I

Pentasaccharide 1 proved to be highly immunogenic and capable of eliciting protective an-

tibodies. Yet, its synthesis is laborious, requires four differentially protected monosaccharide

building blocks and multiple conversion and purification steps.237,284 The antigenicity of

the mono- to trisaccharide substructures of 1 in human serum and feces [Figs. 3.2 & 3.3]

indicated that smaller glycans may be immunogenic as well. Finding the minimal epitope,

referred to as the smallest oligosaccharide able to raise antibodies cross-reacting with 1, is

a key step en route towards PS-I-based vaccine candidates of reduced synthetic complexity.

3.2.1 Antibodies Raised with PS-I Pentasaccharide Recognize a Disaccha-

ride Substructure

To reveal the epitope recognition pattern of polyclonal anti-1 IgG, serum samples of mice

immunized with glycoconjugate 10 were subjected to microarray analysis with slides contain-

ing 1 and its substructures 2-6 [Fig. 3.9a,b]. IgG raised without adjuvant not only recognized

immunogen 1 but also, to a lower extent, trisaccharide 2, disaccharide 3 and rhamnose 4

[Fig. 3.9c]. Co-administration with Alum promoted IgG to 1 and 4, but barely to 2 and 3. FA

helped to elicit comparably high levels of IgG to 1-4. IgG to oligoglucoses 5 and 6 were low

or undetectable in all three groups. To characterize the kinetics of the antibody responses,

IgG levels to 1-4 at various time points from week 0 to 5 after initial immunization were

quantified [Fig. 3.9d]. Using no adjuvant, IgG levels to 1-3 transiently increased from week

0 to 3 but decreased again at week 5. The use of Alum led to a gradual increase of IgG

to 1 from week 0 to 5, whereas levels to 2 and 3 increased up to week 3 and subsequently

decreased. FA promoted continuously increasing IgG levels to 1-3 from week 0 to 5. In

all three groups, IgG to 4 peaked at week 3 and decreased later on. Thus, the epitope

recognition patterns and IgG kinetics markedly differed depending on the adjuvant used.

The antibody binding patterns and the observed differences between Alum and FA were

further characterized by surface plasmon resonance (SPR). Pooled sera of these two mouse

groups at various time points from week 0 to 5 were passed over sensor chip surfaces func-

tionalized with 1 or 3 to obtain binding signals measured as changes in response units in

real-time (sensorgrams) [Fig. 3.9e]. At week 5, comparable binding signals to 1 were ob-

tained with serum of both Alum and FA groups [Fig. 3.9f]. Binding to 3 was only detected

in the FA group serum. These observations confirmed the microarray results described above.
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Figure 3.9: Recognition of oligosaccharide epitopes 1-6 by polyclonal anti-1 serum antibodies.
(a) Immunization regime. (b) Experimental setup applying to panels (c) and (d). (c) The
microarray spotting pattern is shown to the left. Oligosaccharides were spotted at 0.5 and
1 mM (small and large spots, respectively). Exemplary microarray scans obtained with pooled
serum of six mice (diluted 1:50) are shown to the right. (d) Microarray-inferred pooled serum
IgG levels to the indicated oligosaccharides spotted at 1 mM expressed as MFI values. Data
points show the mean of two experiments. (e) Experimental setup applying to panels (f) and
(g). (f) Representative sensorgrams obtained with pooled serum that was passed over sensor
chip surfaces functionalized with the indicated oligosaccharides. Dashed vertical lines indicate
time points corresponding to binding and stability values. (g) SPR-inferred binding and stability
values expressed as percent increase in response units to week 0 serum. Arrows highlight changes
in affinity over time. Figure modified from Martin et al.284

The analysis of binding and stability values obtained from sensorgrams revealed increasing

antibody affinity to 1 over time in serum of both groups [Fig. 3.9g]. Likewise, affinity to 3

continuously increased in serum of the FA group. Serum antibodies of the Alum group were

characterized by overall lower affinity to 3 that decreased over time. Collectively, microar-

ray and SPR studies with substructures of 1 unveiled disaccharide Rha-(1→3)-Glc 3 as the

smallest epitope robustly recognized by polyclonal anti-1 IgG. FA was required to promote

affinity maturation to 3.
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3.2.2 The Disaccharide Substructure of PS-I Is Immunogenic in Mice and

Elicits Antibodies Cross-reacting with the Pentasaccharide

Disaccharide 3 emerged as the smallest antigenic epitope of PS-I. To study its ability to raise

antibodies cross-reactive to larger oligosaccharides, 3 was conjugated to CRM197 using DSAP

as crosslinker [Fig. 3.10a]. Denaturing SDS-PAGE analysis of the resulting glycoconjugate 12

showed a shift towards higher masses as compared to native carrier protein, demonstrating

successful incorporation of 3 [Fig. 3.10b]. The mass increase of 12 over CRM197 was quan-

tified by MALDI-TOF MS analysis to be 5,100 Da [Fig. 3.10c], corresponding to an average

of 9.8 molecules 3 per CRM197.

To assess the immunogenicty of 3, three mice were immunized s. c. with 12 in a prime-

boost-boost regime [Fig. 3.11a]. As small oligosaccharides are frequently less immunogenic

than more complex ones234,245–248, 12 was administered with FA due to its potent promotion

of anti-glycan antibodies [Fig. 3.5]. Serum IgG responses were followed by glycan microarray

analysis [Fig. 3.11b]. After the second boosting immunization, two of three mice showed

detectable amounts of IgG to 3 [Fig. 3.11c]. Serum of both mice also contained IgG cross-

reactive to larger PS-I structures, trisaccharide 2 and pentasaccharide 1 [Fig. 3.11d]. An

increase of IgG to rhamnose 4 was observed in one mouse. IgG to oligoglucoses 5 and 6 was
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not observed in any of the immunized animals (data not shown), as expected since these

glycans are not part of the immunogen 3. The IgG levels to 1-4 were further elevated

by a third boosting immunization with FA-formulated glycoconjugate 10, indicating the

presence of B cells cross-reacting with 1 [Fig. 3.11d]. These findings demonstrated that 3 is

immunogenic and constitutes the minimal epitope of 1. The disaccharide is therefore a valid

immunogen for vaccination approaches against C. difficile. However, 3 proved to be weakly

immunogenic, as two boostings with glycoconjugate 12 were required to raise relatively low

levels of anti-glycan antibodies in two of three mice.
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3.3 Generation and Analysis of Monoclonal Antibodies to PS-I

Monoclonal antibodies (mAbs) are a useful tool to decipher the molecular basis of glycan-

antibody interactions.239,240,252,320–324 In the context of C. difficile, anti-PS-I mAbs may

also be utilized for passive vaccination, an attractive therapeutic option especially for the

elderly and immunocompromised individuals that may not respond sufficiently to active

vaccines.68–71 Toxin-neutralizing mAbs have been shown to reduce recurrence rates of CDI

but suffer from limited efficacy since bacterial colonization is not affected.188 The ability of

polyclonal anti-1 IgG to recognize the surface of C. difficile [Fig. 3.5] and to limit bacterial

colonization in mice [Fig. 3.8] provided a rationale to produce mAbs specific for this antigen.

3.3.1 mAbs to PS-I Pentasaccharide Are Obtained from Immunized Mice

To obtain anti-1 mAbs, six mice were immunized s. c. with glycoconjugate 10 in the pres-

ence of Alum three times in two-week intervals [Fig. 3.12a]. Alum was selected since this

adjuvant promoted IgGs of high specificity to 1 and with lower cross-reactivity to smaller

substructures as compared to FA [Fig. 3.9]. Highly specific mAbs may be advantageous for

therapeutic applications since off-target effects on other bacteria with related antigens are less

likely. Induction of IgG to immunogen 1, the CRM197 carrier protein and the spacer moiety

was confirmed by microarray-assisted analysis of serum obtained from the immunized mice

[Fig. 3.12b,c,d]. One week after the second boosting immunization, splenocytes of one mouse
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with high IgG levels to 1 were fused in vitro with myeloma cells to obtain hybridomas, as

described.252,299 Hybridoma cells were selected via microarray analysis based on the binding

profiles of their secreted antibodies [Fig. 3.12d]. Three types of antibodies were observed

that either bound to CRM197, the spacer moiety, or 1, as expected from the reactivity

of polyclonal serum. Hybridoma cells that produced anti-1 IgG were subjected to three

consecutive subcloning steps by limited dilution to establish monoclonality. This yielded

three mAbs termed 2C5, 10A1 and 10D6 that uniquely recognized 1 without any reactivity

to CRM197, the spacer, or control oligosaccharides 7 and 8 [Fig. 3.12e].

3.3.2 mAbs Recognize the Pentasaccharide and Substructures Containing

Rhamnose

The three mAbs were purified from supernatants of serum-free hybridoma cultures by fast

protein liquid chromatography (FPLC) using protein A/G affinity columns [Fig. 3.13a]. The

purified mAbs were subjected to denaturing SDS-PAGE analysis that revealed distinct bands
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of heavy and light immunoglobulin chains and no apparent protein impurity [Fig. 3.13b]. The

mAbs were of the IgG1 subtype [Fig. 3.13c]. To reveal their epitope recognition patterns,

mAbs 2C5, 10A1 and 10D6 were subjected to glycan microarray analysis with slides con-

taining PS-I oligosaccharides 1-6 [Fig. 3.13d,e]. All three mAbs predominantly recognized

pentasaccharide 1 but also rhamnose-containing substructures 2 and 3. Weak binding to

rhamnose 4 was observed at high concentrations of the mAbs (10 and 50µg mL-1). There

was neither detectable binding to oligoglucoses 5 and 6 nor to control glycans 7 and 8. The

recognition pattern of the mAbs closely resembled that of polyclonal serum IgG obtained

from mice immunized with Alum-adjuvanted 10 [Fig. 3.9].

3.3.3 mAbs Bind to the Pentasaccharide with Nanomolar Affinity and to

Rhamnose-containing Substructures with Micromolar Affinity

To confirm the microarray-inferred recognition patterns and to measure binding affinities,

mAbs 2C5, 10A1 and 10D6 were subjected to SPR analysis. Oligosaccharides 1-5, at various

concentrations, were passed through flow cells in which mAbs were captured with an anti-

mouse IgG antibody [Fig. 3.14a].239 Binding signals expressed as response units were double-

referenced with blank-functionalized flow cells and cycles with running buffer (PBS) only.

The resulting sensorgrams were utilized to derive equilibrium constants (KD values) by fitting

binding curves with a kinetic 1:1 Langmuir interaction model that also provided association

and dissociation rate constants (ka and kd, respectively). Where rate constants were outside

of the measurable range of the instrument, KD values were calculated from steady-state

equilibrium plots instead. Binding kinetics and KD values are summarized in Table 3.1. The

three mAbs recognized 1 with nanomolar affinities [Fig. 3.14b]. KD values ranged from

163 nM (2C5) to 245 nM (10A1). The binding kinetics to 1 with respect to ka and kd were

comparable for 2C5 and 10D6. Contrarily, 10A1 exhibited faster association and dissociation

kinetics with both ka and kd outside of the measurable range. Affinities to trisaccharide 2

were similar for all three mAbs with micromolar KD values ranging from 13.3µM (10A1) to

18.8µM (10D6) [Fig. 3.14c]. Likewise, disaccharide 3 was recognized by all three mAbs with

micromolar KD values between 5.9µM (10A1) and 37.5µM (10D6) [Fig. 3.14d]. Equilibrium

constants to rhamnose 4 and triglucose 5 could not be determined for any of the mAbs since

they by far exceeded 160µM [Fig. 3.14e,f]. Overall, SPR studies confirmed binding patterns

observed by microarray analysis and further verified that 3 is the minimal epitope of PS-I.
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Figure 3.14: SPR-inferred binding affinities of mAbs 2C5, 10A1 and 10D6 to PS-I oligosaccha-
ride epitopes. (a) Experimental setup. mAbs were captured with an anti-mouse IgG antibody
immobilized on the sensor surface. Glycans were passed over the surface to monitor changes in
response unit signals. (b-f) Representative sensorgrams resulting from interactions of the mAbs
with the indicated oligosaccharides. Glycan concentrations are provided within the sensorgrams.
If applicable, KD values were inferred by curve fittings shown as black overlaid lines. In the other
cases, representative equilibrium plots used to calculate KD are shown to the right of the sen-
sorgrams. The indicated KD values are mean±SEM of two or three independent experiments.
Figure modified from Broecker et al.286
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Table 3.1: SPR-inferred KD values of anti-PS-I mAbs to different glycan epitopes. Association
(ka) and dissociation (kd) rate constants are shown for interactions where kinetic modeling was
applicable. The values are mean±SEM of two or three independent experiments.

Epitope mAb 2C5 mAb 10A1 mAb 10D6

1 163± 23 nM 245± 35 nM 169± 40 nM
ka = 103± 11 x 103 M-1 s-1 ka = 125± 15 x 103 M-1 s-1

kd = 0.016± 0.001 s-1 kd = 0.021± 0.003 s-1

2 14.1± 3.7µM 13.3± 0.3µM 18.8± 1.5µM

3 18.0± 1.6µM 5.9± 0.6µM 37.5± 0.4µM
4 » 160µM » 160µM » 160µM
5 » 160µM » 160µM » 160µM

3.3.4 Binding of mAbs to the Pentasaccharide Is Entropically Favored over

the Disaccharide Minimal Epitope

SPR measurements confirmed that the anti-1 mAbs also recognized the disaccharide min-

imal epitope 3. However, binding affinity to 1 was about two orders of magnitude higher

than to 3 [Table 3.1]. Since 3 is contained twice in the pentasaccharide [Fig. 3.1], enhanced

affinity to 1 may be explained by re-binding of the mAbs to adjacent disaccharide copies.

In this case, the mAb binding pocket would fit 3 only. Binding to 1 would be characterized

by slower dissociation (smaller kd) than to 3, as well as interaction kinetics resulting from

two consecutive binding events with the adjacent disaccharides. The components of com-

plex interactions, however, cannot be differentiated via Langmuir modeling of sensorgrams.

Instead, SPR binding curves of mAb 2C5 with 1 and 3 were subjected to Interaction Map

(IM) analysis [Fig. 3.15a], kindly performed by Dr. Karl Andersson of Ridgeview Diagnostics,

Uppsala, Sweden.300 IM breaks down complex interactions into their underlying components

that are represented as peaks in two-dimensional logarithmic scale heat maps.300 The gener-

ated heat maps contained one dominant peak each, indicating that 2C5 interacted with both

1 and 3 in a 1:1-like manner [Fig. 3.15b]. The peak corresponding to 1 was approximately

at log(ka) = 5.1 and log(kd) = -1.34. Interaction of 2C5 with 3 resulted in a dominant peak

at around log(ka) = 2.4 and log(kd) = -1.22. A minor secondary peak was likely due to a

neglegible buffer mismatch during the measurement. IM analysis showed that the enhanced

affinity of 2C5 to 1 was mainly the result of faster association as compared to 3, whereas

kd values were similar for both glycans. There was no indication for more than one binding

event between 2C5 and 1.
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IM analysis indicated that the mAb binding pocket encompasses not only 3 but a larger

epitope present in 1. In this case, both rhamnoses of 1 likely engage in the interaction, as

terminal rhamnose is required for mAb binding [Fig. 3.14]. The methyl groups of rhamnose

can participate in hydrophobic interactions with antibodies, leading to an entropic gain due

to water displacement.265,266,325 To test whether enhanced affinity to 1 over 3 can be ex-

plained by more favorable entropy, mAbs 2C5 and 10A1 were subjected to isothermal titration

calorimetry (ITC) measurements with both glycans [Fig. 3.16a]. ITC allows for determining

stoichiometries and thermodynamics of binding events. Interaction with 1 showed antibody-

to-glycan stoichiometries of 2.2 and 2.6 for 2C5 and 10A1, respectively [Fig. 3.16b]. Small

deviations from the expected value of two, the number of IgG antigen binding sites, may

have been due to a low degree of antibody aggregation. For interactions with 3 the stoi-

chiometry was set constant to two to enable data evaluation, a common requirement when

analyzing weak interactions.326 Antibody binding to both 1 and 3 was mainly enthalpy-

driven [Fig. 3.16c]. For interactions with 1, the enthalpy change was ∆H = -27.5 kJ mol-1

(2C5) and ∆H = -22.2 kJ mol-1 (10A1). Binding to 3 yielded comparable enthalpic terms

of ∆H = -22.4 kJ mol-1 and ∆H = -23.1 kJ mol-1, respectively. By contrast, entropic contri-

butions differed markedly between 1 and 3. Favorable entropy was seen for both mAbs

upon binding to 1, with -T∆S = -10 kJ mol-1 (2C5) and -T∆S = -13.3 kJ mol-1 (10A1). For

3, entropic terms were around zero with -T∆S = -0.7 kJ mol-1 and -T∆S = 0.9 kJ mol-1, re-

spectively. The favorable entropy of the 1-2C5 interaction was confirmed by SPR analysis

at varying temperatures [Fig. 3.16d]. Affinity decreased as a function of temperature from

KD = 165 nM at 13 ◦C to KD = 385 nM at 37 ◦C [Fig. 3.16d,e]. van’t Hoff analysis of this data

yielded similar thermodynamic terms as did ITC [Fig. 3.16f,g]. Overall, an entropic gain was
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shown to be responsible for the higher antibody affinity to 1 over 3. IM and thermodynamic

analyses provided evidence that binding pockets of the anti-1 mAbs encompass an epitope

larger than 3. Both rhamnoses of 1 likely participate in hydrophobic interactions with the

mAbs. Implications on the design of PS-I glycan mimetics are described in Section 3.4.
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3.3.5 Passively Administered mAbs Protect Mice from C. difficile Colitis

In order to confer protection against CDI, the anti-1 mAbs need to recognize the natu-

ral polysaccharide on the surface of C. difficile. Therefore, binding of the mAbs to various
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Figure 3.17: Binding of anti-1 mAbs to various C. difficile strains in vitro. (a) Experimental
setup. (b) Binding of the mAbs to the indicated bacteria expressed as ELISA signal (absorbance
at 450 nm). Bars show mean±SD of two experiments. Concentrations of the mAbs were 0.3,
1.3, 5, 20 and 80µg mL-1 (from left to right). Statistical significance was inferred by comparing
binding signals of mAbs at 80µg mL-1. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.005 vs 1A5; #P ≤ 0.05,
##P ≤ 0.01, ###P ≤ 0.005 vs 3C11; n.s., not significant; unpaired two-tailed Student’s t-Test.
RT, ribotype.

clinical isolates of C. difficile ribotypes 001, 017, 046 and 078 was tested. These ribo-

types represent frequent disease-causing strains found in healthcare facilities worldwide.18–22

Formalin-inactivated bacteria of the clinical isolates and of the C. difficile reference strain

DSM1296 were immobilized on ELISA plates and probed with mAbs 2C5, 10A1 and 10D6

at concentrations ranging from 0.3 to 80µg mL-1 [Fig. 3.17a]. Two irrelevant murine glycan-

binding IgG mAbs at 80µg mL-1 served as negative controls. mAb 1A5 recognizes LPS of

N. meningitidis and was kindly supplied by Dr. Anika Reinhardt.320 mAb 3C11, a kind gift

by Dr. Chakkumkal Anish and Annette Wahlbrink, binds to Y. pestis LPS.239,251 The two

control mAbs did not recognize any of the C. difficile strains. 2C5 dose-dependently bound

to all clinical C. difficile isolates and to DSM1296 with statistical significance against both

control mAbs [Fig. 3.17b]. Dose-dependent and significant binding was also observed for

10D6 to all strains except for ribotype 078. 10A1 only recognized ribotype 046 significantly.

This showed that the anti-1 mAbs specifically recognized the native PS-I polysaccharide on

the surface of C. difficile, with varying efficiencies depending on the mAb as well as on the

bacterial strain. 2C5 was the only mAb binding to all investigated C. difficile strains, al-

though epitope recognition patterns [Fig. 3.13] and affinities [Table 3.1] were similar to those

of 10A1 and 10D6.
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Figure 3.18: Effects of passive transfer of anti-1 mAbs on experimental C. difficile disease.
(a) Immunization and challenge regime. Mice received three injections of mAbs via the i. p. and
i. r. routes, each injection contained 100µg of purified antibody. Control mice received PBS
only. (b) Comparison of intestinal colonization levels at day 8. Black dots represent individual
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Next the ability of anti-1 mAbs to limit experimental C. difficile disease in vivo was inves-

tigated in a murine challenge model. These studies were kindly performed by Prof. Jochen

Mattner, Universität Erlangen, Germany. Groups of three mice each received three doses

of 2C5 or 10D6 via the i. p. and intrarectal (i. r.) routes at days -7, -3 and 0 relative to

the bacterial challenge [Fig. 3.18a]. Two mAbs against the PS-II hexasaccharide 7 termed

7 (IgG) and 25 (IgM) described previously236 were also tested. Three control mice received

sham injections with buffer (PBS). One day before the bacterial challenge, mice were ren-

dered susceptible to C. difficile infection with the antibiotic clindamycin, as described.306 The

following day, mice orally received 108 CFUs of the clindamycin-resistant C. difficile strain

M68 that is able to induce colitis in mice.307 Eight days after bacterial challenge, colonic

C. difficile CFUs were determined by plating limited dilutions of fecal suspensions on selective

agar medium followed by overnight culture. The levels of C. difficile colonization determined

as CFUs per gram of feces were significantly reduced by 92 % and 85 % in mice that have

received 2C5 and 10D6, respectively, relative to the control group [Fig. 3.18b]. The difference

in efficiency likely reflected better binding of 2C5 to C. difficile bacteria in vitro as compared

to 10D6 [Fig. 3.17]. Anti-PS-II mAb 25 significantly reduced bacterial colonization by 60 %.

A moderate, non-significant reduction by 29 % was observed for 7. These findings were
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corroborated by histopathological analysis of colon cross-sections [Fig. 3.18c]. High levels of

C. difficile colonization in the control mice led to severe morphologic alterations. Compared

to healthy, non-infected mice, the luminal volume was increased and visible damage to the

epithelium was characteristic of toxin-induced inflammation. Colons of mice treated with

2C5, 10D6 and 25 appeared similar to those of non-infected mice. Mice treated with the

least efficient mAb 7 exhibited a morphology in-between that of healthy and control mice.

Thus, the degree of colitis was inversely correlated with the level of bacterial colonization. In

summary, mAbs 2C5, 10D6 and 25 significantly inhibited experimental C. difficile coloniza-

tion and colitis in mice and thereby represent promising agents for passive immunotherapy

against CDI.
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3.4 Towards Fully Synthetic Vaccines Displaying Oligovalent

Disaccharides

Based on the insights gained from antibody characterization and murine challenge stud-

ies, a rationally designed glycan mimetic of the PS-I polysaccharide able to elicit protec-

tive antibody responses was envisaged. The use of Alum promoted polyclonal and mono-

clonal antibodies with main reactivity to pentasaccharide 1 [Fig. 3.9 & Table 3.1] that both

efficiently limited bacterial colonization in mice in vivo [Figs. 3.8 & 3.18]. Weak, micro-

molar affinity binding to single disaccharides 3 was likely dispensible for protective effects

of the antibodies, but two connected copies of 3 were recognized with nanomolar affinity

[Figs. 3.15 & 3.16]. The glucose moiety that is α-1→3-linked to rhamnose is required for

binding as 3, but not rhamnose 4 alone, was recognized by the mAbs [Table 3.1]. The glu-

coside backbone (oligoglucoses 5 and 6) was neither bound by polyclonal nor monoclonal

antibodies [Fig. 3.9 & Table 3.1]. Thus, terminal rhamnoses provided the major antigenic de-

terminants with a minor but essential contribution of the linked glucoses. The additional

glucose moiety at the reducing end of 1 was dispensible for antibody binding. The antibody

interaction surface therefore likely encompasses the tetrasaccharide portion of 1 containing

two adjacent copies of 3 [Fig. 3.19a].

Both polyclonal and monoclonal antibodies recognized the natural PS-I polysaccharide

on the surface of C. difficile [Figs. 3.5 & 3.17]. In the polysaccharide, units of 1 are connected

via glycosyl phosphate bridges between C-1 of the reducing end glucose and C-4 of terminal

rhamnose [Fig. 3.19b].205 Their binding patterns to synthetic glycans suggest that anti-1

antibodies recognize two connected copies of 3 within each repeating unit of the polysac-

charide, but neither the reducing end glucose nor the phosphodiester that is absent in 1. A

glycan mimetic of the polysaccharide therefore should include two or more connected units

of 3, and five disaccharide copies would constitute four overlapping antibody binding sites

intended to generate avidity [Fig. 3.19c]. Such a glycan mimetic was expected to be highly

antigenic and easily procured due to the straightforward synthesis of 3.284 To put these con-

siderations into practice, disaccharides were covalentyl linked on oligo(amidoamine) (OAA)

scaffolds. OAAs have been shown before to be non-toxic, non-immunogenic and suitable for

oligovalent glycan presentation with comparably low synthetic effort.272–276 The OAA com-

pounds were kindly synthesized by Dr. Felix Wojcik. Thiol-ene coupling to conjugation-ready

OAA backbones required the Rha-(1→3)-Glc disaccharide functionalized with a thiol group
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at the reducing end, compound 13 [Fig. 3.19d]. To test whether the thiol modification influ-

enced antibody binding, the affinity of 13 to mAb 2C5 was determined by SPR [Fig. 3.19e].

The KD value of 15.1µM was similar to that of 3 (18.0µM), and both interactions exhib-

ited comparable association and dissociation kinetics [Table 3.1 & Fig. 3.14]. Thus, the thiol

of 13 did not affect antibody binding. OAAs 14 (monovalent) and 15 (pentavalent) were

obtained by thiol-ene coupling of 13 to activated OAA backbones. Solid-phase synthesis

also allowed for the incorporation of a reported peptide T cell epitope, amino acids 366-383

of CRM197
327, intended to recruit T cell help upon immunization. The synthesis of 13-15

is described elsewhere.276,286
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3.4.1 A Pentavalent Glycan Mimetic of PS-I Is Strongly Antigenic

To test whether the disaccharide-functionalized OAAs were antigenic and if antibody binding

strength benefited from oligovalent antigen display, 14 and 15 were subjected to SPR mea-

surements with mAb 2C5 [Fig. 3.20a]. Oligosaccharides 3 and 1 served as additional controls

representing monovalent interactions. It was expected that pentavalent display of the disac-

charide in 15 would enhance antibody binding strength due to avidity effects. Binding of 2C5

to monovalent 14 was characterized by slow association rate constants that were below the

measurable limit of the instrument, perhaps resulting from steric constraints imposed by the

OAA scaffold [Fig. 3.20b]. Therefore, the dissocation rate constants kd that are the major

determinants of antibody binding strength were utilized to compare avidities.328–334 The kd

values of 14, 1 and 3 were comparable (1.4 x 10-3 s -1, 1.6 x 10-3 s -1 and 1.9 x 10-3 s -1, respec-

tively), as expected since in all three cases re-binding of 2C5 could not occur. By contrast,

dissociation of pentavalent 15 was five orders of magnitude slower (kd = 2.8 x 10-8 s -1). Thus,

15 was highly antigenic and provided increased avidity over monovalent glycans through re-

binding of the antibody. Whether increased affinity, i. e., faster association of 15 as compared

to 14 also contributed to stronger binding could not be determined since ka was below the

measurable limit for both OAAs.
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3.4.2 The Pentavalent Glycan Mimetic Elicits Highly Specific IgG in Mice

Knowing that it was highly antigenic raised the question whether 15 was immunogenic and

able to elicit PS-I-specific antibodies in mice. Compound 15 represents a fully synthetic vac-

cine candidate comprising a peptide epitope intended to recruit T cell help [Fig. 3.19f]. Two

semi-synthetic CRM197 glycoconjugate vaccine candidates served as controls. One was 12*

that comprised 3 and thereby represented monovalently displayed disaccharides [Fig. 3.21a].
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The other one, 16, contained 15 and was intended to determine if immunogenicity of the

pentavalent OAA could be enhanced through presentation on a carrier protein [Fig. 3.21b].

Glycoconjugates were synthesized with di-p-nitrophenyl adipate294 (DNAP) instead of the

above used DSAP to facilitate the challenging conjugation reaction with 15. DNAP is a more

efficient crosslinking reagent since the half ester intermediates are less prone to hydrolysis

during reaction with the carrier protein as compared to half esters of DSAP. Successful con-

jugation was verified by denaturing SDS-PAGE analysis of 12* and 16 that were both shifted

to higher masses relative to CRM197 [Fig. 3.21c]. Glycan incorporation was demonstrated

by western blots using anti-1 mAbs [Fig. 3.21d]. Stronger binding signals to 12* indicated

higher antigen loading as compared to 16. A CRM197-reactive anti-diphtheria toxin anti-

body bound to both glycoconjugates as well. Antigen loading was quantified using anthrone

assay293 [Fig. 3.21e]. For 12*, 140.6µg carbohydrate per mg protein was equivalent to an

average incorporation of 20 molecules 3 per CRM197. Glycoconjugate 16 comprised 46.3µg

carbohydrate per mg protein, corresponding to an average of 1.3 molecules 15 (or 6.5 dis-

accharides) per CRM197. Native CRM197 did not show detectable amounts of carbohydrate.
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Mice were immunized s. c. three times every two weeks either with 15, 12* or 16 (groups

1, 2 and 3, respectively) [Fig. 3.22a]. Two additional groups received 12* twice and 16 once

or vice versa (groups 4 and 5, respectively) to detect possible cross-reactive B cells. Each

group comprised three mice. FA was selected for all immunizations since Alum requires

adsorption of a (glyco)protein to exert its effect227 and was therefore not applicable for 15.

Serum IgG responses of the immunized mice were followed by microarray analysis [Fig. 3.22b].

Glycoconjugate 15 (group 1) elicited IgGs to 1, but not to 3, even though 15 contains five

copies of the disaccharide [Fig. 3.22c]. In contrast, 12* (group 2) raised IgGs recognizing
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88



3.4 Towards Fully Synthetic Vaccines Displaying Oligovalent Disaccharides

both 1 and 3. This was expected since glycoconjugate 12 that was similar in composition

to 12* but had lower antigen loading [Fig. 3.10] elicited IgGs of similar reactivity [Fig. 3.11].

Glycoconjugate 16 (group 3) did not elicit detectable amounts of IgG to the two glycan

antigens except for one mouse with a weak response to 1 that was barely above the detection

level [Fig. 3.22d]. However, 16 could boost an existing IgG response to both 1 and 3 elicited

by 12* (group 4), whereas the vice versa immunization regime did not yield detectable

amounts of IgG (group 5). All mice produced IgG to CRM197, demonstrating both successful

immunizations and functionality of the synthetic T cell epitope of 15. In addition, all 15, 12*

and 16 elicited IgG to 4, as observed before for glycoconjugates 10 and 12 that contained

1 and 3 as immunogens, respectively [Figs. 3.9 & 3.11]. IgG levels to 1 in groups 1-4 were

low and only detectable in serum diluted 1:20, whereas antibodies to the other antigens were

seen in 1:100 dilutions.

The antibody responses to 1 and 3 observed by microarray were verified by SPR measure-

ments [Fig. 3.23a,b]. SPR is more sensitive than microarray and was expected to detect even

lowly abundant serum antibodies. Measurement flow cells were functionalized with either 1

or 3. BSA-functionalized flow cells served as references to compensate for non-specific bind-

ing of serum components. Sensorgrams obtained with mAb 2C5 that recognizes both 1 and

3 [Table 3.1] verified successful functionalization of the measurement flow cells [Fig. 3.23c].

Sensorgams obtained from pooled serum (diluted 1:100) of the five groups of mice described

above were used to characterize antibody responses to 1 and 3 [Fig. 3.23d]. Binding signals

of week 5 serum were subtracted by week 0 signals to minimize the background. Total

antibody levels were estimated by determining the final response unit signals at the end of

sample injection time at t = 290 s [Fig. 3.23e]. SPR measurements verified the presence of

antibodies to 1, but not to 3, in mice immunized with 15 (group 1), whereas sera of mice

immunized with 12* (group 2) contained antibodies to both glycans. Antibodies to both 1

and 3 were furthermore seen in mice immunized twice with 12* and once with 16 (group

4), but were undetectable in the remaining groups 3 and 5, further verifying that 16 did not

induce measurable quantities of anti-PS-I antibodies. The SPR-inferred results were in good

agreement with microarray data presented above. Collectively, murine immunization studies

showed that the fully synthetic pentavalent vaccine candidate 15 elicited antibodies of high

specificity to 1 at comparable levels to the semi-synthetic monovalent glycoconjugate 12*.
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3.5 Synthetic C. difficile Lipoteichoic Acid Glycans as Vaccine

Candidates

In addition to PS-I and PS-II, a third C. difficile surface glycan termed lipoteichoic acid

(LTA, also known as PS-III) has been recently described.207 LTA is a polymer of disaccha-

ride repeating units with the sequence α-GlcpNAc-(1→3)-(→P-6)-α-GlcpNAc-(1→2)-GroA

(GroA being glyceric acid) that are connected via phosphodiester bridges between C-6 of the

two GlcNAc residues (6-P-6) [Fig. 3.24]. Linked to the reducing end of this polymer, also

through a 6-P-6 bridge, is a gentiotriosyl glycolipid β-Glcp-(1→6)-β-Glcp-(1→6)-β-Glcp-

(1→1)-Gro, glycerol (Gro) being esterified with saturated or mono-unsaturated C14-C18 fatty

acids. This glycolipid serves as anchor to the bacterial cytoplasmic membrane. C. difficile

LTA is classified as type V LTA that is structurally distinct from types I-IV of other Gram-

positive bacteria [Fig. 1.4]. To date, type V LTA has been shown to be expressed by three

other closely related species that are also pathogenic; Clostridium sordellii215,335, Clostridium

bifermentans215,336 and Peptostreptococcus anaerobius204,208,337.

Recently, glycoconjugates prepared with isolated C. difficile LTA polysaccharide were

shown to elicit antibodies in rabbits and mice that bound to the surface of various C. difficile

strains, suggesting that LTA is a ubiquitously expressed antigen.238 The antisera also cross-

reacted with the pathogenic clostridial species C. bifermentans336, C. butyricum338 and

C. subterminale339. A broad range of clostridia are associated with infectious disease and

sepsis340, whereas non-pathogenic ones only represent a small fraction of the healthy in-

testinal microbiota72,75. Thus, C. difficile LTA represents an auspicious vaccine antigen,

since cross-reactive antibodies may additionally target other pathogens but likely preserve

the overall gut bacterial community.

Vaccine studies with C. difficile LTA have been hampered by low and inconsistent expres-

sion of the polysaccharide in vitro.232 The availablity of synthetic oligosaccharide antigens

may overcome these limitations. In 2013, Seeberger and colleagues reported the first syn-

thesis of phosphodiester-bridged oligomers of C. difficile LTA, monomer 17, dimer 18 and

monomer flanked by two phosphodiesters 19 [Fig. 3.24].285 Oligosaccharides 17-19 were used

in this study and were kindly provided by Dr. Christopher Martin.
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Figure 3.24: Synthetic oligosaccharides of C. difficile LTA 17-19 and control oligosaccharides,
C. difficile PS-I pentasaccharide 1, disaccharide 3, rhamnose 4, C. difficile PS-II hexasaccharide 7
and Leishmania lipophosphoglycan capping tetrasaccharide 8. Detailed structures of the control
oligosaccharides are provided in Fig. 3.1.

3.5.1 LTA Glycans do not Activate Innate Immunity In Vitro

LTA of various Gram-positive bacteria activate innate immune responses by engaging Toll-like

receptor 2 (TLR2) on leukocytes, which leads to the release of immunestimulatory cytokines

including interleukins (ILs) and tumor necrosis factor-alpha (TNF-α).341 Contrarily, a re-

cent study showed that stimulation with synthetic C. difficile LTA glycans did not activate

cytokine release of peripheral blood mononuclear cells (PBMCs).342 However, the major

leukocyte population involved in the surveillance of intestinal mucosae are dendritic cells

(DCs)343 that only constitute fewer than 1 % of the PBMC population344. C. difficile being

an intestinal pathogen provided a rationale to test whether synthetic LTA oligosaccharides ac-

tivate innate immune responses specifically in DCs. To this end, murine bone marrow (BM)

cells were differentiated into bone marrow-derived DCs (BMDCs) by in vitro stimulation

with recombinant granulocyte macrophage-colony stimulating factor (GM-CSF) [Fig. 3.25a].

Successful differentiation was verified by flow cytometric detection of the murine DC marker

CD11c346 [Fig. 3.25b]. Both non-stimulated and stimulated BM cells showed similar scatter

distributions, but CD11c expression was markedly increased in the GM-CSF-exposed as com-

pared to näıve BM cells. The BMDCs were then stimulated in vitro with the largest available

LTA glycan, dimer 18. Concentrations from 0.1 to 10µM of 18 were chosen since synthetic

LTA molecules of other Gram-positive bacteria have been shown to exert stimulating activity
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Figure 3.25: Synthetic C. difficile LTA does not activate innate immunity in vitro. (a) Murine
BM cells were differentiated into BMDCs with GM-CSF. BMDCs were stimulated with 18 or
E. coli LPS. Cytokine release and surface expression levels of CD11c, CD80 and CD86 were
determined. (b) GM-CSF-induced differentiation was verified by flow cytometry. The gated
scatter populations (top) were analyzed for CD11c expression (bottom). (c) ELISA-inferred
cytokine release of BMDCs after stimulation with 18 or LPS. Bars show mean + SEM of two
independent experiments. Medium represents non-stimulated BMDCs. n.d., not detectable.
Concentrations from left to right: 0.1, 0.5, 1, 10µM (18); 0.01, 0.05, 0.1, 1, 10µg mL-1 (LPS).
(d) Flow cytometric analysis of CD80 and CD86 surface expression levels. Histograms represent
scatter populations gated as in panel (b). Figure adapted from Broecker et al.345

in this range.347,348 Isolated LPS of E. coli, a known agonist of TLR4 that is expressed on

DCs349, served as positive control for activation of innate immunity. As expected, stimu-

lating BMDCs with LPS triggered dose-dependent release of TNF-α and various ILs, all of

which known to be secreted by activated DCs350 [Fig. 3.25c]. By contrast, cytokine release

was not affected by exposure to 18 even at the highest concentration of 10µM. In addition,

surface expression levels of the DC activation markers CD80 and CD86350 were elevated on

LPS-stimulated BMDCs but not on those exposed to 18 [Fig. 3.25d]. Taken together, 18

was unable to activate innate immune responses in DCs in vitro, in agreement with previous

findings on synthetic C. difficile LTAs and PBMCs.342
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3.5.2 LTA Glycans Are Antigenic and Recognized by Antibodies of C. difficile

Patients

Next, the involvement of synthetic LTAs in adaptive immunity was investigated. To this end,

feces obtained from eight CDI patients and eight control individuals without C. difficile disease

were studied for the presence of anti-LTA secreted IgA (sIgA) with microarrays displaying

17-19 [Fig. 3.26a,b]. sIgA is involved in the immune defense against intestinal pathogens310,

and feces of CDI patients contain sIgA to both PS-I and PS-II antigens [Fig. 3.3]. Therefore,

PS-I glycans 1, 3, 4 and PS-II hexasaccharide 7 were included on the microarrays as positive

controls. In addition, clostridial toxin TcdA that is known to induce sIgA responses during

CDI311 was immobilized on the slides. Leishmania tetrasaccharide 8 served as negative

control. In contrast to the PS-I, PS-II and TcdA antigens, sIgA to 17-19 was not or only

barely detectable in fecal specimens of both patients and controls [Fig. 3.26c]. Some samples

exhibited a low level of sIgA to 8. In addition to mucosal sIgA, immunity to C. difficile can

be conferred by systemic IgG to surface antigens.135 Therefore, the presence of anti-LTA

IgG was studied by microarray-assisted screening of serum samples obtained from eight

reconvalescent CDI patients (diagnosed with C. difficile disease and recovered) and eight

control individuals without a history of CDI [Fig. 3.26c]. In contrast to fecal sIgA, serum
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Figure 3.26: Microarray-assisted detection of antibodies to 17-19 in samples of C. difficile
patients and healthy controls. (a) Experimental setup. (b) Spotting pattern of microarray scans
presented in panel (c). Oligosaccharides were spotted at 0.5 mM (small circles) or 1 mM (large
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Broecker et al.345
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IgG to 17-19 was detected in all individuals of both cohorts. IgG to the PS-I and PS-II

glycans, but not to TcdA, was also observed. Microarray-inferred serum IgG levels to 17-19

were slightly higher in the patients than in the controls, albeit without statistical significance

likely due to the small sample sizes [Fig. 3.26d]. IgG to 1 was elevated in the patients relative

to control individuals, as observed above [Fig. 3.2]. No differences in IgG levels to PS-II 7

and Leishmania antigen 8 between the two cohorts were observed. Collectively, microarray

studies revealed that oligosaccharides 17-19 are antigenic and share epitopes with the natural

LTA polysaccharide that likely elicits IgG responses during human exposure to C. difficile.

3.5.3 A Semisynthetic LTA Glycoconjugate Efficiently Adsorbs to Alum

LTA dimer 18 was selected for immunization studies in mice, as larger glycans are usually

more immunogenic than smaller ones and more likely display protective epitopes of the natural

polysaccharide.234,245–248 A glycoconjugate composed of 18 and CRM197 was synthesized

using DSAP crosslinker [Fig. 3.27a]. Successful conjugation was verified by denaturing SDS-

PAGE analysis, in which the obtained glycoconjugate 20 migrated at higher masses relative

to native CRM197 [Fig. 3.27b]. The mass shift was quantified by MALDI-TOF MS analysis

to be 5,200 Da that corresponds to an average antigen loading of about four molecules 18

per CRM197 [Fig. 3.27c].
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Mice were intended to be immunized with 20 either in the absence of adjuvant, co-

administered with FA or Alum. FA was selected due to its potent promotion of anti-glycan

antibodies in mice [Figs. 3.5 & 3.11] and Alum as human-approved adjuvant223. To exert

its immunogenicity-enhancing effects, Alum requires adsorption of (glyco)protein antigens

that is mediated by electrostatic interactions.281 Hence, presence of the negatively charged

immunogen 18 [Fig. 3.24] was expected to influence the adsorption efficiency of 20 as com-

pared to the non-conjugated carrier protein. Adsorption of 20 and CRM197 to Alum was

quantitatively studied by two in vitro methods. In the first assay295, Alum particles were

incubated with 20 or CRM197 for up to 24 h at 4 ◦C. Then, the concentration of nonadsorbed

protein was used to calculate adsorption efficiencies in percent [Fig. 3.28a]. Compound 20

was dose-dependently adsorbed to Alum more efficiently than CRM197 [Fig. 3.28b]. The ef-

ficiency did not majorly benefit from longer incubation times. Thus, the adsorption process

was mostly completed within minutes, as reported previously for different proteins.228 After

24 h of incubation and a 1:1 ratio of 20 (3µg) to Alum (3µL), 85.9 % of the glycocon-

jugate was adsorbed. Native CRM197 adsorbed less efficiently by 67.1 % under the same
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conditions. To confirm these findings, adsorption was determined by flow cytometry, as

described.296 Following incubation with Alum, adsorbed 20 or CRM197 was quantitatively

detected with an anti-CRM197 antibody (a kind gift by Dr. Chakkumkal Anish and Annette

Wahlbrink) [Fig. 3.28c]. Alum particles that have a reported size of about 2-10µm351 showed

a distinct scatter population that remained unchanged upon incubation with 20 or CRM197

[Fig. 3.29d]. Again, dose-dependent adsorption was observed with higher efficiency for 20

than for CRM197 [Fig. 3.29e]. When incubated at a 1:1 (w/v) protein-to-Alum ratio, the

fraction of anti-CRM197-labeled particles reached 73.9 % for 20 and 43.8 % for CRM197.

These conditions were used to prepare Alum-adsorbed 20 intended for immunizations.

3.5.4 The LTA Dimer Is Immunogenic in Mice and Raises IgG Recognizing

the Natural Polysaccharide

Groups of three mice received 20 s. c. either without adjuvant, with Alum or with FA. The im-

munization regime included three injections each containing 3µg of 18 in two-week intervals

[Fig. 3.29a]. Anti-LTA serum IgG responses were followed by microarray analysis. Glycocon-

jugate 20 elicited IgG to 17-19 in all mice except for one of the Alum group [Fig. 3.29b]. The

identification of IgG1, IgG2a and IgG3 subtypes indicated that class switching, a hallmark of

T cell-dependent immunity, occurred [Fig. 3.29c]. Antibody levels increased over time. Post-

immune (week 5) IgG1 and IgG2a levels were highest in mice immunized in the presence

of FA, whereas Alum promoted strongest IgG3 responses. The differences, however, were

not statistically significant due to the small group sizes. Effects of the adjuvants on anti-

glycan antibody levels were less pronounced than observed before for glycoconjugate 10 with

PS-I pentasaccharide 1 as immunogen [Fig. 3.5]. This also reflected in the ELISA-inferred

post-immune anti-CRM197 IgG levels that were similar among the groups irrespective of the

employed adjuvant [Fig. 3.29d].

Adjuvants can influence the epitope recognition pattern of anti-glycan antibodies, as ob-

served above for PS-I pentasaccharide 1 [Fig. 3.9]. This provided a rationale to investigate

whether antisera raised with 20 showed adjuvant-dependent binding patterns to LTA anti-

gens as well. To this end, post-immune IgG1 levels to 17-19 were compared [Fig. 3.29e].

Levels to immunogen 18 and monomer substructures with one (17) or two (19) flanking

phosphodiesters were comparable when no adjuvant or Alum was used, indicating that in

these cases the minimal glycan epitope was monomer 17 or a substructure thereof. By

contrast, 17 was only weakly recognized by FA-promoted IgG1 and efficient binding required
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the two phosphodiesters present in 19. Adjuvants are also known to affect the activated

T helper (Th) cell phenotype.352 FA induces Th1-type responses predominated by IgG2a

antibodies that mediate cellular immunity, whereas the Th2-directing Alum mainly promotes

IgG1 important for antibody-mediated (humoral) immunity.353 Therefore, as a readout for

Th skewing and adjuvant activity, the IgG2a:IgG1 ratio in post-immune sera was compared

[Fig. 3.29f]. There were no major differences in IgG2a:IgG1 ratios among the three groups

of mice. This provided further credence to the notion that both FA and Alum had little

influence on the immunogenicity of 20.

Next, recognition of the natural polysaccharide on C. difficile by the anti-LTA antibodies

was investigated. To this end, formalin-inactivated clinical isolates of ribotypes 001, 014,

027, 046 and 078 that represent frequent disease-causing strains in hospitals worldwide18–22

and C. difficile reference strain DSM1296 were immobilized on ELISA plates. The related

clostridia C. bifermentans and C. perfringens as well as two non-related bacterial species,

S. pneumoniae (Gram-positive) and Salmonella enterica (Gram-negative), served as con-
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trols. The immobilized bacteria were probed with pooled LTA antiserum. The level of

bacteria-binding IgG was determined as post-immune (week 5) to pre-immune (week 0)

ratios [Fig. 3.29g]. IgG raised without adjuvant or with Alum significantly bound to all in-

vestigated C. difficile strains. No binding was observed to the non-related control bacteria

S. enterica and S. pneumoniae. The related C. bifermentans, but not C. perfringens, was rec-

ognized by post-immune IgG, similar to antibodies raised with isolated LTA polysaccharide.238

This indicated that C. difficile and C. bifermentans share similar LTA epitopes. IgG raised

in the presence of FA weakly bound to C. difficile but also to the other bacteria except for

C. perfringens. The limited specificity of FA-promoted anti-LTA IgG for C. difficile may be

explained by the epitope recognition pattern that was different from IgG raised without ad-

juvant or Alum [Fig. 3.29e]. This suggests that recognition of monomer 17 was crucial for

efficient binding to the polysaccharide. FA proved not to be suitable as adjuvant for 20.

3.5.5 The Semisynthetic LTA Glycoconjugate Is Stable when Formulated

with Alum or Freund’s Adjuvant

The weak efficacy of Alum and FA may have been due to reduced stability of 20 in the

adjuvant-formulated as compared to the soluble form. Degradation may affect both the

protein and the glycan part of the glycoconjugate. Some proteins have been shown to be

less thermally stable when adsorbed to Alum.228,354 Increased hydrolytic glycan degradation

has been reported for a H. influenzae type b polysaccharide glycoconjugate vaccine following

Alum adsorption.355 FA is a water-in-oil adjuvant in which the water-soluble (glyco)protein

is emulsified with mannide monooleate into paraffin oil.356 It has been shown that emulsi-

fication in FA does not affect protein integrity within 24 h at 4 ◦C357, but stability data on

glycoconjugates is lacking.

To asses its stability in the adjuvant formulations, 20 was first adsorbed to Alum or

emulsified with FA at similar conditions used for immunization studies. Non-formulated 20

that was diluted in phosphate-buffered saline (PBS) served as control. The three formulations

were incubated for one week at various temperature regimes including 37 ◦C for up to seven

days to simulate the conditions following injection into mice [Fig. 3.30a]. After the incubation

period, Alum particles did not exhibit any visible changes. In contrast, FA emulsions exhibited

some degree of phase separation that was most pronounced after seven days at 37 ◦C where

a lower, less dense layer of about one third of the total volume was visible (data not shown),

as described before.358 Next, 20 was extracted from the adjuvant formulations following
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published protocols. Extraction from Alum was achieved by 2.5 h of incubation in surfactant-

containing, high ionic strength phosphate/citrate buffer at 60 ◦C.297 The partially separated

FA emulsions were vigorously mixed with 50 % (v/v) benzyl alcohol and 20 was retrieved

from the distinct aqueous layer that formed upon high-speed centrifugation.298 To study the

integrity of 20, crude extracts were separated by denaturing SDS-PAGE [Fig. 3.30b]. The

extracted glycoconjugate, following the various incubation regimes, was shifted to similar

masses above the native CRM197 protein that was loaded for comparison. There were no

visible degradation products that would run at lower masses. To assess whether the glycan

antigen 18 was still intact on 20, the extracts were washed three times with deionized water

using centrifugal filter devices with a cut-off size of 10 kDa. This would remove any detached

glycan from the glycoconjugate. The washed extracts were used for a competition microarray

experiment with pooled post-immune (week 5) serum of mice immunized with 20 and Alum

[Fig. 3.29]. Pre-incubation of the serum with 0.4µg mL-1 of extracted 20 reduced IgG binding

signals to 18 by more than 90 %, similar to non-formulated 20 [Fig. 3.30c]. There were no
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differences between adjuvant formulations or incubation temperatures. IgG inhibition was

LTA-specific, since pre-incubating serum with native CRM197 at 50µg mL-1 did not reduce

IgG binding to 18. This showed that the glycan antigen 18 remained present and intact in

the extracts of 20. Taken together, there was no evidence that limited adjuvanting efficacy

of Alum or FA was due to impaired glycoconjugate stability.

3.5.6 Antisera Raised with LTA Dimer Show No Functional Activity In Vitro

But Limit C. difficile Colonization In Vivo

The functionality of antisera raised with 20 was addressed in vitro using an opsonophago-

cytosis assay (OPA) that measures phagocytosis-promoting effects of bacteria-binding an-

tibodies. This assay is commonly used to estimate the efficacy of S. pneumoniae vaccine

candidates where opsonophagocytic activity correlates with protection.301 OPA, however, is

not established for C. difficile, as previous vaccine studies mainly focused on the secreted

clostridial toxins as immunogens.135 To investigate the phagocytosis-promoting activity of

polyclonal serum antibodies raised with 20, the assay reported for S. pneumoniae was mod-

ified. Pooled serum of the Alum group and inactivated C. difficile ribotype 014 bacteria

were used, as this combination showed highest IgG binding signals [Fig. 3.29]. After binding

of the polyclonal anti-LTA antibodies, bacteria were incubated with in vitro-differentiated

HL-60 cells that served as phagocytes [Fig. 3.31a]. Antibody-laden bacteria were adhered

to the cells at 4 ◦C. Then, phagocytosis was promoted at 37 ◦C, while control samples kept

at 4 ◦C were used to measure bacterial adherence. Finally, the extent of phagocytosis was

measured by flow cytometric quantification of cell surface-bound bacteria. There was no

evidence that antibodies raised with 20 promoted uptake into phagocytes in this set-up, as

the amount of surface-bound and therefore non-phagocytosed bacteria was identical for pre-

(week 0) or post-immune (week 5) serum [Fig. 3.31b]. However, the OPA is not established

for C. difficile and may require optimization, such as including complement.359 Also this assay

was performed with formalin-inactivated bacteria, since unlike S. pneumoniae that survives

under aerobic conditions, C. difficile is a strict anaerobe. Formalin treatment may have al-

tered the bacterial surface such that its recognition by phagocytes was impaired. Moreover,

a positive control such as an antibody that is known to promote phagocytosis of C. difficile

was not available.

A major activity of intestinal antibodies, including IgG, is physically preventing mucosal

attachment of pathogens independent of phagocytes.310,360 Therefore, the ability of LTA
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Figure 3.31: In vitro functional activity of LTA antiserum raised with 20. (a) Experimental
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antisera to inhibit colonization of C. difficile was tested with a reported in vitro assay.303–305

The assay was performed at the Universität Erlangen with kind assistance of Prof. Jochen

Mattner and Erik Wegner. Viable C. difficile suspensions obtained from liquid cultures of

ribotype 014 and 027 strains that are both recognized by anti-LTA IgG [Fig. 3.29] were incu-

bated with pooled sera. The antibody-laden bacteria were allowed to adhere to a monolayer

of Caco-2 cells, a human colon adenocarcinoma-derived epithelial cell line361 that served as a

surrogate for colonic epithelium305 [Fig. 3.31c]. After removal of any unbound bacteria, the

monolayer was disrupted and plated at limited dilutions on blood agar medium that allows

for growth of C. difficile. Up to this point, incubation and washing steps required about four

hours under aerobic conditions, which inactivates the vast majority of vegetative C. difficile

cells.29 Therefore, any effect on bacterial adhesion determined by this assay is mainly targeted

to the oxygen-resistant spores present in liquid cultures.362 The agar plates were incubated

for at least 24 h under anaerobic conditions and CFUs were counted to quantify the inhibition

of spore adhesion. Xylitol that is known to block adhesion of C. difficile to Caco-2 cells305

and was used as positive control significantly reduced adhesion of both ribotyoes 014 and 027

[Fig. 3.31d]. By contrast, LTA antisera had no significant effect on bacterial adhesion. This

suggested that the LTA polysaccharide on C. difficile spores was either not surface-exposed

or expressed at levels too low to bind sufficient amounts of anti-LTA antibodies. In support

of this, expression of LTA polysaccharide in spores has been shown to be significantly lower

than in vegetative cells in vitro.206,238
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Finally, a murine challenge model was employed to assess whether immunization with 20

could limit C. difficile colonization in vivo. The challenge studies were kindly performed by

Prof. Jochen Mattner at the Universität Erlangen, Germany. Two groups of four mice were

immunized s. c. three times with either 20 or an equal amount of CRM197 as control in two-

week intervals [Fig. 3.32a]. The human-approved Alum was selected as adjuvant since this

formulation is closest to a potential clinical application.223 Six days after the third immuniza-

tion, mice were rendered susceptible to C. difficile infection with the antibiotic clindamycin,

as described.306 The next day, mice orally received 107 CFUs of the clindamycin-resistant

C. difficile strain M68 that is able to induce colitis in mice.307 Five days after the bacterial

challenge, colonic CFUs of C. difficile, or of Gram-positive enterococci as control, were de-

termined by plating limited dilutions of fecal suspensions on selective agar medium followed

by overnight culture. The level of C. difficile colonization, determined as CFUs per gram

of feces, was 83 % lower in mice immunized with 20 than in the CRM197 controls, with

statistical significance [Fig. 3.32b]. There was no difference in Enterococcus levels. Both

groups, however, exhibited similar degrees of enterocolitis that was assessed by histopatho-

logical analysis of colon tissue (personal communication by Jochen Mattner). Apparently,

the remaining numbers of C. difficile bacteria that colonized the intestine of mice immunized

with 20 were sufficient to induce disease symptoms in this experimental setting. However,

the dose that was used for challenge (107 spores) by far exceeds the typical infectious dose

causing human disease, which is likely ten spores or lower.41,363,364 Therefore, LTA antisera

may well prevent naturally acquired infection, rendering LTA dimer 18 a promising antigen

for a vaccine against C. difficile colonization.
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Chapter 4

Discussion

A discussion of the immunization and challenge experiments with PS-I pentasaccharide 1,

disaccharide 3 and LTA dimer 18 (Sections 3.1, 3.2 and 3.5, respectively) is provided

in Section 4.1. The results related to the generation and analysis of mAbs against PS-I

(Section 3.3) are discussed in Section 4.2. A discussion on the efforts towards a fully

synthetic vaccine based on oligovalent disaccharides of PS-I (Section 3.4) is presented

in Section 4.3. An outlook with respect to potential clinical applications of the vaccine

candidates and mAbs is given at the end of each section.

4.1 Vaccine Potential of Synthetic PS-I and LTA Glycans

4.1.1 PS-I and LTA Oligosaccharides Are Antigenic

Glycan microarray-assisted screenings of serum and fecal specimens obtained from CDI pa-

tients and control individuals demonstrated that all herein investigated oligosaccharides of

PS-I, 1-6, were recognized by naturally circulating antibodies and thereby likely represent

epitopes of the native polysaccharide [Figs. 3.2 & 3.3]. A tendency towards higher serum IgG

levels in reconvalescent patients as compared to non-CDI control individuals suggested that

exposure to the PS-I polysaccharide induces systemic antibodies during natural infection. A

significant correlation of anti-1 sIgA levels with milder disease symptoms was indicative of

protective effects against CDI [Fig. 3.3]. Importantly, all studied clinical specimens contained

detectable amounts of both serum IgG and fecal sIgA to pentasaccharide 1, in agreement

with a recent study that identified IgG to the synthetic pentasaccharide and to the isolated

polysaccharide in all investigated horse serum samples.217 These findings indicate that PS-I

is likely a commonly expressed polysaccharide in vivo and thereby a vaild target for a vaccine
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with potential activity against a broad variety of clinical C. difficile strains. Formal proof

for the notion that PS-I is a ubiquitous antigen could be obtained through identifying the

biosynthetic machinery required for the assembly of PS-I that is presently unknown. With

the complete genome sequence of the C. difficile reference strain DSM1296 available365, this

information may soon be available. Knowing the sequence of the genome-encoded enzymatic

complex could help to investigate clinical isolates for the presence of PS-I and to determine

how its expression is regulated in vivo, i. e., which factors present in the intestine are respon-

sible to induce expression. These factors could then be used to promote PS-I production

in vitro in order to obtain larger amounts of the native polysaccharide for immunological

interrogations.

Similar to the PS-I antigens, microarray-assisted screenings of human serum samples

showed that LTA oligosaccharides 17-19 represented natural epitopes of the native LTA

polysaccharide [Fig. 3.26]. A tendency towards higher serum IgG levels in reconvalescent

patients as compared to non-CDI controls suggested that systemic antibody responses to

LTA mediate immunity during infections with C. difficile. In contrast to PS-I, however, the

absence of sIgA to LTA antigens in the majority of fecal specimens indicated that mucosal

antibody responses play a less important role during exposure to C. difficile bacteria. Like PS-

I, LTA polysaccharide is inconsistently and weakly expressed in vitro, and the biosynthetic

machinery is unknown.232 Therefore, the frequency of LTA expression among C. difficile

strains in vivo remains elusive. In support of LTA being a ubiquitous antigen, anti-LTA IgG

was identified in all herein investigated serum specimens [Fig. 3.26]. While PS-I appears to be

unique to C. difficile232, LTA has been identified also on other phylogenetically related species;

Peptostreptococcus anaerobius, Clostridium sordellii and Clostridium bifermentans204,208,215,

all three being human pathogens335-337. An LTA-based vaccine may therefore not only confer

protection against C. difficile, but also against related pathogens.

The ubiquitous presence of anti-PS-I and anti-LTA antibodies in the non-CDI control sam-

ples may have been the result of previous undiagnosed exposure to C. difficile, as up to 70 %

of infants36–38 and 15 % of adults40 carry the bacterium without any apparent symptoms.

The microarray screening data suggests that even asymptomatic C. difficile colonization can

trigger long-lived antibody responses to both PS-I and LTA polysaccharides. This may be

favorable for the envisaged vaccines, as the number of injections required to induce pro-

tective immunity could be reduced when memory B cells specific for PS-I/LTA are already

present. The patients analyzed in this study only comprised adults, as CDI rarely develops in
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infants and children.16,17 Further screenings with samples of younger individuals could reveal

at which age antibodies to PS-I and LTA polysaccharides start to emerge naturally and if

the kinetics are comparable to antibody responses against capsular polysaccharides that are

efficiently produced not before the age of two.366

4.1.2 Selected PS-I and LTA Oligosaccharides Are Highly Immunogenic and

May Exert Intrinsic Adjuvanting Activity

Based on the finding that anti-1 antibody levels correlate with protection from CDI symp-

toms, 1 was selected for immunological evaluation in mice. Conjugation to a protein was

required to induce immunity, as administration of soluble 1 in the presence of FA did not elicit

detectable amounts of serum antibodies (data not shown). When conjugated to CRM197

(glycoconjugate 10), high levels of anti-1 antibodies with T cell-mediated immunoglobulin

class switch to IgG and IgA were generated even without external adjuvant [Fig. 3.5]. This

indicated that 1 may exert intrinsic adjuvanting or immunestimulatory activity, whereby its

two terminal rhamnoses may account for this effect. Rhamnose, a non-mammalian sugar312,

is by itself strongly immunogenic313 and has been used as experimental adjuvant367. Its adju-

vant activity has been proposed to rely on recognition by naturally circulating anti-rhamnose

antibodies that promote uptake of rhamnose-containing vaccine constructs into antigen-

presenting cells (APCs) via Fc receptor interactions.367 Rhamnose-specific antibodies were

present in some mice prior to immunization that, however, did not recognize 1 [Fig. 3.9].

Alternatively, 1 may engage pattern recognition receptors (PRRs) on APCs, such as CD14.

This macrophage-expressed PRR binds to LPS, LTA and other bacterial glycans.368,369 Most

importantly, CD14 recognizes streptococcal rhamnose-glucose polymers, an interaction that

triggers release of pro-inflammatory cytokines such as TNF-α.370 This suggests that 1, like-

wise composed of rhamnose and glucose [Fig. 3.1], may exert adjuvant effects through bind-

ing to CD14. Other PRRs that may recognize 1 include lectin receptors that trigger pro-

inflammatory responses in immune cells upon glycan binding.371 Their specificity is usually

determined by terminal monosaccharide moieties, yet a genuine rhamnose-binding lectin has

not been identified in mammals to date. Mannan-binding lectin (MBL), however, recognizes

rhamnose-glucose glycans, despite its main eponymous reactivity to mannose.370 Further

studies are required to identify possible PRRs that interact with 1 and thereby promote its

immunogenicity. These may well include CD14 and/or MBL.
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Similar to 1, the LTA dimer 18 may exert intrinsic immunestimulatory activity, as gly-

coconjugate 20 was highly immunogenic in mice in the absence of an external adjuvant

[Fig. 3.29]. Co-administration with Alum or FA only marginally increased anti-18 serum IgG

levels. Of note, the limited efficacy of the adjuvants was neither due to a lack of adsorption

to Alum [Fig. 3.28] nor the result of reduced stability after formulation with Alum or FA

[Fig. 3.30]. A distinct feature of 18 that may be responsible for immunestimulatory effects is

its highly negatively charged nature due to the presence of carboxylate and phosphate groups

[Fig. 3.24]. The immunogenicity-enhancing effect of charged moieties of glycan antigens

is well-established. Examples include the synthetic C. difficile PS-II hexasaccharide whose

immunogenicity benefited from installment of a phosphate group235, zwitterionic glycans

that induce T cell-dependent immunity in the absence of a protein carrier372,373 and Kdo-

containing LPS structures that induce antibody responses in the non-conjugated form320. In

the present study, the potent induction of anti-Kdo IgG in mice immunized with CRM197

glycoconjugate 11 was unexpected for a monosaccharide immunogen [Fig. 3.8]. A possible

explanation for enhanced antibody responses to charged glycans including LTA 18 may be the

general preference of B cell epitopes for charged structures.374 In addition, 18 may engage

PRRs. However, binding to TLR2 that is known to recognize LTA structures341 can be ruled

out since no activation of DCs upon in vitro stimulation with 18 was observed [Fig. 3.25].

This is likely a result of the unusual structure of C. difficile LTA that differs from LTA of

most other Gram-positive bacteria bearing a conserved poly-1,3-(glycerolphosphate) back-

bone [Fig. 1.4].204,207 Other PRRs that may recognize 18 include the macrophage-restricted

CD14 known to bind LTA369 or lectin receptors371.

4.1.3 Alum but not FA Promotes Antibodies of High Specificity to the PS-I

Pentasaccharide

The use of adjuvants further promoted anti-1 antibody levels upon vaccination with 10

[Fig. 3.5]. FA promoted the highest levels of IgM, IgG and IgA to 1, as expected since

this adjuvant is known to be more potent than Alum.375 Interestingly, the adjuvants not

only influenced total antibody levels but also affected their reactivity. Alum mainly pro-

moted IgG to the entire immunogen 1, whereas with FA smaller substructures were also

strongly recognized [Fig. 3.9]. This might be attributed to effects of the adjuvants on anti-

gen processing. Glycoconjugates internalized by APCs are fragmented within endosomes

into (glyco)peptides that are presented on MHC molecules to T cells.225 Since glycosidases
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are absent in endosomes, glycan degradation is mediated by the action of reactive oxygen

species (ROS).373,376 Alum mainly evokes Th2 responses characterized by anti-inflammatory

cytokines such as IL-4 and IL-9 that suppress ROS production in APCs.377–379 By contrast,

FA elicits Th1 responses mediated by IFN-γ and other pro-inflammatory cytokines that

activate ROS generation.377,380 APCs not only present antigen-derived peptides on MHC

proteins but also release partially fragmented antigens to the microenvironment that may be

recognized by the BCR of B cells and thereby trigger differentiation into antibody-producing

plasma cells.381,382 The APC-secreted glycoconjugate fragments may differ as a result of

adjuvant-dependent ROS activity, with Alum (low ROS induction) favoring those with intact

1 and FA (high ROS induction) those displaying degraded derivatives of 1 that become avail-

able as B cell epitopes. Another explanation for adjuvant-dependent antibody recognition

patterns may be a direct influence of the adjuvants on B cell maturation in germinal centers.

For example, it has been proposed that the Th1-directing MF59 adjuvant stimulates the

process of somatic hypermutation, leading to antibodies with expanded epitope recognition

repertoires.330

Alum emerged as favorable adjuvant for 10 as the more specific antibodies are less

likely to cross-react with other bacteria of the intestine. With PS-I being a C. difficile-

specific antigen, administration of Alum-formulated 10 is expected to preserve the overall gut

bacterial community.232 This aspect is particularly important in the context of CDI, as altered

microbiota predispose for recurrent disease episodes.100–102 Whether or not immunization

with 10 alters the microbiota composition could be addressed by metagenomic sequencing

of fecal samples obtained from vaccinated vs. näıve mice.72,74,75

Polyclonal serum anti-1 antibodies raised with 10 in the presence of Alum recognized

the native PS-I polysaccharide on C. difficile [Fig. 3.5]. Binding signals in vitro were weak,

as expected since bacteria were obtained from liquid cultures that only allow for low ex-

pression levels of PS-I.232 Importantly, serum antibodies induced by s. c. administration of

10 efficiently localized to the murine intestine, the site of C. difficile colonization, and were

detectable at high levels in small intestine and colon tissue homogenates as well as in feces

[Fig. 3.6]. The antibodies likely crossed the epithelial barrier via receptor-mediated tran-

scytosis. Two receptors are known in mammals that shuttle antibodies from serum to the

intestinal lumen and vice versa; the IgG-specific neonatal Fc receptor (FcRn) that despite

its name is also expressed in adult tissue118,119 and the polymeric immunoglobulin receptor

(pIgR) specific for IgM and dimeric sIgA but not serum IgA that is a monomer120. Consistent
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with these receptor specificities, the mouse intestinal tract harbored IgG and IgM, but not

IgA, although the latter isotype was detected in serum of the same mice [Fig. 3.5]. The data

indicates that s. c. immunization did not induce detectable levels of mucosal sIgA, a known

characteristic of parenteral vaccination regimes.383 Of note, however, both IgG and IgM

have been shown to contribute to intestinal immunity against bacterial pathogens including

C. difficile.109,117,319

4.1.4 Alum but not FA Promotes Antibodies Efficiently Binding to LTA

Polysaccharide

Anti-LTA serum IgG raised with 20 exhibited adjuvant-dependent epitope recognition pat-

terns, but distinct from those observed with PS-I glycoconjugate 10 [Fig. 3.29]. Alum, but

not FA, promoted IgG strongly recognizing LTA monomer 17. As described above, the

observed differences may be due to ROS-mediated endosomal degradation of 18 within

APCs and the release of partially fragmented forms of 20 that provide additional B cell

epitopes.381,382 Compared to the Th2 adjuvant Alum, the Th1-directing FA more potently

induces ROS in APCs378–380, which may promote fragmentation of 18 at the phosphodi-

ester bonds that are prone to ROS-mediated cleavage384. Thereby, immunodominant B cell

epitopes with terminally exposed phosphate as major antigenic determinant may become

available. This could explain why FA-promoted IgG predominantly recognizes LTA glycans

having two phosphodiesters (18 and 19) and only weakly 17 with one phosphodiester. By

contrast, Alum-promoted anti-LTA IgG may more strongly recognize the glyceric acid (GroA)

substituent. It has been reported that the substituents of native LTA are sterically more ac-

cessible to antibodies than the backbone385, which may explain why antisera raised with Alum

better reacted to C difficile bacteria in vitro [Fig. 3.29]. Overall, Alum proved to favorable

over FA as adjuvant for 20.

4.1.5 Vaccination with PS-I and LTA Glycoconjugates Limits C. difficile Col-

onization In Vivo

Both immunization with glycoconjugate 10’ of PS-I pentasaccharide 1 and 20 diplaying LTA

dimer 18 significantly reduced intestinal bacterial colonization in mice upon oral C. difficile

challenge [Figs. 3.8 & 3.32]. This provided further evidence that the two glycans are expressed

in vivo. In addition, the data suggests that both PS-I and LTA polysaccharides mediate

adherence of C. difficile to intestinal mucosae, a function that has been frequently attributed
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to structurally related glycans of various human pathogens. For instance, teichoic acid of

Staphylococcus aureus is required for colonization of the gastrointestinal tract in the mouse

model211 and LTA of Listeria monocytogenes has been shown to contribute to attachment

to epithelial tisse213.

Two preventive vaccinations (prime-boost) with PS-I glycoconjugate 10’ reduced colo-

nization by 99 %, while three injections (prime-boost-boost) with LTA glycoconjugate 20

afforded 83 % reduction in challenged mice [Figs. 3.8 & 3.32]. Most strikingly, 10’ conferred

complete clearance of C. difficile in 5/6 mice five days post-challenge, whereas with 20 some

degree of colonization was observed in all challenged animals at the same time point. This

suggests that the PS-I polysaccharide is either more important for bacterial adherence and/or

more accessible to antibodies than LTA. However, a comparison of the efficacies has to be in-

terpreted with caution, as two different control groups (immunized with Kdo glycoconjugate

11 or CRM197, respectively) were used as reference. Parallel challenge studies that allow for

direct comparison are therefore required. In both cases the disease burden with respect to the

degree of colitis was was not reduced when compared to the control groups. This indicates

that vaccination with neither 10’ nor 20 could entirely block infection, and the number of

C. difficile bacteria that escaped antibody recognition were sufficient to cause disease. Note-

worthy, intestinal pathology in mice manifests itself mainly during acute infection around day

two post-challenge, followed by a phase of regeneration and natural bacterial clearance after

about four weeks.306,307 This course of disease significantly differs from that of human re-

current infections with later-onset symptoms and lack of natural bacterial eradication.100–102

Moreover, the infectious dose used for the challenge studies, 107 spores, by far exceeds the

typical number causing human infections that may be ten spores or lower, depending on the

C. difficile strain and host parameters.41,363,364 The high challenge dose was required since

mice are inherently resistant to symptoms caused by clostridial toxins.386 The more com-

mon and recognized model organism for C. difficile are hamsters that are more susceptible to

toxin-mediated disease, require infectious doses as low as one or two spores and eventually

succumb to infection.363,386 Thus, hamsters better reflect human disease than mice. Fur-

ther efforts at the MPICI will aim at investigating the protective efficacy of PS-I and LTA

glycoconjugates in this model.

It remains to be elucidated whether the observed colonization-inhibiting effects conferred

by the glycoconjugates were solely due to steric prevention of adherence or if other factors

contributed as well. Antibody-mediated defense in the mammalian intestine involves complex
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interactions of pathogens with immune cells and other mediators. For instance, antibody-

opsonized bacteria that translocate through the epithelial barrier into the lamina propria

are efficiently recognized by resident DCs via Fc receptor engagement and consequently

are inactivated.387,388 Moreover, intestinal epithelial cells secrete complement proteins into

the lumen that contribute to antimicrobial activity and are activated by bacteria-bound

antibodies.389 The in vitro OPA studies described herein did not indicate that C. difficile-

bound anti-LTA antibodies enhanced the process of phagocytosis [Fig. 3.31]. However, it

has to be noted that the OPA, routinely performed to assess the efficacy of vaccines against

the oxygen-tolerant S. pneumoniae301, is not established for C. difficile or any other obligate

anaerobe, as cell culture-based assays are not feasible under anaerobic conditions. The use

of formalin-inactivated C. difficile bacteria was required, and formalin treatment may have

altered the bacterial surface such that phagocytosis was limited. Moreover, the LTA polysac-

charide is only weakly expressed by C. difficile in vitro232, which may have impeded efficient

opsonization by LTA-specific antibodies. The OPA for C. difficile requires further optimiza-

tion such as including complement359 that is required for antibody-mediated phagocytosis

of S. pneumoniae as well301. Optimized conditions, however, will be difficult to achieve

since a positive control by means of a phagocytosis-promoting C. difficile-binding antibody

is presently not available.

A more established method to assess the in vitro activity of anti-C. difficile antibodies is

an adhesion-inhibiting assay using a monolayer of Caco-2 cells as surrogate epithelium.303–305

This assay did not indicate that anti-LTA antibodies prevented attachment of viable C. difficile

bacteria [Fig. 3.31]. However, these experiments were performed under aerobic conditions,

which effectively kills vegetative C. difficile bacteria.29 Since the read-out of this assay is

the number of colonies arising from monolayer-attached bacteria, any observed effects are

predominantly those targeted to the oxygen-resistant spores.362 It can be concluded that

spore attachment is not affected by LTA-specific antibodies in vitro, which is likely due to

the fact that LTA is expressed less by spores than by vegetative C. difficle.206,238 To determine

if vegetative cells are prevented from attachment, the assay will require modifications that

allow for their culture-independent detection. For instance, fluorescence-labeled bacteria

could be quantified microscopically303 or by flow cytometry390.
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4.1.6 Considerations towards Clinical Application of Oligosaccharide-based

Anti-C. difficile Vaccines

Forwarding the herein investigated vaccine candidates into clinical use may require enhance-

ment of their in vivo protective efficacy. A number of variables influence the immunogenicity

of glycoconjugates, including the adjuvant, glycan to protein ratio, conjugation chemistry,

the choice of the carrier protein and the route of administration.

A number of investigational new adjuvants are mainly those promoting Th1-type re-

sponses, such as QS21 or MF59.223,330 Changing the adjuvant for the herein described

glycoconjugates of PS-I 1 and LTA 18 is likely not required as the in vitro data showed

that Th2-directing Alum was more suitable than FA, a Th1 adjuvant, as discussed above.

Alum provides the advantage of currently being the only adjuvant approved for human use

in the United States.223 However, glycoconjugates prepared with disaccharide 3 may require

a strong Th1-directing adjvuvant to overcome its relatively weak immunogenicity [Fig. 3.11].

Alum promoted antibodies of favorable specificities, yet vaccination with Alum-formulated

PS-I glycoconjugates 10 and 10’ only elicited detectable amounts of anti-1 antibodies in 5/6

and 7/8 mice, respectively, and antibody levels were highly variable [Figs. 3.5 & 3.8]. Simi-

larly, Alum-adjuvanted LTA glycoconjugate 20 only induced detectable levels of LTA-specific

IgG in 2/3 mice [Fig. 3.29]. This indicates some degree of immunodominance of the CRM197

carrier protein in both cases. One factor that strongly influences the balance of immuno-

genicity between glycan and protein portions of glycoconjugates is the glycan to protein

ratio.247 Low glycan loading directs antibody responses the carrier protein, likely because

fewer glycan-presenting B cell epitopes are exposed. By contrast, too high loadings reduce

the immunogenicity of the entire glycoconjugate by inactivation of T cell epitopes.247 Thus,

there is a favorable glycan to protein ratio that, however, depends on both the carrier protein

and the glycan antigen, and requires optimization for each combination. The present study

allows for some conclusions to be drawn with respect to favorable glycan loading of CRM197

based on the ability of the different glycoconjugates in eliciting anti-glycan antibodies. The

two glycoconjugates 12 and 12* were obtained by different conjugation methods that af-

forded loadings of 9.8 and 20 copies of PS-I disaccharide 3 per CRM197, respectively, but

were otherwise identical in composition [Figs. 3.10 & 3.20]. While both elicited anti-PS-I IgG

in 2/3 mice, 12* induced lower levels of antibodies to 3 as well as CRM197 [Figs. 3.11 & 3.22].

This indicated that a loading of 20 destroyed T cell epitopes to an extent that significantly

reduced the overall immunogenicity of 12*. Glycoconjugate 16 prepared with OAA 15 had
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a low loading of 1.3 and did not induce any detectable anti-PS-I antibodies but higher re-

sponses to CRM197 than 12* [Fig. 3.22]. Thus, in the case of 16 T cell epitopes were largely

intact but 15-displaying B cell epitopes were too sparsely distributed to induce significant

antibody responses. Glycoconjugate 11 of Kdo 9 efficiently elicited anti-9 antibodies in 8/8

mice, indicating that its loading of 7.5 was within the optimal range [Figs. 3.7 & 3.8]. This

suggests that glycan immunogenicity of glycoconjugate 20 that contains the also negatively

charged LTA 18 at a glycan to protein ratio of 4 [Fig. 3.27] may well benefit from higher

loading, which could be afforded by the more efficient conjugation chemistry with DNAP

crosslinker.294 Glycoconjugates 10 and 10’ with PS-I 1 and loadings of 9.6 and 7, respec-

tively, appeared to be already within the optimal range [Figs. 3.4 & 3.7]. The one mouse

immunized with Alum-formulated 10 that did not mount antibodies to 1 instead elicited a

strong response directed against the generic spacer moiety (data not shown), a known phe-

nomenon observed especially for glycoconjugates of weakly immunogenic glycan antigens.317

This may be circumvented by utilizing DNAP instead of DSAP crosslinker, as half ester in-

termediates of DNAP can be more efficiently separated from non-modified crosslinker, which

prevents the attachment of potentially immunogenic glycan-free adipic acid molecules to the

carrier protein.294,316

Another factor that governs the immunogenicity of glycan antigens is the choice of the

carrier protein. For example, a recent study compared anti-glycan antibody levels raised in

mice and rabbits in response to vaccination with glycoconjugates of either CRM197, DT or

TT toxoids and meningococcal capsular polysaccharides.391 While CRM197 was shown to

be favorable for meningococcal serogroup A (MenA), MenW and MenY polysaccharides,

DT promoted higher anti-glycan antibody levels to MenC in both animal models. This

shows that the optimal carrier protein is glycan antigen-dependent and thus remains to be

identified for the synthetic PS-I and LTA glycans. For C. difficile glycans, clostridial toxins

TcdA and/or TcdB (in the form of toxoids) or fragments thereof may be the most suitable

carrier molecules, as such glycoconjugates could elicit both colonization-inhibiting and toxin-

neutralizing antibodies simultaneously to act in concert. Of note, a recent study showed

that a glycoconjugate composed of PS-II polysaccharide and a non-toxic TcdB fragment

efficiently elicited anti-PS-II and toxin-neutralizing IgG in mice, providing proof-of-concept

that this approach is feasible.392 Clostridial toxoids have shown favorable safety and im-

munogenicity profiles in a number of clinical trials and toxoid-based vaccines are expected

to obtain licensure within the next five years.135 They may provide the additional advantage
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that an adjuvant is likely dispensible, as the toxoid vaccines currently investigated clinically

by Pfizer168 and Valneva174 were shown to be more immunogenic in the absence of Alum.

The route of administration may also influence vaccine efficacy of glycoconjugate vac-

cines against C. difficile. Small animal studies on vaccine candidates targeting C. difficile

surface proteins showed that for some but not all antigens mucosal administration afforded

better protection.135 Thus, the optimal administration route appears to be antigen-specific

and will require investigation for C. difficile surface glycans. Although serum IgG and IgM to

1 efficiently localized to the intestine of s. c.-immunized mice probably via receptor-mediated

transcytosis118–120 [Fig. 3.6] and C. difficile toxin-mediated tissue damage could further en-

hance the release of serum antibodies into the intestinal lumen in the case of disease232,

mucosal sIgA is recognized as the most important antibody isotype for mucosal immunity310.

sIgA can be efficiently induced in small animals via rectal antigen administration.64,180 Inter-

estingly, transcutaneous injection of C. difficile protein antigens has been shown to potently

induce both serum IgG and mucosal sIgA in mice that may act cooperatively.143 Inducing

sIgA may have the further advantage that unlike the largely all-or-none systemic antibody

responses, IgA responses appear as a linear function of the total amount of antigen, which

may be useful in designing vaccination schedules for C. difficile.232,392

Finally, co-administering glycoconjugates of C. difficile PS-I, PS-II and LTA antigens may

confer enhanced levels of protection and would reduce the chance of escaping bacteria that

do not express either one of the polysaccharides. This is subject of on-going research at the

MPICI.

4.2 Generation and Analysis of mAbs to PS-I

mAbs to PS-I pentasaccharide 1 were generated to study glycan-antibody interactions and

to investigate their potential as therapeutic agents against C. difficile disease. The mAbs

were obtained from mice immunized with glycoconjugate 10 composed of CRM197 and 1

via the hybridoma technique [Fig. 3.12].252,299 Alum was selected as adjuvant to generate

mAbs that strongly bind to 1 but less to smaller substructures [Fig. 3.9]. Thereby, the

resulting mAbs were expected to be of high specificity to C. difficile and to exert limited

cross-reactivity to other bacteria. When used therapeutically the microbiota would be less

damaged, which is especially important in the context of C. difficile infection where dysbiosis

predisposes for recurrent infections.72–75,100–102 Affinity purification by FPLC yielded highly
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pure mAbs that were used for subsequent studies [Fig. 3.13]. Three mAbs 2C5, 10A1 and

10D6 were recovered that were all of the IgG1 subtype [Fig. 3.13], reflecting the fact that

the Th2-directing Alum adjuvant mainly induces IgG1.353

4.2.1 Anti-1 mAbs Provide Detailed Insights into Glycan-antibody Interac-

tions

To obtain insight into how antibodies interact with PS-I, glycan-mAb interactions were

studied using various biochemical and biophysical methods. Microarray and SPR studies

confirmed that disaccharide 3 is the minimal epitope of PS-I [Figs. 3.13 & 3.14]. However,

mAb binding to the more antigenic pentasaccharide 1 was stronger with nanomolar KD

values than to 3 with micromolar KD values [Table 3.1]. IM analysis revealed that both

1 and 3 interacted with mAbs in 1:1-like manner and that stronger binding to 1 was due

to faster association but not slower dissociation [Fig. 3.15]. The binding stoichiometries

and kinetics provided evidence that mAb re-binding to two adjacent units of 3 in 1 did

not occur. ITC studies suggested that an epitope larger than 3 containing two rhamnose

units is accommodated by the binding pockets of the mAbs, leading to entropically favored

interactions [Fig. 3.16]. Taken together, SPR, IM and ITC studies led to the conclusion that

rhamnoses were the major antigenic determinants with weak but essential contributions of

the adjacent glucoses, as 3 but not rhamnose 1 was bound by the mAbs [Fig. 3.14]. The

additional glucose of trisaccharide 2 likely did not participate, as 2 did not show enhanced

affinity as compared to 3 [Table 3.1].

The considerations on epitope recognition were confirmed by saturation transfer differ-

ence (STD)-NMR measurements that were kindly performed by Dr. Christoph Rademacher

and Jonas Hanske.394 STD-NMR allows for determining binding epitopes of mAbs at atom-

level detail.239,240 As expected, STD effects imposed by mAb binding to disaccharide 3

showed that the main contact surface area was located around the terminal rhamnose, with

highest STD effects at the indistinguishable methyl protons H6, H’6 and H”6 (100 % nor-

malized STD effect), as well as H3 (99 %) and H2 (78 %) [Fig. 4.1a,b]. The glucose moiety

in 3 contributed weakly to antibody binding around H3 (11 %). Despite the low saturation

transfer, this interaction appears important for antibody binding, as rhamnose 4 was not

recognized by the mAbs in SPR experiments [Fig. 3.14]. Comparison of STD-NMR spec-

tra with 3 at a fixed saturation time indicated that all mAbs recognized a similar epitope

[Fig. 4.1c]. In addition, trisaccharide 2, which contains 3 and an additional glucose at the
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reducing end, showed comparable STD effects with mAb 10A1. This observation indicated

that the additional glucose did not participate in binding and explains similar binding affinities

to 2 and 3 in the SPR experiments. STD effects for 1 could not be determined owing to its

strong affinity to all three mAbs. However, competition experiments of trisaccharide 2 with 1

completely diminished any STD effects imposed by 2 [Fig. 4.1d], indicating identical binding

sites and verifying high-affinity binding of 1. Overall, STD-NMR data confirmed antibody

binding to 1-3 and showed that interactions were mainly mediated by terminal rhamnoses

with weak but essential participation of adjacent glucoses. These findings suggested that

strong binding to 1 was likely achieved by linking two disaccharide 3 subunits via a glycosidic

bond that does not interact directly with the antibodies.

IM analysis indicated that binding stoichiometries for 1 and 3 were identical, despite

the fact that 1 contains two copies of 3. Therefore, the mAb binding pockets probably

do not provide two identical binding sites for 3, but one binding site for 1 that may adopt

a more complex conformation. To obtain structural insights into the conformation of 1,

two-dimensional (2D) NMR spectroscopy was employed [Fig. 4.1e]. Inter-residue nuclear

Overhauser effects (NOEs) were all in agreement with a model of the solution structure of 1

based on calculations using the GLYCAM06 force field396 [Fig. 4.1f]. The 2D NMR studies

provided evidence that 1 adopts a conformation in which the two units of 3 are oriented in an

angled position relative to each other. Taken together, IM, ITC and 2D NMR experiments

indicated that the mAb binding pockets accommodate the tetrasaccharide portion of 1

without the reducing-end glucose. Disaccharide 3 made fewer contacts than 1, resulting in

lower binding affinity.

In a broader sense, the findings provide detailed insights into the nature of glycan-

antibody interactions in general. Similar to lectins, antibody binding to glycans is mainly

an enthalpy driven process often of low millimolar or micromolar affinity that in most cases

is characterized by unfavorable entropy.254,256–262,266,398–403 Enthalpy-entropy compensation

often impedes high-affinity binding. Nanomolar affinities of antibodies to oligosaccharides are

typically attributed to ionic interactions as for instance in the case of a trisaccharide antigen

of Chlamydia312,404 or to conformational rigidity of large polysaccharides that leads to favor-

able entropy resulting from lower entropic penalty upon antibody binding255. By contrast,

the herein described mAbs bind with nanomolar affinity to 1, a comparably small oligosac-

charide antigen without any charged residues. Details on these interactions were revealed by

STD-NMR. High-affinity binding to 1 likely results from nonpolar antibody interactions with
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Figure 4.1: Epitope mapping of anti-1 mAbs by STD-NMR and conformation of 1.
(a,b) Recognition of 3 by 10A1 shown as Lewis structure and 3D model calculated with
Glycam395. Colors represent percent STD effects.394 (c) Recognition patterns of 3 by three
mAbs. STD spectra were acquired at 2 s saturation transfer time. (d) Competition of 2 by 1.
Trisaccharide 2 exerts STD effects at the same protons as 3 (center). Adding 1 led to disappear-
ance of peaks imposed by 2, indicating competition for the same binding site (top). The reference
spectrum is shown at the bottom. (e) 1D proton NMR and 2D zTOCSY and NOESY spectra of
1 showing proton coupling to anomeric protons of the five residues numbered as in panel (f). Cir-
cles mark cross-peaks that appear in NOESY but do not show a corresponding peak in zTOCSY.
These peaks were marked as inter-residue NOEs and labeled by residue number and proton name.
(f) Chemical structure (top) and 3D model of 1 obtained with GLYCAM396 and UCSF Chimera397

(bottom). Glucose and rhamnose residues are highlighted blue and green, respectively. Dotted
lines represent 23 inter-residue NOEs derived from comparing NOESY and zTOCSY spectra. All
NOEs are within 5 Å distance in the model structure. Figure modified from Broecker et al.286
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hydrophobic methyl groups that generate favorable entropy by water displacement. Inter-

estingly, although the number of mAbs in this study was limited, all of them recognized the

similar molecular epitope of PS-I with rhamnose as major antigenic determinant. The notion

that affinity benefits from recognition of hydrophobic methyl groups of bacterial sugars is

further supported by the recent observation that methyl groups of rhamnose and anthrose

contribute significantly to nanomolar affinity antibody binding to an antigenic tetrasaccharide

of Bacillus anthracis.240

The binding epitope could be further characterized by X-ray crystallography. This method

is frequently used to decipher the molecular basis of glycan-antibody interactions and requires

co-crystallization of mAb Fab fragments with the glycan antigen.266,400,401 Unlike STD-NMR,

crystallography allows for studying high-affinity interactions such as those with 1 and provides

additional sequence information on the antibody binding pocket. Thereby, crystallography

could confirm whether rhamnose indeed engages in favorable nonpolar interactions with

the anti-1 mAbs, as shown previously for Shigella flexneri glycan antigens whose rhamnose

moieties interact via their methyl groups with hydrophobic pockets of an antibody constituted

by tyrosine and histidine side chains.266

4.2.2 Anti-1 mAbs Prevent Experimental Colitis In Vivo

All three anti-1 mAbs recognized the surface of C. difficile bacteria in vitro, as shown by

whole-cell ELISA experiments [Fig. 3.17]. Yet, mAb 2C5 was the only one that significantly

bound to all investigated C. difficile strains (5/5), followed by 10D6 (4/5) and 10A1 (1/5).

10A1 may not bind efficiently due to its faster dissociation kinetics compared to 2C5 and

10D6 [Table 3.1]. The reasons for the observed differences between 2C5 and 10D6 remain

to be determined, as both mAbs recognized similar molecular epitopes of PS-I with associ-

ation and dissociation kinetics in the same range. A slightly higher affinity of 2C5 to the

minimal disaccharide epitope 3, KD = 18.0µM as compared to KD = 37.5µM for 10D6, may

be responsible for stronger recognition of natural PS-I. Thus, subtle differences in epitope

recognition can have a significant impact on binding to the native PS-I polysaccharide. This

aspect warrants further investigation, for instance, by more detailed characterization of bind-

ing epitopes by means of X-ray crystallography. Of note, the binding signals observed in the

ELISA experiments were generally weak, likely because of the low in vitro expression levels

of PS-I.232 Overall the in vitro binding studies gave further credence to the notion that PS-I

is a ubiquitous antigen and demonstrated that 2C5 is the mAb most efficiently recognizing
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native PS-I on the surface of C. difficile.

mAbs 2C5 and 10D6 emerged as promising candidates for in vivo challenge studies in

mice aming at assessing their ability to prevent C. difficile disease upon passive immunization.

Two administrations with 100µg of mAb via the intraperitoneal and intrarectal routes seven

and three days prior to challenge and one at the day of infection significantly reduced both the

degree of intestinal colonization and inflammation [Fig. 3.18]. 2C5 was moderately superior

to 10D6, likely reflecting better in vitro binding to C. difficile. Two mAbs directed against PS-

II also reduced C. difficile colonization and disease, but to a lower extent. This observation

indicated that PS-I may be more important than PS-II for bacterial attachment in vivo. In

line with this finding, it has been suggested that PS-I constitutes a virulence factor associated

with aggressive behavior of C. difficile, as to date highest expression levels in vitro were found

in an isolate of the hypervirulent ribotype 027 strain.205,232 Of note, passive immunization

with anti-1 mAbs completely prevented colitis in mice, which was not achieved by active

immunization as discussed above. The better efficacy of passive immunization may have

been due to higher local concentrations of intrarectally administered mAbs as compared

to serum antibodies raised by immunization that required transportation to the intestinal

lumen. It remains to be elucidated whether intravenous administration is likewise able to

confer protection against disease, since this route of administration is tyically applied in

humans.188,405 Challenge studies in hamster could reveal whether the anti-1 mAbs also afford

protection against lethal challenge and if co-administration of toxin-neutralizing mAbs188

could afford synergistic protective efficacy.

4.2.3 Considerations towards Clinical Application of Anti-1 mAbs

Clinical application of the mAbs requires chimerization or humanization to prevent adverse

reactions due to immunogenicity of the mouse protein.405 Chimerized mAbs comprise the

complete murine variable domains that are fused to human Fc domains in vitro.406 This

method allows for retaining full binding activity. Yet, chimeric mAbs are still about 30 %

of mouse origin, which can generate undesired immune responses when introduced into

humans. The murine fraction can be further decreased by replacing the hypervariable loops of

variable domains with human ones.407 Thereby, humanized mAbs of about 90 % human origin

are generated that are less immunogenic than chimeric antibodies. However, exchanging

hypervariable loops frequently reduces affinity compared to the parental murine mAb. The

original binding strength can be restored by in vitro mutagenesis. Most mAbs currently
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approved for human use are either chimeric or humanized.405 The generation of humanized

derivatives of the anti-1 mAbs is subject of ongoing studies at the MPICI.

Fully human anti-1 mAbs would be even less immunogenic.405 They can be obtained

by immunizing mice transgenic for the entire genetic repertoire of human IgG followed by

clonal selection with the conventional hybridoma technique.405 This method was applied,

for instance, to obtain toxin-neutralizing mAbs against C. difficile disease that are subject

to clinical investigation.193 A powerful in vitro method to generate fully human mAbs is

provided by phage display.408 This technique relies on the generation of genetically modified

M13 phages that display phage coat proteins fused to libraries of Fab fragments of human

origin. Phage clones harboring Fab fragments on their surface that react with the antigen

of interest are used to determine the corresponding gene sequence. The Fab-encoding genes

are then fused in vitro to human Fc to generate fully human mAbs. The availability of large,

universal Fab fragment gene libraries obtained from non-immunized individuals allows for

rapid screening for desired binding specificities.409 This is particularly appealing with respect

to antibodies to C. difficile glycan antigens, since these are ubiquitously present in adult

humans [Figs. 3.2 & 3.26].

Finally, antibody engineering allows for installing Fc portions with desired

characteristics.405 For anti-C. difficile mAbs it might be of interest to intall an Fc portion with

modulated affinity to the FcRn receptor that shuttles IgG between serum and the intestine

such that the mAb it is more efficiently transported to the luminal side after intravenous

application.410 Alternatively, antibody engineering could generate mAbs with increased resis-

tance to gastrointestinal trypsin digestion that is characteristic of IgA.411 This would allow

for more efficient oral application to directly target the intestine. Moreover, this route of

administration has been shown to cause fewer side effects than intravenous application.412

Oral colon-specific delivery could be further enhanced by coating the mAbs on polystyrene

nanocarriers, which has been shown to increase their resistance to degradation in the mouse

model.413 Alternatively, mAbs encapsulated in commercially available and human-approved

hypromellose capsules that survive stomach passage and dissociate in the intestine provides

an appealing option for oral delivery that has been successfully applied to treat recurrent

C. difficile disease by means of FMT.129
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4.3 Towards Fully Synthetic Vaccines Displaying Oligovalent

Disaccharides

4.3.1 A Glycan Mimetic of Pentavalent Disaccharides Is Antigenic

Glycan microarray and SPR experiments revealed that anti-1 mAb binding to PS-I glycans

was primarily mediated by terminal rhamnoses and adjacent glucoses, but did not extend

further into the antigens, as the additional glucose moiety at the reducing end of 2 did

not enhance affinity as compared to 3 [Table 3.1]. This binding specificity was confirmed

by STD-NMR measurements [Fig. 4.1]. The glycosidic bond that connects two units of 3

in pentasaccharide 1 does not directly participate in binding and may therefore be replaced

by a linker to furnish structures mimicking immunologic properties of larger PS-I glycans

[Fig. 3.19]. ITC and IM studies indicated that stronger mAb binding to 1 resulted from

higher affinity, not avidity, despite the presence of two units of 3 in 1 [Figs. 3.15 & 3.16].

Two-dimensional NMR experiments showed that the pentasaccharide likely adopts a con-

formation with two units of 3 in an angled position [Fig. 4.1]. It was therefore reasoned

that oligovalently displayed disaccharides 3 might afford enhanced antibody binding through

increased affinity (faster association rates) when two adjacent disaccharides adopt a confor-

mation similar to that of 1, through increased avidity (slower dissociation rates) by re-binding

events, or a combination of both.

To investigate whether adjacent disaccharide copies lead to increased mAb binding

strength when compared to single disaccharides, OAAs were synthesized that oligovalently

display 3. The OAA backbone has been reported to be non-toxic, non-immunogenic and

suitable for oligovalent glycan presentation with limited synthetic effort.272–276 Straightfor-

ward solid-phase OAA synthesis furnished PS-I glycan mimetic 15 displaying five units of

3 [Fig. 3.19]. Five adjacent disaccharides correspond to 2.5 generic copies of the pentasac-

charide, thereby enabling a combination of potential affinity- and avidity-enhancing effects.

A comparably large construct was selected since larger PS-I glycans are more capable of

eliciting antibodies than smaller ones [Figs. 3.5 & 3.9]. Tight mAb binding to 15 was shown

by SPR [Fig. 3.20]. Owing to slow association rates that were below the measurable limit,

potential increases in affinity could not be detected. However, the dissociation rates were

about five orders of magnitude slower than for monovalent disaccharides, indicating strong

avidity-enhancing effects. Thus, a PS-I glycan mimetic characterized by high-avidity antibody

binding was successfully created. This is reminiscent of natural repetitive polysaccharides
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that enable strong antibody binding through avidity effects despite typically low affinity to

single epitopes.223

4.3.2 A Glycan Mimetic of Pentavalent Disaccharides Is Immunogenic

Immunization studies in mice were performed to investigate whether 15 is able to elicit PS-I-

specific antibodies. Compound 15 was equipped with a CRM197 peptide epitope intended to

recruit T-cell help327, similar to previously described immunization efforts with multivalent

tumor-associated carbohydrate antigens that included synthetic T-cell epitopes269–271,277.

Antibody responses were compared to those elicited by the semisynthetic glycoconjugates

12* and 16 obtained by covalently attaching 3 and 15, respectively, to CRM197 [Fig. 3.21].

The glycoconjugates were synthesized with the DNAP spacer294 to facilitate the challenging

conjugation of 15 to CRM197, as it allows for more efficient conjugation reactions than the

DSAP spacer291 used to obtain the other glycoconjugates in this study. Vaccinating mice

with fully synthetic OAA 15 induced IgGs to pentasaccharide 1 at low but comparable levels

to semi-synthetic glycoconjugate 12* [Figs. 3.22 & 3.23]. Interestingly, in contrast to 12*,

IgG to disaccharide 3 was not detectable after immunization with 15. Therefore, the IgG

response to 15 was more specific to larger PS-I glycans, which is desirable for a vaccine to

limit cross-reaction with structurally related glycans. This also indicated that two adjacent

disaccharides in 15 may have adopted a conformation that resembles 1 to some degree.

Anti-CRM197 IgG raised with 15 indicated that the synthetic peptide epitope was recognized

as a B cell epitope in addition to serving as T cell epitope that promoted immunoglobulin

class switch to IgG [Fig. 3.22].

To investigate whether the immunogenicity of 15 could be further enhanced, the pentava-

lent OAA was conjugated to CRM197 [Fig. 3.21]. The resulting glycoconjugate 16, however,

was unable to generate anti-PS-I IgGs in mice, probably due to the low antigen loading of

1.3 molecules of 15 per CRM197 that resulted in too little B cell epitopes presented to the

immune system. It has been noted previously that low antigen loading of glycoconjugates

is associated with weaker antibody responses.247 Compound 16, however, was able to boost

existing IgG responses to PS-I glycans elicited by 12*, suggesting a limited ability to raise

anti-PS-I IgG that may be enhanced through higher antigen loading.

The anti-1 IgG responses induced by 12*, displaying antigens at a high density of 20

molecules 3 per CRM197, were relatively weak and only detectable at low serum dilutions

(1:20) by glycan microarray [Fig. 3.22]. Glycoconjugate 12 that was similar in composition to
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12* but had a lower antigen loading of 9.8 elicited higher levels of PS-I-specific IgGs in mice

that were detectable at higher dilutions (1:100) [Fig. 3.11]. It has been suggested previously

that excessive glycan loading of glycoconjugates may limit immunogenicity due to destruction

of T cell epitopes, resulting in weak antibody responses.247 Still, 12* was suitable to compare

antigen recognition patterns to mice immunized with 15, as 12* elicited IgGs cross-reacting

to 1 and 3 similar to 12 [Figs. 3.11 & 3.22]. Collectively, the immunization data provided

evidence that the fully synthetic vaccine candidate 15 elicited T cell-dependent IgG responses

with main reactivity to 1. This specifity is reminiscent of the Alum-promoted polyclonal and

monoclonal antibodies induced by CRM197 glycoconjugates with 1 that conferred protection

from C. difficile infection in vivo [Figs. 3.8 & 3.18].

4.3.3 Considerations towards Improving the Vaccine Potential of PS-I Gly-

can Mimetics

Further studies are required to increase the ability of oligovalently displayed disaccharides to

elicit antibodies in vivo. As the carrier itself is not directly involved in antibody binding, it

may be replaced to alter the distance of disaccharide copies, the biocompatibility and/or the

flexibility of the vaccine construct. For instance, oligolysine backbones have been shown to

be suitable carrier molecules for small oligosaccharide antigens to afford highly immunogenic

synthetic vaccine candidates.270,271,277 Comparative studies with constructs of different va-

lencies may help to differentiate affinity from avidity effects. The antibody response to oligo-

valent glycan mimetics may also benefit from incorporation of immunestimulatory molecules

such as the TLR agonist PAM2CysSK4
277 or NKT cell-activating GSL278,279. Exchanging the

CRM197 T cell epitope, for instance, with the PADRE peptide that is known to efficiently

promote anti-glycan IgG to synthetic vaccine constructs277,414 may also help to increase

anti-PS-I antibody responses. Once potently immunogenic synthetic vaccine constructs are

identified, in vivo protective effects of the generated antibody responses could be assessed by

challenge studies in mice or hamsters. A fully synthetic vaccine against C. difficile may ben-

efit from enhanced stability as compared to the semi-synthetic glycoconjugates investigated

herein or toxin-based vaccine candidates that are presently under clinical investigation.135

The cold chain that is required for protein-containing vaccines and is responsible for up to

50 % of the total cost could thereby be avoided.280,281 Thus, synthetic glycan mimetics of

PS-I may pave the way towards more cost-efficient vaccines against C. difficile.
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