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ABSTRACT 

Glycoconjugation is a well-established technology for vaccines development: linkage of the 

polysaccharide (PS) antigen to a carrier protein (as CRM197) makes PS effective in infants and 

provides immunological memory. Over the last decades, glycoconjugates have been successful in 

reducing the burden of different pathogens, but many diseases still remain to be controlled and more 

urgency is due to emergence of antimicrobial resistant bacteria. Considering the variety of PS antigens 

displayed on the surface of pathogens for which no vaccines are available, high-valency 

glycoconjugates will be required. The aim of my PhD project was to identify generic PS purification 

and conjugation methodologies, simplifying and accelerating the development of multi-valent 

vaccines.  

A high-throughput method for the purification of capsular polysaccharides from Klebsiella 

pneumoniae (Kp), independently from their structural variability, was developed. Kp is a Gram-

negative bacterium and a leading cause of neonatal sepsis in low- and middle-income countries, often 

associated with antimicrobial resistance. Current approaches for the development of a Kp vaccine 

make use of the glycoconjugation technology and target multiple capsular polysaccharides, well-

characterized virulence factors exposed on the bacterial surface. The method developed, based on 

CTAB fractional precipitation, was successfully applied to purify K-antigens from different Kp 

strains, thereby demonstrating its robustness and general applicability. Further, antigens 

characterization showed that the purification method had no impact on PS structural integrity and 

preserved labile substituents such as O-acetyl and pyruvyl groups, that could be critical for 

immunogenicity. 

Subsequently, 1-Cyano-4-dimethylaminopyridinium tetrafluoroborate (CDAP) chemistry was 

selected as a generic conjugation strategy that can be easily applied to PS with different structures. 

This chemistry utilizes functional groups common to a broad range of PS and proteins, e.g., hydroxyl 

groups on the PS and amino groups on the protein. New fast analytical tools to study the CDAP 

reaction were developed, and reaction conditions for PS activation and conjugation were extensively 

investigated. Mathematical models were built to identify the reaction conditions to generate 

conjugates with wanted characteristics and successfully applied to a large number of bacterial PS 

from different pathogens, e.g., Kp, Salmonella, Shighella. Furthermore, using Salmonella Paratyphi 

A O-antigen and CRM197 as models, a design of experiment approach was used to study the impact 

of conjugation conditions and conjugate features on immunogenicity in rabbits. The work contributed 

to the design of an optimal glycoconjugate against S. Paratyphi A, currently in Ph1 clinical trial, which 

can be rapidly extended to other PS. 
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CDAP chemistry was also applied to the conjugation of PS to new carrier systems, like Generalized 

Modules of Membrane Antigens (GMMA). GMMA are outer membrane vesicles released from 

genetically modified Gram-negative bacteria. In particular, S. Paratyphi A O:2 was linked to Shigella 

sonnei GMMA. The resulting conjugate was able to elicit strong immune responses against both 

Shigella and Salmonella antigens with no negative immuno interference. 

Also, genetic manipulation was used to generate Kp GMMA displaying two different PS, K- and O-

antigens, on their surface. A multicomponent GMMA formulation was tested in mice, demonstrating 

that Kp GMMA from different strains can be combined without negative immuno interference and 

providing broad coverage against more relevant Kp serotypes.  

Overall, the results obtained during my PhD studies will facilitate and accelerate development of 

glycoconjugate vaccines. 
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1. INTRODUCTION 

1.1 The global burden of antimicrobial resistance (AMR) 

Over the last decades, the misuse and overuse of antibiotics in humans and animals have led to the 

emergence of drug-resistant pathogens, resulting in a critical problem known as antimicrobial 

resistance (AMR). [1] This issue is gradually emerging as a potential global health disaster, with 

projections indicating that by 2050, fatalities from AMR could exceed those from cancer. [2]  

AMR occurs when microorganisms such as bacteria, viruses, fungi, or parasites evolve over time and 

develop resistance to drugs used to eliminate them, including antibiotics, antivirals, antifungals, and 

antiparasitics. Despite the presence of these drugs, the microorganisms can continue to survive and 

multiply. [3] This resistance complicates the treatment of infections and increase the risk of disease 

spread, potentially leading to more severe illnesses and increased mortality.  

Several factors contribute to the spread of AMR, including inadequate safe water, sanitation, and 

hygiene services, poor management and control of drug-resistant infections in hospital and 

agricultural environments, and transmission of resistant pathogens during food production and 

processing. Other contributing factors are limited access to affordable drugs, vaccines, and 

diagnostics, and a general lack of awareness and understanding about AMR. [4]  

In response to this, the World Health Organization (WHO) and various other authorities have 

promoted a coordinated action to address AMR. In 2015, the WHO launched a global action plan 

(GAP) based on the "One Health approach", [5] promoting the combined efforts of various sectors - 

human health, animal health, and environmental health. That same year, the WHO established the 

Global Antimicrobial Resistance and Use Surveillance System (GLASS), a comprehensive system 

designed to gather, process, and disseminate AMR data from countries worldwide. [6] 

AMR is a significant global health issue, causing a large number of deaths annually in both high-

income countries (HICs) and low- and middle-income countries (LMICs). The Global Burden of 

Diseases (GBD) study provides a comprehensive framework for understanding the impact of diseases 

and injuries worldwide, contributing significantly to health policy decisions and planning processes. 

[7]  

A recent systematic analysis of the bacterial AMR burden by C. Murray et al. considered a wide range 

of pathogens and pathogen-drug combinations across all locations, including those with no available 

data. The study used two scenarios to assess the disease burden: deaths associated with AMR (deaths 

from a drug-resistant infection where AMR may or may not have been the cause) and deaths 
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attributable to AMR (deaths directly caused by drug-resistant infections due to ineffective treatment). 

[8] It was estimated that in 2019, 4.95 million deaths were associated with bacterial AMR, including 

1.27 million deaths directly attributable to AMR. The study identified Escherichia coli, 

Staphylococcus aureus, Klebsiella pneumoniae, Streptococcus pneumoniae, Acinetobacter 

baumannii, and Pseudomonas aeruginosa as the top six pathogens (Figura 1.1), each responsible for 

over 250,000 deaths associated with AMR in 2019. [8] These bacteria, known as óôESKAPEôô 

pathogens, continue to evolve resistance to new drugs, making treatment difficult. The spread of these 

pathogens is exacerbated by their ability to acquire resistance genes and adapt to healthcare 

environments. Despite new antibiotics being developed, these pathogens remain problematic and the 

development of novel therapies, as vaccination, is crucial. [9, 10] 

The same study also evaluated all-age death rates associated with and attributable to AMR across 21 

GBD regions. The results showed that some LMICs, particularly regions in sub-Saharan Africa and 

south Asia, had higher burden estimates (Figure 1.2). [8]  

This is in perfect agreement with the list of antibiotic-resistant "priority pathogensò that WHO 

published in 2024 (Table 1.1). Here, bacteria were classified as critical, high, or medium priority, 

according to the urgency of need for new preventive strategies and several Gram-negative 

Enterobacteriaceae organisms were included in the most critical group. [11]  

 

 

Figure 1.1. Global deaths (counts) attributable to and associated with bacterial antimicrobial 

resistance by pathogen, 2019 (Figure reproduced from Murray et al).[8]  
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Figure 1.2. All-age death rates attributable to and associated with bacterial antimicrobial resistance 

by GBD region in 2019 (Figure reproduced from Murray et al).[8]  
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Table 1.1. List of óôBacterial Priority Pathogensò published by WHO in 2024.[11]   

Species Type of Antibiotic Resistance 

Critical group# 

Enterobacterales* carbapenem-resistant, 

3rd generation cephalosporin-resistant 

Acinetobacter baumannii carbapenem-resistant 

Mycobacterium tuberculosis rifampicin-resistant 

High group  

Salmonella typhi fluoroquinolone-resistant 

Shigella spp. fluoroquinolone-resistant 

Enterococcus faecium  vancomycin-resistant 

Pseudomonas aeruginosa carbapenem-resistant 

Non-typhoidal Salmonella fluoroquinolone-resistant 

Neisseria gonorrhoeae 3rd generation cephalosporin-resistant,  

fluoroquinolone-resistant  

Staphylococcus aureus methicillin-resistant 

Medium group  

Group A Streptococci macrolide-resistant 

Streptococcus pneumoniae macrolide-resistant  

Haemophilus influenzae ampicillin-resistant  

Group B Streptococci penicillin-resistant 

* Enterobacterales include: Klebsiella pneumoniae, Escherichia coli, Enterobacter 

spp., Serratia spp., Proteus spp., and Providencia spp., Morganella spp. 
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1.1.1 Alternative strategies to antibiotics to fight antimicrobial resistance 

AMR is a growing global health crisis, and while new drug-resistant pathogens continue to emerge, 

scientific research is heavily focused on finding innovative alternative therapies. The development of 

new antibiotics alone will not solve the issue, as resistance often develops soon after their 

introduction.[12] An integrated strategy involving the combined use of vaccines, new antimicrobials, 

monoclonal antibodies, diagnostic tools, microbiota, and bacteriophages is seen as a more effective 

solution. [13] 

Monoclonal antibodies 

Monoclonal antibodies (mAbs), discovered in the 1970s, can specifically recognize and bind to 

pathogens' virulence factors, promoting cell lysis, causing bacteria opsonophagocytolysis, or 

inhibiting the activity of disease-producing toxins. [13, 14] Indeed, mAbs are known for their high 

cost, which can be a significant disadvantage [15]. 

Bacteriophage viruses 

Bacteriophages are parasites that specifically target bacteria and engage in intricate interactions with 

them, going through what is known as lytic cycles. [16] However, there are some limitations, such as 

the possibility of bacteria developing resistance mechanisms against the bacteriophage or the immune 

system recognizing the bacteriophages as target antigens.[17, 18] 

Microbiota 

The human microbiota plays a crucial role in immune system development, nutritional status, and 

other processes in early postnatal life that prepare the host to future environmental exposures and 

microbial encounters. [13, 19] Exposure to antimicrobial agents can disrupt the commensal bacterial 

community, providing an opportunity for pathogens to colonize the human host and cause infections. 

Several microbiota-based intervention strategies have been developed to prevent various infections. 

[13] 

Diagnostic tools 

Diagnostic tools are essential in identifying and characterizing the main agents responsible for 

microbial infections, enabling the selection of the best treatment based on the generated profiles.[13] 

Current methods for antimicrobial susceptibility testing include Phenotypic methods, Molecular-

based methods and Mass Spectrometry. [20] However, not all countries have access to efficient 

diagnostic tools, and in low- and middle-income countries, patients are often treated without isolating 

or serotyping the cause of the disease.[13] 
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1.1.2 Vaccine technologies to fight AMR  

Vaccines, among different strategies, remains one of the most powerful tool to fight AMR; they work 

prophylactically, reducing the number of infectious disease cases, antibiotic use and spread of AMR 

[13]. Among the top 10 causes of global deaths attributable to and associated with bacterial AMR, 

vaccines are available only against S. pneumoniae and Mycobacterium tuberculosis.  

Traditional vaccine methods consisted of live attenuated or killed organisms (also known as 

inactivated vaccines) to trigger an immune response that results in little to no illness. These vaccines 

also ensure a response from memory cells to subsequent antigenic stimulation.[21] However, these 

vaccines often have high reactogenicity, making it difficult to balance safety and efficacy. [22] Recent 

advances in various scientific fields have led to the development of new vaccine technologies. These 

include glycoconjugation, bioconjugation, MAPS technology, reverse vaccinology, structural 

vaccinology, Generalized Modules for Membrane Antigens (GMMA), nanoparticles, RNA-based 

vaccines and adjuvants (Figure 1.3). [1] 

Bioconjugation 

This method consists in glycoproteins recombinantly synthesized in E. coli by co-expressing three 

components: a protein, a glycan of interest, and a specific enzyme responsible to attach the glycan 

chains on specific sequons of the protein. The resulting bioconjugate is directly purified avoiding 

multiple steps of PS isolation, protein expression/purification and chemical conjugation. This saves 

time but also resources [23] and simplifies characterization of the bioconjugate, because the PS chains 

are selectively attached at specific sites of the carrier protein. [24] This selectivity helps to maintain 

the antigenicity of the protein, which can have a dual role of carrier and antigen.  

Reverse and structural vaccinology 

Reverse vaccinology involves identifying genes encoding proteins suitable for use as vaccine targets 

by screening the entire genome of the bacterium. Structural vaccinology uses three-dimensional tools 

from structural biology to determine the 3D structure of the antigen or antigen-antibody complex, 

which is then remodeled to remove unwanted epitopes, stabilize immunogenic conformations, or add 

desired antigen epitopes. [21, 22]  

MAPS technology 

The MAPS technology is based on generating multivalent immune complexes that contain both PSe 

and protein antigens, mimicking the features of a whole-cell construct for B and T cell activation. 

[25]  To create the complex using MAPS technology, a target protein antigen is genetically fused to 

an avidin moiety (as rhavi) and combined with a biotinylated PS. This approach has been proposed 
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for targeting difficult AMR pathogens, such as S. aureus, a bacterium known for its complex host-

pathogen interactions and various escape mechanisms. [1] 

Nanoparticles 

Advancements in protein engineering have led to the development of nano-sized scaffolds that can 

display epitopes in a highly organized manner. [26] These particles enhance the location of antigens 

in lymph nodes, increase antigen uptake by antigen-presenting cells, and improve B-cell receptor 

cross-linking compared to subunit protein antigens. [27] The progress in in silico protein design has 

made possible to optimize protein density and form multimers in the correct conformation.  [28] 

These advancements result in protein nanoparticles that can be more immunogenic than soluble 

recombinant proteins. When combined with novel adjuvants, these nanoparticles can help achieve 

optimal antibody titers. Also, these systems have recently been proposed as new carriers for PS. [29] 

RNA 

This technology, which has been predominantly utilized for combating viral pathogens, has also 

demonstrated potential effectiveness against bacterial infections. [30] It has been observed to 

stimulate both humoral and cellular immunity in mice. One of the key advantages of RNA-based 

vaccines is the rapid manufacturing process and relatively cost-effectiveness, making it a viable 

platform for vaccines against AMR infections as well.  

 

  

Figure 1.3. Potential vaccine technologies against AMR bacterial pathogens.  

In the next paragraphs traditional glycoconjugates and GMMA will be described in more depth. 
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1.2 Polysaccharide-based and glycoconjugate vaccines 

Bacteria's surface is primarily composed of carbohydrates, either capsular polysaccharides (CPS) or 

lipopolysaccharides (LPS).  

The CPS, a class of high molecular mass PS, that may be present in both Gram-negative and in Gram-

positive (Figure 1.4) bacteria, protects them from desiccation and prevents phagocytosis. 

 

 

Figura 1.4. Schematic representation of the cell envelope of Gram+ (left) and Gram- (right) bacteria. 

Reproduced from [31].  

 

Bacterial PS are polymers that have either a simple structure, formed by one monosaccharide unit 

(homopolymers), or complex, formed by oligosaccharide repeats (heteropolymers). They can be 

charged or neutral and they can bind covalently with proteins or lipids to form glycoproteins and 

glycolipids, respectively. [32] 

LPS, found only in Gram-negative bacteria, contributes to the structural integrity of the outer 

membrane. It is composed of lipid A, core oligosaccharide, and O-polysaccharide (O-PS or O-Ag), 

this last one providing serotype specificity. (Figure 1.5) 

 

 

Figure 1.5. LPS consists of three components: lipid A, core-OS, and O-PS or O-Ag. Adapted from 

[33]. 
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LPS features many negatively charged functional groups, including phosphoryl groups on lipid A and 

heptose sugars and 3-deoxy-D-manno-oct-2-ulosonic acid (KDO) sugars on core. Altering this charge 

density through glycan modification can lead to resistance against antibiotics and antimicrobial 

peptides. The introduction of positively-charged moieties on lipid A by ArnT, a periplasmic glycosyl 

transferase, can confer resistance to the last-resort polycationic antibiotic polymyxin in bacteria such 

as E. coli, Salmonella enterica, Pseudomonas aeruginosa, and Klebsiella pneumoniae. [34] 

 

PS in pathogenic bacteria play a crucial role in virulence, protecting them from the host immune 

response. When an infection occurs, the innate immune system responds to pathogen-associated 

molecular patterns (PAMP), such as LPS and endotoxin, triggering immediate host inflammatory and 

antimicrobial responses. PS are T-cell-independent antigens, they activate B cells directly without 

requiring T-cell activation. Polysaccharide-specific B cells differentiate into plasma cells that 

primarily produce IgM antibodies, without the induction of immunological memory. 

In 1945, the first vaccine composed of purified PS from selected pneumococcal serotypes was tested 

in humans. [35] The introduction of antibiotics slowed down the research on vaccines development, 

until the emergence of drug resistant strains when the development of vaccines started again with a 

large number of clinical studies. Between the 1970s and 1980s, PS vaccines were licensed for use 

against several bacteria, including Neisseria meningitidis serogroups ACWY, Streptococcus 

pneumoniae, and Haemophilus influenzae type b (Hib). 

PS vaccines, despite their efficacy in adults, have limitations. They fail to evoke immunological 

memory or long-lived antibody production as they are T-cell-independent antigens. Moreover, they 

show limited immunogenicity in children under two years of age and the elderly, who are the most 

vulnerable populations. [36-38] To overcome these limitations, bacterial PS have been conjugated to 

appropriate carrier proteins. Unlike PS, proteins are T-dependent-antigens, and their interaction with 

T cells triggers B cells to differentiate into plasma cells and memory B cells, initiating adaptive 

immune responses. This process, facilitated by protein epitopes in glycoconjugates, enables the 

induction of long-lasting and boostable IgG antibody production, even in children under two. [36, 37] 

Vaccination with glycoconjugates has proven more effective than with PS in adults. [39, 40] 

Furthermore, conjugate vaccines have demonstrated a reduction in carriage or impact on the 

transmission of meningococci, an effect not observed with plain PS vaccines. [41] 

In 1931 Avery and Goebel were the first to demonstrate that protein conjugates of oligosaccharides 

(OSs) instead of PS alone could also elicit protective antibodies: in their first trial, rabbits immunized 

with a disaccharide fragment of Type III Pneumococcus CPS covalently linked to a carrier protein 
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were protected against challenge by the homologous organism. [42] Nevertheless, only in 1980, this 

concept was applied to a human vaccine with the development of the first glycoconjugate vaccine 

against Hib. [43] Since then, glycoconjugates have been proven efficacious and cost effective in 

combatting many life-threatening bacteria, including S. pneumoniae (23 serotypes) [44], N. 

meningitidis (A, C, W and Y) [45] and Salmonella enterica subsp. enterica ser. Typhi [46-48].  

The PS covalently linked to a carrier protein binds B-cell receptors specific to the PS and is 

internalized in B cells. Once inside the cell, the protein component is processed and the resulting 

peptide fragments are presented to the T-cell receptor of CD4+ peptide-specific T cells in the peptide-

binding groove of MHCII (Figure 1.6). Peptide/MHCII-activated T-cells release cytokines to 

stimulate B-cell maturation into memory cells and induce immunoglobulin class switching from IgM 

to polysaccharide-specific IgG, so that upon exposure to the same carbohydrate antigen large amounts 

of high-affinity IgG antibodies can be more rapidly produced. Consequently, immunization with 

glycoconjugates induces long-lasting protection against encapsulated bacteria, even among infants 

and people in high-risk groups. [49] 

 

Figure 1.6. Mechanism of action of glycoconjugates vaccines. Figure adapted from [49]. 

 

1.2.1. Glycoconjugation 

In glycoconjugate vaccines, a covalent linkage between the carbohydrate moiety and the carrier 

protein has to be made (Figure 1.7). [49]  
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Carrier protein 

A variety of protein carriers has been used so far in glyconjugate vaccines. Six carrier proteins are 

currently used in licensed conjugate vaccines: diphtheria toxoid (DT), tetanus toxoid (TT), CRM197, 

Haemophilus protein D (PD), the outer membrane protein complex of serogroup B meningococcus 

(OMPC) and recombinant Exotoxin A of P. aeruginosa (rEPA). [49, 50] DT and TT were initially 

chosen as carriers for Hib conjugate vaccines due to their proven safety, established over decades of 

vaccination against tetanus and diphtheria. Both are chemically detoxified bacterial toxins. 

CRM197 is a 58 kDa nontoxic mutant of diphtheria toxin with a single amino acid substitution (from 

Glycine to Glutamic acid at 52 position) [51], meaning that any chemical detoxification is needed. Its 

crystal structure has been determined, and the molecular details explaining its non-toxic nature have 

been clarified. [52] CRM197 can be isolated from Corynebacterium diphtheriae C7(ɓ197)tox(ī) 

culture supernatants or produced using recombinant DNA techniques in different organisms. The 

proteins obtained from different production platforms have been shown to be comparable. [53] 

CRM197 has been widely used as a carrier for licensed Hib, multivalent meningococcal, pneumococcal 

conjugate vaccines, and other vaccines under development. [54, 55] 

PS purification strategies 

The manufacturing process to obtain high quality purified bacterial PS (CPS or O-Ag) is one of the 

important prerequisites for the synthesis of glycoconjugate vaccines. 

Traditional methods for O-Ag extraction involve sedimentation of the bacteria, inactivation of the 

culture by formalin fixation, phenol extraction of the LPS, and treatment of the extracted LPS with 

acetic acid or anhydrous hydrazine [56, 57].  The O-Ag is then purified, typically through enzyme 

treatments and size-exclusion chromatography to remove contaminants. These traditional processes 

are complex, time-consuming and involve manipulation of large volumes of hazardous phenol and 

toxic intermediate LPS. [58] 

Micoli et al. proposed a simplified method for O-Ag isolation, which employs acetic acid hydrolysis 

directly in the bacterial culture, avoiding operator exposure to pathogenic bacteria. This treatment 

cleaves the labile linkage between KDO, at the proximal end of the core oligosaccharide, and lipid 

A, releasing the O-Ag chain attached to the core sugars in the fermentation broth. The O-Ag chain 

plus the core is released in solution, while the lipid A remains attached to the bacterial membrane and 

pelleted by centrifugation. [58] The O-Ag is then purified via a simple process of precipitation and 

filtration steps avoiding use of enzymes and toxic reagents.  

Several PS/pathogen specific methods have been proposed for CPS.[59-61]  Many CPS are negatevily 

charged and purification processes often include a CTAB precipitation step, combined twith other 
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techniques including acid precipitation, ethanol precipitation, and chromatography resulting in high 

purity of CPS and low contamination. [62, 63] 

Conjugation strategies 

Purified PS are used in the native form or size-reduced through mechanical (i.e. microfluidization) or 

chemical (i.e. acidic hydrolysis, hydrogen peroxide) treatments. [64-66] Depending on the PS 

structure, NaIO4 oxidation can result in simultaneous fragmentation and generation of terminal 

aldehyde groups available for conjugation (e.g., Hib CPS). Alternatively, the PS can be fragmented 

by treatment with hydrogen peroxide [67] or via acid hydrolysis, and sized by chromatography or 

ultrafiltration techniques to isolate populations more defined in length for conjugation. [65, 67, 68] 

Size reduction of PS chains results in more defined oligosaccharide populations and reduces the 

density/viscosity of native PS in aqueous solution, facilitating the chemical coupling to the protein 

carrier.  

Two main approaches have been used so far for glycoconjugate vaccines preparation. (Figure 1.7) 

One is based on the random chemical activation of the saccharide chain followed by covalent binding 

with the protein carrier, resulting in a cross-linked structure between the PS and the protein. The 

second approach is based on the selective activation of the reducing end of the PS chain prior to 

conjugation to the protein, leading to a glycoconjugate with a radial structure. In this second case, 

sized OS, obtained by controlled fragmentation of the native PS or through a synthetic/enzymatic 

approach[69-71], are activated at their terminal end using a linker molecule and attached to the carrier 

protein. [49] 

 

 

Figure 1.7. Schematic representation of random or selective conjugation chemistries applied to long 

PS or shorter OS respectively. [49] 
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The choice of the chemical conjugation approach is often governed by structure, size, and 

composition of vaccine components, e.g. PS and protein. [50] In some cases, specific chemical groups 

of the PS can be activated before binding to the carrier protein.  

Hydroxyl or COOH groups along the sugar chain can be activated for conjugation. [72-74] Figure 

1.8 reports some of the most utilised chemistries for the synthesis of conjugate vaccines. Terminal 

aldehyde groups typically react with e-amine of lysine residues by reductive amination. Amino groups 

can be introduced with ammonium salts or with di-hydrazide linkers (such as ADH), in order to reduce 

steric hindrance between protein and saccharide. [72] 

 

Figure 1.8. Methods for PS modification/activation. Reproduced from [72]. 

The aim is to achieve a balance between sufficient activation of PS to ensure good conjugation yield 

and a low degree of PS activation to maintain the structural integrity of the carbohydrate antigen. [75] 

For example, larger PS are usually randomly activated, while smaller PS are activated at the reducing 

end to preserve protective epitopes. [76] 

Also concerning the protein carrier, conjugation can be random (more often linking the PS to NH2 or 

COOH groups of the protein) or selective (for example through introduction of non-natural 

aminoacids in specific points of the sequence). [77] Licensed glycoconjugate vaccines are obtained 

by random conjugation to lysine, aspartic or glutamic amino acid residues, that are generally 

abundantly exposed on the surface due to their hydrophilic character. Protein are sometimes modified 
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with linkers exposing chemical groups for conjugation, including hydrazides, maleimides, azides, 

alkynes to couple with activated sugar residues. [72]  

Variables influencing the immunogenicity of glycoconjugate vaccines 

Different variables can influence the immunogenicity of conjugate vaccines: size of the saccharide 

chain, glycosylation degree (or saccharide to protein ratio), conjugation chemistry, the nature of the 

spacer between saccharide and protein, the type of carrier protein used, presence of labile groups on 

PS like O-acetyl. [76, 78] 

The saccharide to protein ratio is significantly influenced by the saccharide's size and the conjugation 

method used. Generally, a lower saccharide to protein ratio enhances the immunogenicity of long PS 

conjugated through random chemistry. This could be attributed to the large size and extensive cross-

linking of these conjugates, necessitating a large amount of protein to initiate an optimal T-dependent 

response. In the case of terminally linked OS, the optimal saccharide to protein ratio depends on the 

saccharide's length. However, it is generally observed that the immunogenicity is directly proportional 

to the saccharide to protein ratio. This is likely due to significant cross-linking and the activation of 

saccharide-specific B cells with increased OS loading. Nevertheless, high saccharide-to-protein ratios 

may obscure vital carrier epitopes, preventing the immune system from recognizing the conjugate 

vaccine as a T-dependent antigen. [79, 80]   

Recently, it was shown that the length of Vi chains, associated with the S. Typhi capsular Vi antigen, 

has an impact on the nature of the immune response induced. In particular shorter Vi chains linked to 

CRM197 resulted in purer T-cell response compared to longer Vi chains with positive impact on the 

memory response. [81] The impact of saccharide to protein ratio on the immunogenicity was 

evaluated for full length (165 kDa) and fragmented Vi (43 kDa) randomly conjugated to CRM197. 

Altering the ratio of Vi to protein from 0.8 to 1.4 (for full length Vi) and from 0.26 to 0.85 (for 

fragmented Vi) did not influence the anti-Vi IgG response in mice. Also conjugate size had no impact 

on the immune response. [67] 

Bacterial PS often contain substituents, such as O-acetyl and phosphate groups, which could be part 

of the immune epitopes. It was demonstrated, for example, that O-acetylation level is critical for the 

immunogenicity of Vi based vaccines. [82, 83] 

The conjugation process, which may involve different parts of the saccharide and various protein 

amino acids, can impact epitope exposure. Typically, selective chemical reactions are more effective 

than random ones for short OS. For long PS, random conjugation chemistries have proven to be more 

effective. The saccharide's length and the chemistry type used in the conjugation process can 
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significantly affect the resulting conjugate's efficacy. [76] Also, linkers in conjugation can differ in 

length and flexibility affecting the distance between saccharide and protein and the access of antigen 

binding sites to surface immunoglobulin on B cells. There are evidences in the literature that suggest 

that rigid, constrained spacers, like cyclohexyl maleimide, elicit a significant amount of undesire 

antibodies, with the risk of driving the immune response away from the targeted epitope on the PS. 

[84, 85] 

Animal studies have largely shown that the selection of the carrier protein can significantly affect the 

immunogenicity of the conjugate vaccine. [76] Several protein carriers have been used so far in 

preclinical and clinical evaluation of conjugate vaccines. CRM197 has been extensively used as carrier 

for licensed Hib, pneumococcal, meningococcal conjugate vaccines and for other vaccines being 

developed. [51] An outer membrane protein complex of serogroup B meningococcus has been used 

by Merck as carrier for their Hib conjugate vaccine. [86] GSK introduced the use of the Hib-related 

protein D as carrier for most of the PS included into their multivalent pneumococcal conjugate 

vaccine. [87, 88] The team of John Robbins made extensive use of the recombinant non-toxic form 

of Pseudomonas aeruginosa exo-toxin as carrier for Staphylococcus aureus type 5 and 8 as well as 

for S. typhi Vi conjugates. [89, 90] A number of clinical trials have been conducted to compare the 

immunogenicity of conjugate vaccines with different carrier proteins [91-94]. However a direct 

comparison of the effect of different protein carriers is very difficult, due to difference in other 

variables as conjugation chemistry, saccharide chain length, adjuvant, formulation technology, and 

previous or concomitant vaccination with other antigens. 

  



26 

1.3 From traditional to alternative carrier in glycoconjugation 

Despite the success of glycoconjugate vaccines, still many diseases remain to be controlled. 

Considering the range of glycan antigens expressed on the surface of many of the pathogens for 

which vaccines are no available yet, such as Pseudomonas aeruginosa, Klebsiella preumoniae, 

Escherichia coli, carbohydrate-based vaccines are expected to be multivalent formulations.[95] The 

use of an increased number of glycoconjugate vaccines with a relatively small number of carrier 

proteins and the complexity of the immunization schedules have highlighted, in certain cases, 

reduced immunogenicity against the PS due to pre-existing immunity towards the protein, known as 

carrier-induced epitopic suppression (CIES). [96]  Future vaccines require technologies that allow 

the use of alternative carriers along with simplified vaccine formulations.  

Recently, other types of conjugate vaccines have been developed and tested in clinical trials, prepared 

by a different way (i.e. bioconjugates directly expressed in E. coli strain) or presenting the 

carbohydrate antigen in a different protein delivery system, i.e. GMMA. [97] 

GMMA 

Gram-negative bacteria naturally release Outer Membrane Vesicles (OMV) during growth (Figure 

1.9). Generalised Modules for Membrane Antigens (GMMA) are OMV derived from engineered 

bacteria to increase their release and reduce endotoxicity associated to Lipid A.  [98, 99].  GMMA 

mimic the surface of bacteria, with numerous antigens in their native  context, together with 

immunostimulatory molecules, such as LPS, lipoproteins and peptidoglycans that provide 

adjuvanticity. [98, 100] Mutations are usually introduced to modify the lipid A structure of LPS and 

minimize the capacity of GMMA to promote reactogenic response once injected, but still maintaining 

an immunopotentiator effect of the Toll-like receptor 4, which is triggered by lipid A. [101, 102] 

GMMA have optimal size for stimulating the immune system and present multiple copies of surface 

antigens, e.g. O-Ag, facilitating B-cell activation. GMMA can be produced at high yields using a 

simple and robust process of manufacturing, potentially leading to affordable vaccines, of particular 

interest for LMICs. [98, 103] Indeed after fermenation of mutated bacteria, GMMA can be recovered 

as pure particles through two simple filtration steps. [98, 103] 
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Figure 1.9. GMMA are OMV naturally released from engineered Gram-negative bacteria. Adapted 

from [104] 

An advanced GMMA O-Ag-based vaccine to prevent Shigella sonnei infection has been already 

tested in Phase 1 and 2 clinical trials, showing to be well tolerated and immunogenic in adults. [105, 

106] Also, revaccination after 2-3 years after primary immunization elicited strong booster response. 

[107] 

GMMA as alternative carrier for heterologous PS 

Recently it was demonstrated that GMMA can be easily decorated with heterologous PS antigens 

[99]. For their conjugation, different strategies were successfully tested: reductive amination targeting 

LPS on GMMA or SIDEA chemistry targeting protein components. [108] It was demonstrated that 

when antigens are conjugated to GMMA, their immunogenicity is enhanced compared to their 

unconjugated versions. Also resulting conjugates are at least as immunogenic as a traditional 

conjugate, e.g. making use of CRM197 carrier protein. [99] GMMA can serve a dual function of carrier 

and antigen, improving the immune response of the antigen linked without impacting the immune 

response to GMMA itself. [50] 
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1.4 AMR bacteria: Klebsiella pneumoniae, Typhoidal Salmonella and Shigella  

Klebsiella pneumoniae, Shigella and Salmonella are among the pathogens listed by WHO [11] as 

priority in terms of vaccine development to fight AMR. For all of them PS have been proposed as 

targets for vaccine development. [109]  

Klebsiella pneumoniae 

Klebsiella pneumoniae (Kp) is a Gram-negative bacterium of the Enterobacteriaceae family, that 

causes an array of human diseases including pneumonia, urinary tract infection, and bacteremia in 

neonates and immunocompromised hosts, particularly in healthcare settings [110, 111]. Kp represents 

a serious public health problem worldwide and has recently been recognized as the most common 

pathogen contributing to infectious deaths in young children, largely by causing neonatal sepsis [112, 

113].  

The World Health Organization (WHO) has ranked Kp as ñcritical-priority 1ò antibiotic-resistant 

pathogen and it is also classified as one of the ñESKAPEò pathogens [33, 114]. Kp is naturally 

resistant to ɓ-lactam antibiotics and its genome continued to acquire new resistances through 

horizontal gene transfer (HGT) [115], counting more than 400 AMR genes so far [116]. Infections 

treatments are increasingly limited by the high prevalence of antibiotic resistance and to date there 

are no licensed vaccines against Kp.  

Hypervirulent (hv) variants (Figure 1.10), characterized by hypermucoviscosity, have also emerged. 

These hv-Kp strains are known to cause serious debilitating infections also in immunocompetent 

individuals. [117, 118] The prevalence of AMR is lower in hv-Kp when compared to common Kp 

strains [119], but recent studies highlighted the increasing incidence of multidrug resistance (MDR) 

hv-Kp with production of extended spectrum of beta-lactamases and carbapenemases, showing that 

classical Kp strains have acquired the mobilizable hv-Kp virulence plasmids via HGT and developed 

into MDR hv-Kp strains. [120, 121] 
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Figure 1.10. Virulence factors of classical and hypervirulent Kp strains. Reproduced from [122]. The 

capsule is an extracellular PS matrix that envelops the bacteria and is overproduced in hv-Kp strains. 

LPS is an integral part of the outer leaflet of the outer membrane and is produced by both classical 

and hv-Kp strains. Type 1 and type 3 fimbriae are membrane-bound adhesive structures. Iron-

scavenging siderophores are secreted small molecules recognized by specific membrane receptors 

mediating their uptake. 

 

Many of the vaccine candidates designed over the years have targeted either capsular PS or O-Ag, 

the two PS antigens exposed on Kp cell surface, representing important virulence factors involved in 

the immune evasion mechanism of Kp. [123] The capsule type, also known as the K-antigen (K-Ag) 

or K-type, is historically used to indicate the Kp serotype. K-Ag play a crucial role in protecting Kp 

from innate immune response mechanisms, evading complement deposition and opsonization, 

reducing recognition and adhesion to epithelial cells and phagocytes, and abrogating lysis by 

antimicrobial peptides and the complement cascade. [124] However due to the great diversity of Kp 

serotypes, with geographical and longitudinal potential variability, there is the need for a high-valent 

vaccine with >20 K-Ag to provide enough coverage [123]. This poses challenges to the development 

of an affordable vaccine, especially for LMICs, and requires the use of generic methodologies easily 

applicable to PS having different structures.  

Indeed, 186 distinct K Ags have been identified based on their K-locus sequence, and only 79 of 

these have been structurally characterized and classified (Figure 1.11). [125, 126] Among the different 

K-Ag, K1, K2, K5, K16, K23, K27, K28, K54, K62 and K64 are some of the most commonly isolated 

serotypes globally [127], and approximately 70% of hv-Kp isolates are capsule types K1 or K2. [128] 

A more limited number of O-Ag have instead been identified, and only four of them (O1, O2, O3 and 

O5 in Figure 1.12) are predicted to cover over 80% of clinically relevant Kp strains. [122, 129, 130] 

For this reason, O-Ag could constitute valuable alternative targets for the development of a vaccine.  
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Figure 1.11. Structures of K-Ag most commonly found globally.  

 

 

Figure 1.12. Structures of most prevalent Kp O-Ag.  

Preclinical studies have shown the efficacy of O-Ag conjugates in different animal models. [131-133] 

However, it is not clearly if the O-Ag in hv Kp plays a distinctive role in their enhanced virulence 

and the O-Ag antibody may not successfully target all Kp strains, especially in hv strains. [134, 135] 

Given the complexity of Kp, multicomponent vaccine formulations could represent the most 

promising strategy to provide broad vaccine coverage.  
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Shigella sonnei and Shigella flexneri 

Shigellosis is globally the primary bacterial contributor to diarrheal fatalities, accounting for over 

200,000 deaths per year. Notably, 30% of these deaths are in children under the age of five, primarily 

in LMICs. [136] Beyond the morbidity and mortality due to diarrhea, Shigella infections can also 

lead to long-term effects, such as stunting and cognitive deficits in children. [137, 138] The primary 

mode of transmission for Shigella is the fecal-oral route, typically through direct human contact or 

consumption of contaminated food or water. [139] 

In the last decades, Shigella has been associated with antimicrobial-resistant strains. WHO has listed 

Shigella as one of the priority pathogens for the development of new interventions. [140] Currently, 

there are no available vaccines, but several candidates are being evaluated in preclinical and clinical 

studies. [141] 

The genus Shigella is divided into four species according to serological typing: S. dysenteriae, S. 

boydii, S. flexneri, and S. sonnei. [142] These species are further distinguished in serotypes and 

subserotypes, which are identified by the saccharide repeating units that constitute the O-Ag part of 

LPS. O-Ag from S. sonnei and S. flexneri are the most significant in terms of epidemiology among 

Shigella serotypes. S. flexneri is predominantly found in LMICs [143, 144], while S. sonnei is more 

common in high-income countries. [145] All S. flexneri serotypes, with the exception of S. flexneri 6, 

share a backbone composed of three rhamnose residues and one N-acetylglucosamine. The variety 

among S. flexneri serotypes is due to alterations to this shared O-Ag backbone (Figure 1.13), which 

occur as a result of bacteriophage infection and the acquisition of O-Ag-modifying enzymes, leading 

to the addition of glucosyl and/or O-acetyl groups. [146-148] S. sonnei O-Ag structure is instead a 

disaccharide of FucNAc, 2-acetamido-4-amino-2,4,6-trideoxy-D-galactose and AltNAcA, 2-amino-

2-deoxy-L-altruronic acid. 

 

Figure 1.13. Structure of O-Ag chain from different Shigella serotypes. [149] 
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The primary challenge in the development of an effective Shigella vaccine is the need to cover the 

most epidemiologically significant serotypes, through a multi-component vaccine. Based on the 

Global Enteric Multicenter Study (GEMS) data, a four-component vaccine comprising S. sonnei and 

S. flexneri 2a, 3a, and 6 O-Ag could provide direct protection to 64% of cases. This percentage could 

potentially increase to > 85% due to cross-protection against other S. flexneri serotypes. [150, 151] 

GSK Vaccines Institute for Global health (GVGH) has proposed GMMA, outer membrane vesicles 

from bacteria genetically mutated to increase yields and reduce LPS reactogenicity, for O-Ag 

delivery. [98] S. sonnei GMMA have been combined with GMMA from S. flexneri 1b, 2a, and 3a in 

a four-component formulation (altSonflex1-2-3), currently being tested in phase 1ï2 trials. [152] 

Typhoidal Salmonella  

Salmonella Typhi and Salmonella Paratyphi A, collectively known as typhoidal Salmonella, are the 

causal agents for a serious and invasive, sometimes fatal humans disease named typhoid fever (TF) 

or paratyphoid fever (PTF), known also as enteric fevers. [153] In 2017, enteric fever caused 14.3 

million cases and 135,900 deaths globally. [154] S. Typhi is more prevalent than S. Paratyphi A, with 

approximately 21 and 5 million infections from each serovar per year, respectively. [155] While the 

symptoms of these diseases are indistinguishable [156], the strains of Salmonella that cause them are 

genetically distinct. [157] 

Enteric fever can be prevented with clean water and sanitation and treated with antibiotics. However, 

AMR is compromising treatment effectiveness. A study provides a detailed analysis of AMR 

prevalence in S. Typhi and S. Paratyphi A over the last 30 years (1990-2020), highlighting increasing 

AMR levels. [158] For S. Typhi, data showed a decline in multidrug resistance (MDR) in Asia but an 

increase in sub-Saharan Africa, Fluoroquinolone non-susceptibility (FQNS) increased especially in 

South Asia and third-generation cephalosporin-resistance remained low except in Pakistan. For S. 

Paratyphi A, MDR and third-generation cephalosporin resistance were low, but FQNS increased 

drastically. [158, 159] No vaccine is currently available against PTF, while conjugate vaccines have 

been recenlty licensed against TF. [154] 

The first vaccine against S. Typhi was obtained through conjugation of the Vi capsular PS to tetanus 

toxoid (TT),  showed very high efficacy [160] and was recommended by WHO in children from 9 

months of age [161]. Another Typhoid Conjugate Vaccine (TCV) has been developed more recently, 

where Vi is conjugated to CRM197 carrier protein. It obtained WHO-prequalification in 2020 and is 

manufactured by Biological E (TyphiBEV). This vaccine has been recently introduced in routine 

immunization in Nepal and Malawi [67, 81, 162]. 
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Although the majority of enteric fever cases are caused by S. Typhi , S. Paratyphi A remains an 

important contributing pathogen. An increasing number of S. Paratyphi A infections have been 

observed in Nepal (2005-2014) and in Bangladesh (2008-2018), estimating about a third of global 

enteric fever cases and >40% of cases in countries like India and Nepal are caused by S. Paratyphi A. 

However, until there is a licensed S. Paratyphi A vaccine, antimicrobial therapy is the only strategy 

to control PTF.  [163-167].  Antimicrobial resistant S. Paratyphi A strains are on the rise and a first 

case of S. Paratyphi A resistance to ceftriaxone has been reported in Pakistan [168]. 

 

Because the epidemic areas of S. Typhi and S. Paratyphi A are largely overlapped (Africa, Asia and 

Latin America regions) [169], a bivalent vaccine covering the two serovars is apparently a better 

choice than a monovalent vaccine in the control strategy of enteric fever. [170] 
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2. AIM OF MY PROJECT  

My phD project aimed to facilitate the development of glycoconjugate vaccines to fight AMR. 

Klebsiella, Shigella and Salmonella PS were used as model antigens.  

In detail, the objectives of my PhD project were: 

1. Development of simplified methods for PS purification from bacterial fermentation; 

2. Identification and optimization of a generic conjugation strategy, widely applicable to PS 

having different structures; 

3. Use of novel carriers, like GMMA, for the display of multiple PS, combining chemical 

conjugation with genetic engineering; 

4. Evaluation of the immunogenicity of the novel conjugates in comparison to more traditional 

ones and with focus on immuno-interference among the different PS antigens. 
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3. Development of a generic method for the purification and 

analysis of polysaccharides from Klebsiella pneumoniae 

3.1 INTRODUCTION 

Klebsiella pneumoniae (Kp) is a Gram-negative bacterium of the Enterobacteriaceae family, that 

causes an array of human diseases including pneumonia, urinary tract infection, and bacteremia in 

neonates and immunocompromised hosts, particularly in healthcare settings [110, 111]. Kp represents 

a serious public health problem worldwide and has recently been recognized as the most common 

pathogen contributing to infectious deaths in young children, largely by causing neonatal sepsis [112, 

113]. The World Health Organization (WHO) has ranked Kp as a ñcritical-priority 1ò antibiotic-

resistant pathogen and it is also classified as one of the ñESKAPEò pathogens [33, 114]. 

Infections treatments are increasingly limited by the high prevalence of antibiotic resistance and to 

date there are no licensed vaccines against Kp. Many of the vaccine candidates designed over the 

years have targeted either capsular polysaccharides or O-antigens (O-Ag), the two polysaccharides 

exposed on Kp cell surface [123], representing important virulence factors involved in the immune 

evasion mechanism of Kp. The capsule type, also known as the K-antigen (K-Ag) or K-type, is 

historically used to indicate the Kp serotype. However due to the great diversity of Kp serotypes, with 

geographical and longitudinal potential variability, there is the need for a high-valent vaccine with 

>20 K-Ag and/or at least 4 O-Ag to provide enough coverage [123]. This poses challenges to the 

development of an affordable vaccine, especially for LMICs, and requires the use of generic 

methodologies easily applicable to polysaccharides having different structures. 

Indeed, to date, 186 distinct K-locus sequences (DNA sequences encoding for the enzymes devoted 

to the biosynthesis of the K-Ag) have been identified, while only about 79 K-Ag structures have been 

characterized and classified [125, 126]. Chemical structure studies reveal that most Kp K-Ag 

repeating units (RUs) have a length ranging from three to six monosaccharides [171]. One of the 

sugars is usually represented by an acid component, such as glucuronic acid (GlcA) or galacturonic 

acid (GalA), which makes the Kp capsule anionic. The other monosaccharides consist of neutral 

sugars such as galactose, glucose, mannose, rhamnose and occasionally fucose. Polysaccharide 

decorations, consisting mainly of pyruvate moiety but also O-acetyl, O-lactyl, O-formyl and 

glutamate groups, contribute to the variety and antigenic diversity of Kp capsules [171, 172] The role 

of pyruvate in immunogenicity has been scarcely explored, however it is reported to be crucial for 

bacteria metabolism, virulence, and growth [173]. Conversely, despite it cannot be generalized for all 

microorganisms, O-acetylation was highlighted as extremely important for immunogenicity and 

pathogenicity of different bacteria [78]. The role of such structural modifications for Kp K-Ag needs 
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to be further investigated, although pyruvylation and O-acetylation were indicated as essential for 

cytokine induction [174]. Moreover, O-acetylation seems to contribute to Kp pathogenicity by 

promoting cell adhesion of bacteria [175].  

Unlike the wide variety of K-Ag, only 11 O-Ag have been identified with limited range of structures: 

O1v1, O1v2, O2v1 (or 2a), O2v2 (or O2afg), O3, O4, O5, O7, O8, O9 (or O2aeh) and O12 [122, 130, 

176]. O1 and O2 are described as variant 1 (v1) and variant 2 (v2). O1v1 contains D-galactan I [Ÿ3)-

ɓ-D-Galf-(1Ÿ3)-Ŭ-D-Galp-(1Ÿ] and D-galactan II [Ÿ3)-Ŭ-D-Galp-(1Ÿ3)-ɓ-D-Galp-(1Ÿ] 

disaccharide repeating units. O2v1 (or 2a) is made up of a shorter repeating unit composed only of 

D-galactan I. O1v2 and O2v2 are a branched version of their v1 and consist of the addition of 

galactose to D-galactan I, to build the [Ÿ3)-ɓ-D-Galf-(1Ÿ3)-[Ŭ-D-Galp-(1Ÿ4)]-Ŭ-D-Galp-(1Ÿ] 

trisaccharide repeating unit, indicated as D-galactan III [177]. Conversely, O3 and O5 O-Ag are 

composed of mannose homopolymers. O3 is further divided into serotypes O3, O3a and O3b differing 

in the number of mannose residues and consisting respectively of a penta-, tetra and tri-saccharide 

RU based on the polymerization at the non-reducing end [178]. Similarly to O3b, the O5 antigen is 

made-up of a tri-mannose chain but differs in anomeric configurations and glycosidic linkages. The 

non-reducing ends of both O3 and O5 RUs are terminated by methylphosphate and methyl groups, 

respectively [179]. 

Polysaccharide purification is the first step for the development of a vaccine against Klebsiella. The 

identification of the most appropriate purification strategy usually depends on polysaccharide 

structures and properties. The aim of this work was to develop a simple purification process generally 

applicable to Kp polysaccharides (K-Ag and O-Ag) independently from their specific structural 

features to obtain sufficient and highly pure material while ensuring the preservation of structural 

integrity. At this stage of the research, the impact of decorations, e.g. O-acetyl and pyruvate groups, 

on immunogenicity is not known and it is fundamental to preserve the native polysaccharide structure 

during isolation and purification steps. 

The method developed can not only support faster development of a high-valent polysaccharide-

based vaccine against Kp, but also allow the characterization of a large collection of clinical isolates 

to better understand Kp serotype variability, determine unknown structures and assess the potential 

cross-reactivity among different serotypes. Considering the high diversification of Kp 

polysaccharides, this method could semplify the vaccine design. 
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3.2 MATERIALS AND METHODS 

Chemicals 

Sodium chloride (NaCl), sodium acetate (AcONa), sodium sulphate (Na2SO4), sodium phosphate, 

deuterium oxide (D2O) from Sigma-Aldrich; calcium chloride (CaCl2), cetyl trimethylammonium 

bromide (CTAB) from Carlo Erba; ethanol (EtOH), acetic acid (AcOH), acetonitrile (ACN), sodium 

hydroxide (NaOH; J. T. Baker), Micro BCA Reagent Kit and reagents (ThermoFisher), 

Trifluoroacetic acid (VWR). 

K-Ag polysaccharides isolation and purification 

K-Ag isolation 

Kp strains were plated on Worfel-Ferguson Agar plates (yeast extract 2 g/L, MgSO47H2O 0.25 g/L, 

K2SO4 1 g/L, NaCl 2 g/L, sucrose 20 g/L) [180] and incubated overnight (ON) at 30 ÁC. After growth, 

the bacterial biomass was collected with a solution of AcOH 1% (v/v) (about 3 mL per plate) and the 

suspension was incubated for 6 h at 100 ÁC in a preheated thermoblock heater. The material was then 

centrifuged (4000 rcf, 30 min, 4 ÁC) and the polysaccharides-containing supernatant was collected 

and filtered with 0.22 Õm membranes.  

K-Ag purification 

The bacterial supernatant was dried by lyophilization, then resolubilized in water. The solution 

obtained was adjusted to a final concentration of 240 mM NaCl, 5mM Na2SO4, CTAB 1% using 1 M 

NaCl, 100mM Na2SO4 and 10 % CTAB and heated at 100 ÁC for 4 h. Once cooled at 4 ÁC for 10 

minutes, the solution was centrifugated at room temperature (RT), 4000 rcf for 15 minutes and the 

supernatant separated from the pellet, diluted 1:10 with 5 mM Na2SO4 and heated at 37 ÁC for 1 h. 

After centrifugation (15 min, 4000 rcf, RT), the pellet containing the K-Ag was solubilized in 1 M 

CaCl2. Pure EtOH 98% was added to the solution to a final concentration of 25 % (v/v). After 30 

minutes at RT, the supernatant was collected by centrifugation (15 min, 4000 rcf, RT) and diluted 

with EtOH 98% to a final concentration of 80% (v/v). After 1 h at RT, the pellet containing the K-Ag 

was isolated by centrifugation (15 min, 4000 rcf, RT) and solubilized in 1 M NaCl. Finally, the 

solution was further purified by use of an Amicon 10K ultra centrifugal filter unit and further filtered 

with 0.22 Õm Millipore filters.  



38 

O-Ag polysaccharides isolation and purification 

O-Ag isolation 

Kp strains were inoculated ON in LB medium (30 ÁC, 180 rcf) and then diluted at OD600=0.1 in M63C 

medium (composed of (NH4)2SO4 2 g/L, KH2PO4 13.6 g/L, FeSO47H2O 0.5 mg/L, 1 mM MgSO4, 

0.0005% vitamin B1, 0.1 % casamino acids, 0.4 % glycerol) and incubated for 24 h at 37 ÁC, 180 rcf 

[181]. Then AcOH was added to the culture broth to a final concentration of 2% v/v and incubated 

for 2 h at 100 ÁC in a preheated thermoblock heater [58]. The material was then centrifuged (14000 

rcf, 10 min, 4 ÁC) and the supernatant collected and filtered through 0.22 Õm membranes.  

O-Ag purification 

The bacterial supernatant was purified by Tangential Flow Filtration (TFF) using a 10 K molecular 

weight cut-off (MWCO) Hydrosart (200 cm2) membrane cassettes from Sartorius. The material was 

concentrated to 40 mL (permeate flow: from 7.7-9.2 mL/min; Pin 1 bar; Pout 0.54 bar), followed by 

20 volumes of diafiltration against 1 M NaCl buffer and 10 cycles of diafiltration against water 

(permeate flow: from 7.7-9.2 mL/min; Pin 1 bar; Pout 0.54 bar). Next, AcONa buffer 250 mM pH 

3.7 was added to the solution to have a final acetate concentration of 2.5 mM. After mixing at RT for 

30 minutes, the supernatant was collected by centrifugation and filtered by cationic exchange (CEX) 

chromatography with Sartobind S MA75 filters. After pH neutralization, an anion exchange 

chromatography by using a HiTrap Q FF column was applied to the solution. A second purification 

by TFF was finally performed on the purified O-Ag solution for a buffer exchange following the same 

condition reported above. 

Analytical methods 

Intermediates characterization 

Polysaccharide concentration of all purification intermediates was determined by HPAEC-PAD as 

described later and it was used for calculation of step yields. Protein concentration was measured by 

micro BCA, using bovine serum albumin (BSA) as a reference following the manufacturerôs 

instructions [Thermo Scientific]. DNA content was estimated by measuring UV absorbance at a 

wavelength of 260 nm with Lambda 25 spectrophotometer (Perkin Elmer), assuming that a nucleic 

acid concentration of 50 mg/mL produces an OD260 = 1. This may overestimate nucleic acid content, 

in part due to other UV absorbing impurities, however it is a useful and fast method to quantify nucleic 

acid impurities. The % of protein and nucleic acid impurities compared to total saccharide content 

was calculated. Supernatant separated from the bacterial pellet was lyophilized and resuspended in 

water to quantify the initial amount of PS. Proteins and nucleic acids were not calculated because the 
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composition of the bacterial growth interfered with the analyses. After the first precipitation with 

CTAB, the intermediate was diluted with NaCl 240 mM in order to prevent PS precipitation in the 

analyses performed. 

High Performance Liquid ChromatographyïSize Exclusion Chromatography (HPLCïSEC) 

Molecular size distribution of all purified K- and O-Ags were measured by HPLC-SEC. TSK gel 

6000PW (30 cm Ĭ7.5 mm) column connected in series with TSK gel 3000 PWXL column (30 cm x 

7.8 mm) and a TSK gel PWXL guard column (4.0 cm x 6.0 mm) was used for K-Ags molecular weight 

(MW) estimation, while a TSK gel G3000 PWXL column (30 cm x 7.8 mm) with a TSK gel PWXL 

guard column (4.0 cm x 6.0 mm) was used for O-Ags. In both cases, pullulans were used to build 

standard calibration curves (2000 ï 50 kDa range for K-Ag and 200 ï 6 kDa for O-Ag) and 0.1 M 

NaCl, 0.1 M NaH2PO4, 5% ACN, pH 7.2 buffer was used as mobile phase at the flow rate of 1 mL/min 

and 0.5 mL/min for K-Ag or O-Ag runs, respectively. Mode of the MW distribution was reported for 

both polysaccharides. Polysaccharides peaks were detected by differential refractive index (dRI). UV 

detection at 260 and 280 nm was used to follow the reduction of nucleic acid and protein impurities 

during the purification process. Additionally, fluorescence emission was detected at ex280/em336 nm 

to check protein impurities. 

High Performance Anion Exchange Chromatography with Pulsed Amperometric Detection (HPAEC-

PAD) 

All samples, diluted to final volume of 450 ɛL, to have each sugar monomer in the range 0.5ï10 

ɛg/mL, were hydrolyzed in 2 M trifluoroacetic acid (TFA) by using a Microwave Reaction System 

(Multiwave PRO, Anton Paar) with an irradiation power of 700 W (corresponding to 120 ÁC) for 30 

minutes. The heating time to reach target temperature was set to 10 min for all runs, cooling after the 

experiment was performed down to 55 ÁC in 5 minutes. After the hydrolysis, samples were dried by 

Speedvac (Thermofisher), reconstituted in 450 ɛL of water and filtered using 0.45-um 96-wells plate 

filters for chromatographic analysis. HPAECïPAD was performed with a Dionex ICS5000 equipped 

with a CarboPac PA1 column (2 x 250 mm) coupled with a PA1 guard column (2 x 50 mm). 

Separation of the sugars was performed with a flow rate of 0.375 mL/min, eluting in 18 mM NaOH 

over 15 min. Next, a 17 min gradient from 0 to 300 mM of AcONa in 150 mM NaOH was eluted. 

Finally, the column was re-equilibrated with 18 mM NaOH for 20 min. The effluent was monitored 

using an electrochemical detector in the pulse amperometric mode with a gold working electrode and 

an Ag/AgCl reference electrode. The resulting chromatographic data were processed using 

Chromeleon software 7.2. Calibration curves were built with a sugar monomers mixture (Fuc, Rha, 
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Man, GlcNAc, Glc, Man, GalA, GlcA), each in the range 0.5ï10 ɛg/mL. The standard was treated in 

the same way as the samples. 

NMR analysis 

The molecular size of all purified K-Ags were reduced by using Sonics Vibra cell (Bio Class) 

instrument for 30 minutes at 130 W. After confirmation of size reduction by HPLC-SEC, the sample 

was lyophilized before re-solubilization in deuterium oxide (D2O). 

For O-acetylation measurement, 1H NMR spectra were recorded at 400 MHz and 298 K with a Bruker 

Avance III 400 MHz NMR spectrometer; 1H values are reported in ppm; solvent peak for D2O was 

calibrated at 4.79 ppm. The standard Bruker software (Topspin 3.2) was used for spectra 

interpretation. 
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3.3 RESULTS 

A general method for O-Ag extraction and purification from Gram-negative bacteria has been 

previously developed [58, 182]. It was based on direct acetic acid hydrolysis of bacterial cultures 

which enables simultaneous inactivation of bacteria, without any previous isolation, and cleavage of 

the linkage between the 2-keto-3-deoxyoctonate (KDO) of lipopolysaccharide core region and the 

lipid A, releasing the O-Ag chains in the supernatant. This acid treatment releases not only Kp O-Ag, 

but also K-Ag, into the supernatant. Bacteria were boiled with 1% AcOH at 100 ÁC for 6 h. Through 

a centrifugation step, the bacterial cells were separated from the supernatant that contains K-Ag, O-

Ag and core but also lipid A, DNA and proteins. 

 

Figure 3.1. Schematic processes for Kp K-Ag (A) and O-Ag (B) purification. 

 

3.3.1. Kp K-Ag purification 

The first step of Kp K-Ag purification was based on a fractional precipitation with the cationic 

surfactant CTAB [183, 184] and NaCl. CTAB complexes negatively charged species, causing their 

precipitation. Both DNA and K-Ag contains negatively charged groups: the first has higher charge 

density due to the presence of a phosphate group for each repeating unit (RU), while the second 

presents one negative charge every RU, generally composed of 3 to 6 sugars. With a salt concentration 

of 240 mM [183, 184], it was possible to avoid co-precipitation of DNA and K-Ag. CTAB complexes 

only long MW DNA, that precipitates, while K-Ag remains in solution. The solution is then treated 

for 4h at 100 ÁC to induce protein denaturation and avoid aggregate formation of K-Ag with fimbrial 
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proteins, as observed when this step was performed at 37 ÁC. After centrifugation, CTAB-DNA pellet 

was separated from supernatant. 

In the second step of the fractional precipitation, the solution was diluted 10 times causing CTAB to 

form a complex with K-Ag which precipitates. Then, K-Ag-CTAB pellet was solubilized in 1 M 

CaCl2 or 1 M NaCl to replace CTAB with cations. Moreover, the first and second steps of fractional 

precipitation were performed in the presence of 5 mM Na2SO4, to accelerate precipitation [184]. Two 

more precipitation steps involving ethanol (EtOH) at different percentages reduced impurities. The 

CaCl2/NaCl solution was first added with EtOH to 25% final concentration, in order to further reduce 

the presence of lower molecular-weight DNA. Next, the solution was diluted with 98% EtOH to 80% 

final concentration for the precipitation of K-Ag from residual CTAB and proteins. The last step 

consisted of a diafiltration against water to remove very low MW proteins and DNA fragments, 

formed during AcOH hydrolysis.  

The purification process is shown in Figure 3.1 A, and Table 3.1 provides details on the intermediates 

characterization from three separate purifications conducted on K2, K15, and K64 antigens, verifying 

the gradual reduction of protein and DNA. The recovery of K-Ag at each step is also reported. The 

extraction of K64 was carried out from the same bacterial growth batch, by boiling with and without 

acetic acid. The characterization of the intermediates confirmed that the developed process was 

effective, even when the initial step was conducted in water (Table 3.1). 

Table 3.1. K-Ag purification: characterization of intermediates. 

Purification intermediates 

Sugar step yield % Protein % DNA % 

K2 K15 K64 K64
À 

K2 K15 K64 K64
À 

K2 K15 K64 K64
À 

Step 1: Supernatant after 

DNA precipitation with 

CTAB  

87* 75* 103* 89* 12.2 9.3 194 48.3 82.0 7.7 10.6 12.1 

Step 2: pellet solubilized in 

CaCl2/NaCl# 
88 75 62 92 6.8 7.1 11.8 5.0 62.5 5.6 1.8 3.0 

Step 3: pellet post EtOH  

precipitation 
80 56 94 58 5.5 5.8 2.8 3.8 3.6 1.8 1.1 5.1 

Step 4: final product post 

10K and 0.22 ɛm filtration 
71 96 107 102 2.0 1.6 0.6 1.1 0.4 0.7 0.1 0.7 

* Calculated with respect to the K-Ag amount quantified in the supernatant soon after extraction from 

bacteria. # Note that this intermediate was characterized after treatment by dilution and following PS 

precipitation. Characterization of K64 purification was performed on PSs extracted by boiling both 

with (K64) and without AcOH (K64À). 
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To verify the impact of acetic acid treatment on PS size and structural integrity, K-antigens were 

extracted from K2, K62 and K64 serotypes (Figure 3.2) by boiling both with and without acetic acid.  

 

Figure 3.2. Structure of K2, K62, K64 antigens.  

 

In all cases, HPLC-SEC analysis indicated molecular size reduction using acetic acid and slightly 

higher yields. Acetic acid treatment facilitated separation of the bacterial pellet by centrifugation. For 

K2, the structural integrity was confirmed and very similar O-acetylation levels were found after both 

treatments (see Table 3.2). For K64, O-acetylation level was not impacted by acetic acid treatment, 

but the level of pyruvate decoration was strongly affected (Figure 3.3). The stronger impact on the 

apparent molecular size by HPLC-SEC for K64, compared to K2 and K62, could be due to changes 

in the conformation of the PS chains (Figure 3.4). The developed method was also used to purify an 

additional 11 serotypes, some of which have unknown structures.  

Table 3.2. Impact of AcOH on saccharide yield, size and level of O-acetylation. 

K-Ag  

type 

Extraction 

method 

Amount 

obtained* 

Molecular 

Weight 

OAc level 

% 

K2 
H2O 29 mg 530 kDa ╔ 55% 

AcOH 36 mg 309 kDa ╔ 45% 

K62 
H2O 68 mg 357 kDa na 

AcOH 74 mg 160 kDa na 

K64 
H2O 11 mg 1390 kDa ╔ 65% 

AcOH 12 mg 391 kDa ╔ 63% 

K15 AcOH 50 mg 58 kDa ╔ 97% 

*refers to amount obtained starting from 10 plates for K2, K15, K62 and 2 

plates for K64 
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Figure 3.3. Impact of AcOH (red) vs H2O (blue) on K2 (A) and K64 (B) PS structure integrity by 

NMR analysis. In both K-Ag, O-acetylation level was not impacted by acetic acid treatment respect 

to boiling in water. In K64, pyruvate level was impacted by acetic acid treatment respect to boiling in 

water.   
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Figure 3.4. HPLC-SEC profiles highlight differences in the size of purified K-Ag obtained from 

bacterial extraction with and without AcOH. 

 

3.3.2 Kp O-Ag purification 

For Kp O-Ag purification (Figure 3.1 B), the method previously developed was slightly modified to 

separate the O-Ag chains from negatively charged K-Ag chains. The supernatant was treated by TFF 

(10K membrane cut-off) to remove low molecular weight mass impurities and the LPS core. Then, 

protein and nucleic acid impurities were precipitated with AcOH at pH 3, followed by supernatant 

collection through centrifugation. The supernatant was subjected to cationic exchange (CEX) 

chromatography to remove residual proteins. After pH neutralization, O-Ag was separated from 

bound ionic contaminants such as K-Ag, DNA and residual core using anion exchange 

chromatography because it is not retained to the column. As a final step, the purified O-Ag solution 

was ultrafiltrated in order to achieve the target buffer exchange. The process was successfully applied 

to 5 different O-Ag types and Table 3.3 summarizes the characteristics of the final products. 
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Table 3.3. O-Ag purified from different strains. 

Strain O-locus Structure  O-Ag Purity % 

7008B O1v2 
  99% 

1217 O3a 
 

[178] 99% 

24649 O3b 
 

[178] 99% 

25827 O4 
 

[179] 98% 

29867 O5 
 

[130] 98% 

  
1ÐÉÖÚÌɯĄɯ1ÐÉŦ ,ÈÕÕÖÚÌɯĄɯ,ÈÕȰ &ÈÓÈÊÛÖÚÌɯĄɯ&ÈÓȰ 
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3.4 DISCUSSION 

One of the major challenges associated with the development of a polysaccharide-based vaccine 

against Kp is linked to the great diversity of such PSs, that determine serotype specificity, especially 

in the case of K-Ag, with more than 150 K-loci identified so far. In this work, a generic purification 

method for Kp K-Ags was successfully developed, which can be applied to all K-serotypes regardless 

of their structural variation. This method produces high-purity K-Ags with minimal impurities and 

maintains their structural integrity, which can be crucial for vaccine design. In the case of Kp, the 

impact of certain substituents (e.g. O-acetylation, pyruvate) on the immune response of corresponding 

vaccines need to be investigated [78] since it is important to be able to preserve native PS 

characteristics. 

In the literature, very few methods for Kp K-Ag purification have been published and most of them 

involve historical procedures [183, 185, 186]. The purification method developed back in 1971 by 

Gormus et al., applied to K-Ag serotype 6, included the treatment of the sample with toxic reagents 

such as phenol. In another work, dating back to 1985, Cryz et al. isolated and purified 18 K-Ags, 

using chloroform and butanol. The use of phenol or chlorinated solvents traditionally used for 

polysaccharide purification requires the addition of further steps to be eliminated, consequently 

decreasing the yield and increasing the complexity of the process. More recently, Ovchinnikova et al. 

published on the purification of K2 by making use of enzymes such as DNAse, RNAse, and proteinase 

K. Compared to the already-existing processes, our method is based on a fractional precipitation with 

CTAB and avoids the use of toxic reagents and enzymes. Furthermore, one key advantage of the 

process relies on its versatility of application, since it was demonstrated to work properly with 

structurally different K-Ags. When it comes to developing multivalent vaccines, as in the case of Kp, 

it is essential to have a generic method, otherwise, the development of an ad hoc method for each 

antigen will be too expensive and time-consuming. 

K-Ags are non-covalently linked to the bacterial membrane and indeed can be released in the 

supernatant by just boiling the bacteria. Vice versa, O-Ags are attached to the membrane through the 

lipid A anchor, and acid treatment is needed for their release. Treatment with acetic acid allows the 

extraction of both K-Ags and O-Ags from only one fermentation broth. The method already 

established for O-Ag purification [58, 182] was slightly modified in this study to allow for the 

removal of K-Ag chains. 

The acetic acid treatment of bacteria resulted in a slight increase in K-Ag yields, but can affect their 

size. This is not a problem for the synthesis of glycoconjugates, where very high PS molecular mass 

results in highly viscous products that are difficult to purify and reproduce consistently [187, 188]. 
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However, in the case of acid-labile substituents, e.g., pyruvate, acetic acid treatment has to be avoided. 

In contrast, O-acetyl groups are alkali-labile and not affected by acetic acid treatment. Moreover, the 

structure of many K-Ags is unknown and this method can support their isolation and in-depth 

characterization. 

Even if the purification method resulted applicable to different K-Ag from Klebsiella pneumoniae, 

the methodology didnôt work properly when applied to other negatively charged polysaccharides as 

Salmonella typhi Vi CPS or Shigella flexneri 6 O-Ag (Figure 3.5), as no precipitation was observed 

in the dilution step, necessary to have a good separation of the sugar from residual DNA and proteins. 

Further tests will be needed in order to adjust salt concentration and PS concentration to allow 

selective DNA precipitation in the first step and PS isolation after appropriate dilution. 

 

A)                   B)  

Figure 3.5. A) Shigella flexneri 6 O-Ag structure constituted by a linear polysaccharide backbone  

[2)-Ŭ-L-RhapIII-(1Ÿ2)-Ŭ-L-RhapII-(1Ÿ4)-ɓ-D-GalpA-(1Ÿ3)-ɓ-D-GalpNAc-(1Ÿ]n, with Rha
III 

variably O-acetylated in position 3 or 4 [189]; B) Salmonella typhi Vi CPS structure. Vi is a linear 

homopolymer of Ŭ-1,4-N-acetylgalactosaminouronic acid, O-acetylated at the C-3 position  [190] 

In conclusion, a generic method for purifying and analyzing surface carbohydrates from Kp has been 

developed, which will support the design of a multivalent vaccine against this pathogen. When it 

comes to developing multivalent vaccines, as in the case of Kp, it is essential to have a generic method 

for PS isolation and purification, making it cost-effective and time-efficient. 
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4. Generic PS conjugation method  

4.1. INTRODUCTION 

Traditionally, conjugate vaccines are prepared by PS extraction from bacterial fermentation, 

subsequent purification and chemical binding to the carrier protein [188]. Since very often native PSs 

have a rather large molecular weight (MW), they are subjected to fragmentation and sizing to obtain 

shorter saccharides of defined MW range, whose use improves process robustness and simplifies 

manufacturing and analytical characterization [188, 191]. The carbohydrate moiety is chemically 

linked to the carrier protein, and two main approaches can be used: one is based on PS coupling to 

the protein through activation of the terminal group of the sugar chain and the other consists of 

chemical activation of multiple groups along the PS chain followed by conjugation. Appropriate 

linkers are often used to increase conjugation efficiency by reducing steric hindrance between the two 

conjugate components, PS and the carrier protein. The conjugation chemistry, the carrier protein used, 

the saccharide loading and the saccharide chain length are all parameters that can affect the 

immunogenicity of glycoconjugate vaccines and need to be optimized for the design of an effective 

glycoconjugate [192]. Different chemical strategies have been proposed to prepare conjugate 

vaccines, selected on the basis of the specific structure of the PS used (Table 4.1) [49, 72]. 
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Table 4.1. Summary of conjugation chemistries 

PS 

functional 

groups 

Reagents 
Conjugation 

chemistry 
Characteristics 

-OH 

CDAP Cyanylation 

Random chemistry  

One step reaction: PS activation/conjugation 

No isolation of intermediate. 

No use of linkers 

Carbonyldiimidazole 

Carboxyl 

moieties 

introduction 

Random chemistry  

Two step reaction: carboxyl introduction on 

PS + conjugation 

Isolation of intermediate. 

NH4
+ / NaCNBH3 

End terminal 

reductive 

amination 

Selective chemistry  

Two steps: Reductive amination on PS + 

conjugation 

Isolation of intermediate. 

Use of linkers could be required 

ADH (linker) / 

NaCNBH3 

Cis-diols 

sugar 
NaIO4 

Cis-diols 

Oxidation 

Two steps: oxidation of vicinal hydroxyls to 

generate aldehydes + conjugation 

Isolation of intermediate. 

-COOH EDC/NH2R 
Amide 

formation 

Random chemistry  

One step: PS activation/conjugation  

No isolation of intermediate. 

 

Lees [193] identified 1-cyano-4-dimethylaminopyridinium tetrafluoroborate (CDAP) chemistry as a 

fast, simple, one-step conjugation strategy. After PS activation with CDAP, which randomly activates 

the hydroxyl groups along the PS chain through a cyanylation reaction, the carrier protein is directly 

added to the mixture without isolation of the activated PS as an intermediate [74, 194]. No use of 

linkers is required, thus avoiding additional derivatization steps for the carrier protein or the PS. The 

activated PS reacts with amino groups commonly present in proteins (Figure 4.1). 

Activation of the PS and conjugation efficiently occur at pH 9; the PS activation step is fast (<3 min) 

and requires a real-time pH adjustment as CDAP hydrolysis lowers the pH. Typically, more than 90% 

of CDAP is hydrolyzed during the reaction, generating an equal molar amount of H+; for example, 1 
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mg/mL CDAP concentration corresponds to about 4 mM, while at pH 9, OH- is 0.01 mM. This makes 

the process difficult to control and challenging to scale up. Triethylamine is the base generally 

employed for the adjustment of pH. 

The control of reaction conditions is important to limit the hydrolysis of the CDAP reactant and of 

the activated PS as well as the possible side reactions resulting in byproducts such as carbamate and 

imidocarbonate (IMC) (Figure 4.1). 

 

Figure 4.1. Activation and conjugation processes of PS via CDAP chemistry. Activation and 

conjugation are indicated by paths (a) and (b), respectively, while (c), (d) and (e) show side reactions 

in which both PS, CDAP and activated PS can be involved. 

To improve the manufacturability and the reproducibility of the reaction, two main improvements 

were proposed in 2020  [195]: 

¶ Choice of the base. Use of 4-Dimethylaminopyridine HCl (DMAP) as base for PS activation 

instead of triethylamine. DMAP is compatible with CDAP but considering its pKa (9.7) [196], 

it has a limited buffering capacity at the target pH, so there is still the need for real-time pH 

adjustment (performed with sodium hydroxide). However, DMAPôs presence limits the risk 

of pH overshooting during adjustments. Several other buffers have been tried, but all of them 

resulted in lower activation efficiency, probably due to direct reaction with CDAP. 

¶ Temperature. [195] Performing the reaction at 0 °C in an ice bath instead of 25 °C: as the 

CDAP reaction kinetic is too fast and influenced by temperature, this method results in better 
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temperature control and easier pH adjustment, as the reaction lasts 15 min instead of 3 min at 

this lower temperature. 

In this work, the protocol of CDAP activation/conjugation chemistry was further optimized to make 

it more robust and consistent. Moreover, critical reaction conditions and their impact on the quality 

attributes of the final conjugates were studied. Furthermore, statistical tools were used to support the 

rapid design of conjugates with different structural features and understand optimal glycoconjugate 

design for an increased immune response.  
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4.2. MATERIALS AND METHODS 

Reagents 

The following chemicals were used: KDO, CDAP, 1,4-diazabicyclo[2.2.2]octane (DABCO), DMAP, 

Lutidine, Dextran 25 kDa and 150 kDa, Adipic acid dihydrazide (ADH), 2-(N-

morpholino)ethanesulfonic acid (MES), N-etil-Nǋ-(3-dimetilaminopropyl)carbodiimide (EDAC), 

cysteine and sodium pyruvate from Sigma-Aldrich (St. Louis, MO, USA). Salmonella, Shigella and 

Klebsiella O-Ag were purified as previously described [182, 197]. Klebsiella strains for CPS isolation 

were cultured on a carbohydrate-rich WorfelïFerguson agar medium and CPS purified as previously 

described [198]. The Vi polysaccharide was purified as previously described [63]. CRM197 (58.4 kDa) 

was obtained from GSK R&D (Siena, Italy). 

CDAP solutions were prepared at 100 mg/mL in ACN. The DABCO solution was prepared at a 0.5 

M concentration in water, adding 1 M HCl to reach pH 9.2 (this resulted in pH 9.0 after 10-fold 

dilution of the solution). The 0.5 M DMAP solution was prepared in water, adding 1 M HCl to reach 

pH 9.2 (this resulted in pH 9.0 after 10-fold dilution of the solution). The Lutidine solution was 

prepared at 0.5 M concentration in water, adding 1 M HCl to reach pH 7.2 (this resulted in pH 7.0 

after 10-fold dilution of the solution). 

CRM197 was prepared in saline with a 5 mM DABCO buffer at about 20 mg/mL concentration by 

buffer exchange using Amicon 10K (Merck, Darmstadt, Germany) centrifugation devices (2Ĭ 10 min 

at 4000 rcf). 

Software 

Design Expert 13 (StatEase, Inc., Minneapolis, MN, USA) was used for DoE planning and 

elaboration; Minitab 18.1 (Minitab, LLC, State College, PA, USA) was used for all other statistical 

analyses. 

PS activation 

The PS was solubilized in water (with the eventual addition of NaCl) at the specified concentration. 

Under magnetic stirring (in an ice bath at 0 ÁC, 5 ÁC or 25 ÁC), DABCO 0.5 M was added to reach a 

50 mM concentration at pH 9 (alternative buffers/pHs were used in some experiments: 2,6-Lutidine/1-

methylimidazole, N-methylmorpholine, DMAP). The CDAP 100 mg/mL solution in ACN was then 

added to have the desired reactant quantity. After the desired activation time (typically 15 min), an 

aliquot of the solution was analyzed for calculating the PS activation degree, and the rest was used 

for conjugation. 

For kinetic studies, at different time points starting from the CDAP addition, an aliquot of the reaction 

mixture was analyzed as described in the next paragraph. 
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PS activation degree by HPLC-SEC analysis 

An aliquot of the activated PS solution was quenched by the addition of an equal volume of 0.5 M 

ADH in water and maintained for 2 h at 25 ÁC. Excess of ADH present in the sample was reduced 

with a PD10 (Cytiva, Chicago, IL, USA) disposable desalting column. The column was pre-

equilibrated with 2 M NaCl. The sample was diluted with 4 M NaCl to 1.5 mL total volume and 

loaded on the column with stack procedure as reported in the PD10 product manual, adding 

immediately after, 1 mL of 4 M NaCl to reach a total volume of 2.5 mL of loaded solution on the 

column. The sample was finally eluted with 3.5 mL of water. After removal of the majority of ADH 

excess, the PS-ADH sample (100 ɛL), with a concentration in terms of hydrazide groups between 

15.7 nmol/mL and 156.7 nmol/mL, was added to 100 ɛL of pyruvate solution (13.7 mg sodium 

pyruvate dissolved in 5 mM AcONa, pH 3.8). Underivatized sample was also prepared and run as a 

blank: 100 ɛL of the PS-ADH sample at the same dilution used for the analysis was added to 100 ɛL 

of water. 

The calibration curve was built with KDO standards (100 ɛL) in the range of 15.7 nmol/mLï156.7 

nmol/mL, and 100 ɛL of a semicarbazide solution (100 mg semicarbazide hydrochloride + 90.5 mg 

of AcONa in 10 mL of water) was added. All samples and standards were heated at 50 ÁC for 50 min 

and then analyzed by HPLC-SEC (80 ɛL injection) on a TSKgel 3000 PW-XL column (Tosoh 

Bioscience GmbH, Griesheim, Germany) using 0.1 M NaCl, 0.1 M sodium phosphate at pH 7.2 

containing 5% ACN as eluent at a flow rate of 0.5 mL/min. 

For quantification of the activated groups, 252 nm UV ABS is used for detection. The area of the peak 

corresponding to the pyruvate derivatized PS-ADH was corrected by subtracting the area of the 

corresponding blank (if not negligible) and used for the quantification with respect to the calibration 

curve obtained with semicarbazide-KDO standard peak areas. 

For PS quantification, a refractive index detector was used. The area of the PS-ADH sample blank 

was measured for the quantification with respect to a standard PS curve typically in the range of 

31.25ï500 ɛg/mL. 

The activation degree was then calculated from the nmol/mL of hydrazide in PS-ADH and saccharide 

amount, considering the MW of the repeating unit of the PS, and expressed as the molar ratio between 

the ADH and saccharide rings or between the ADH and PS repeating unit. 

Conjugation 

After PS activation time, cooled CRM197 at about 20 mg/mL in a solution of 5 mM DABCO, 9 g/L 

NaCl at pH 9 was added to the reaction at 0 ÁC in order to achieve the desired PS/CRM197 ratio. The 

reaction mixture was kept under mixing at the indicated temperature (0Á, 5Á or 25 ÁC) for the time 

needed (typically 25 ÁC for 2 h). After conjugation time, 1 M glycine in 50 mM sodium phosphate at 
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pH 7 was added in equal volume with respect to the reaction mixture to quench eventual residual 

cyanoester groups, and the reaction mixture was kept at 2ï8 ÁC overnight. 

For kinetic studies, at different time points starting from the CRM197 addition, an aliquot of the 

reaction mixture was quenched with an equal volume of the glycine solution, kept at 2ï8 ÁC overnight 

and analyzed. 

CRM197-ADH synthesis 

CRM197 was derivatized with ADH as previously described [199]. Briefly, CRM197 was prepared at 

10 mg/mL in an 80 mM MES buffer at pH 6 using an Amicon 10K (Merck) centrifugation device (2Ĭ 

10 min at 4000 rcf). ADH (ADH/protein = 3.5 w/w) was added to CRM197 and, after its dissolution, 

EDAC was added (EDAC/protein = 0.15 w/w). The reaction was carried out for 1 h at RT; then the 

reaction mixture was exchanged with 5 mM DABCO, 1 M NaCl at pH 9 (9Ĭ 10 min at 4000 rcf) 

followed by 5 mM DABCO 150 mM NaCl at pH 9 (9Ĭ 10 min at 4000 rcf) using an Amicon 10K 

(Merck) centrifugation device. 

Conjugates MW determination 

Conjugates were analyzed by HPLC-SEC (80 ɛL injection) on a TSKgel 5000 PW column (Tosoh 

Bioscience GmbH) using 0.1 M NaCl 0.1 M sodium phosphate at pH 7.2 containing 5% ACN as 

eluent at a flow rate of 0.5 mL/min. For MW determination, a refractive index detector with the 

dextran MW standard (Sigma-Aldrich) calibration curve (50, 80, 150, 270, 410 and 670 KDa) was 

used performing a linear regression between log(MW) and retention time. Data are reported as Mp 

(the mode of the MW distribution). 

O-Ag MW determination 

O-Ag was analyzed by HPLC-SEC (80 ɛL injection) on a TSKgel 3000 PW-XL column (Tosoh 

Bioscience GmbH) using 0.1 M NaCl 0.1 M sodium phosphate at pH 7.2 containing 5% ACN as 

eluent at a flow rate of 0.5 mL/min. For MW determination, a refractive index detector with the 

dextran MW standard (Sigma-Aldrich) calibration curve (5, 12, 25, 50, 80 and 150 KDa) was used 

performing a linear regression between log (MW) and retention time. Data are reported as Mp (the 

mode of the MW distribution). 

Paratyphi A O-Ag quantification 

O-Ag quantification was performed by measuring the rhamnose quantity with the Dische assay [200] 

considering the polysaccharide repeating unit MW. Briefly, 1050 ɛL of ice-cooled sulfuric acid was 

added to 500 ɛL of each standard or sample. The tubes were heated at 100 ÁC for 5 min and then 

cooled in ice for 10 min. One milliliter of each treated standard or sample was transferred into a 
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disposable cuvette, and the ABS 427 nm and 396 nm were read. Thirty-two microliters of a solution 

of cysteine (Cys) 1 M was added to each cuvette, and the cuvettes were capped and mixed by 

vortexing. The cuvettes were then left for 10 min at RT for color development, and the ABS 427 nm 

and 396 nm were read. For each standard and sample, ȹABS was calculated using the following 

formula: 

DἋἌἡ  ἋἌἡ
ἜἷἻἼ ἍὁἻ

ἋἌἡ
ἜἺἭ ἍὁἻ

ἋἌἡ
ἜἷἻἼ ἍὁἻ

ἋἌἡ
ἜἺἭ ἍὁἻ

 

 
 

The sample concentration was determined with respect to the calibration curve obtained by using a 

linear regression between ȹABS of the standards and their concentrations (in the range of 2ï32 ɛg/mL 

of Rhamnose). 

Protein quantification 

Protein quantification was performed with a micro-BCA assay (Pierce) according to the 

manufacturerôs instructions. 

Free CRM197 determination in conjugates 

Conjugates were analyzed by HPLC-SEC (10 ɛL injection) on a TSKgel 2000 SW-XL column (Tosoh 

Bioscience GmbH) using 0.1 M Na2SO4 0.1 M sodium phosphate at pH 6.6 as eluent at a flow rate 

of 0.3 mL/min. Unconjugated CRM197 was quantified using a fluorimeter detector (280 nm 

excitation/336 nm emission) with a CRM197 standard calibration curve in the range of 10ï100 ɛg/mL. 

Free PS quantification in conjugates 

First, 1 mL of the conjugate diluted to 100 ɛg/mL (in terms of protein) in 5 mM sodium phosphate at 

pH 7.2 with 150 mM NaCl and 0.005% Tween 20 was loaded on a C4 Solid Phase extraction 

disposable column (Vydac Bioselect C4, 100 mg/3 mL, Grace, Columbia, MD, USA). Solution was 

eluted by applying a positive air pressure over the liquid phase, and the flow through was collected. 

Then, 1 mL of 20% ACN in water with 0.05% TFA was loaded into the cartridge to maximize free 

PS recovery, and the eluate was collected together with the initial flow through. The entire 2 mL 

volume collected was dried with a centrifugal evaporator and re-suspended in a suitable volume of 

water to quantify the free saccharide by the Dische colorimetric assay [200]. 

For the DoE runs, the PS to protein ratio in the conjugates was calculated as the difference between 

the total saccharide and the residual free saccharide determined in the reaction mixture. In all tests, 

free CRM197 was not detected. 
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MS analysis 

First, 2.5 mg of the cyclodextrin sample was added to sodium chloride to obtain a 4 M final 

concentration, and then the sample was desalted using PD MidiTrap G-10 (Cytiva) following the 

manufacturerôs protocol. Two microliters of the sample was mixed with 2 ɛL of a 5 mg/mL solution 

of 2,5-DHB in ACN/water (50/50, v/v). The resulting mixture was spotted on the MALDI target and 

left to dry in the air. The mass spectra were acquired over the mass range m/z of 1000ï3000 Da using 

UltrafleXtreme (Bruker Daltonics, GmbH, Bremen, Germany) in positive reflectron mode. A peptide 

calibration mixture (Bruker Daltonics, GmBH) was used for calibration. 

CRM197 samples of about 5 ɛM concentration were analyzed on an Orbitrap Q-Exactive HF-X mass 

spectrometer (Thermofisher, Waltham, MA, USA) by direct flow injection at a flow rate of 8 ÕL/min 

with a syringe pump. The spectra were acquired in ESI-positive HMR mode using an extended mass 

range between m/z 1000 and 6000 at a resolution of 15 K at m/z 200. The spray voltage was set to 2.7 

kV, capillary temperature to 320 ÁC and sheath gas (nitrogen) to 10 a.u. 

Design of Experiment  

The experiments were performed over 4 different days (blocks), each block containing a half fraction 

of the design and three center point replicates for a total of 28 runs, 7 per day (Figure 4.2 and Table 

4.2 report a detailed list of the experiments performed). In order to ensure the stabilization of the pH 

in all the ranges of CDAP concentrations tested, a DABCO buffer at pH 9 was used at a final 

concentration of 100 mM. Based on the preliminary experiments, activation time/temperature and 

protein conjugation time/temperature were fixed respectively at 15ǋ at 0 ÁC and 2 h at 25 ÁC. 

All the responses were measured for each run following the same randomization order used in the 

DoE plan (and same blocks, when needed). 

To elaborate the data, for each response, a linear model with two-factor interaction terms was chosen, 

and the data were not transformed before analysis. Non-significant terms (p-value > 0.05) were 

removed from the model using a backward elimination process. 

Prior to DoE execution, 28 Eppendorf tubes (2 mL) were filled using the same starting S. Paratyphi 

A O-Ag (O:2) solution, each with the PS quantity needed for the respective DoE run, and dried 

overnight in a centrifugal evaporator. 

The following solutions were prepared and maintained at the indicated temperature: CDAP 100 

mg/mL in ACN (indicated in the experimental procedure below as CDAP100, ī20 ÁC); 100 mM 

DABCO with 500 mM NaCl at pH 9.2 (DABCO100, 2ï8 ÁC); 1 M glycine with 50 mM sodium 

phosphate at pH 7.2 (Glycine1, 2ï8 ÁC); 500 mM ADH in water (ADH500, 2ï8 ÁC); 154 mM NaCl 

with 5 mM DABCO at pH 9 (DABCO5, 2ï8 ÁC); 20 mg/mL CRM197 in 154 mM NaCl with 5 mM 

DABCO at pH 9 (CRM20, 2ï8 ÁC). 
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Figure 4.2: DOE runs schematic representation. 
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Table 4.2: DOE runs conditions. 

R
u
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   Factor 1 Factor 2 Factor 3   Calculation   Quantities in run 

  A:PS B:CDAP C:CRM197  sugar ring CDAP  CDAP/ 
sugar ring 

CDAP/ 
sugar ring 

 CDAP100 
solution 

DABCO5 
solution 

CRM20  
solution 

  mg/mL mg/mL PS/CRM197  mmol/mL mmol/mL  w/w mol ratio  mL mL mL 

1 Center  6.25 3.125 1.5  41.3 13.3  0.50 0.322  31.25 233 167 

2 Factorial  10 1.25 2  66.1 5.3  0.13 0.080  12.5 200 200 

3 Factorial  10 5 1  66.1 21.3  0.50 0.322  50 0 400 

4 Factorial  2.5 5 2  16.5 21.3  2.00 1.288  50 350 50 

5 Center  6.25 3.125 1.5  41.3 13.3  0.50 0.322  31.25 233 167 

6 Factorial  2.5 1.25 1  16.5 5.3  0.50 0.321  12.5 300 100 

7 Center  6.25 3.125 1.5  41.3 13.3  0.50 0.322  31.25 233 167 

8 Center  6.25 3.125 1.5  41.3 13.3  0.50 0.322  31.25 233 167 

9 Center  6.25 3.125 1.5  41.3 13.3  0.50 0.322  31.25 233 167 

10 Factorial  2.5 5 1  16.5 21.3  2.00 1.288  50 300 100 

11 Factorial  2.5 1.25 2  16.5 5.3  0.50 0.321  12.5 350 50 

12 Center  6.25 3.125 1.5  41.3 13.3  0.50 0.322  31.25 233 167 

13 Factorial  10 5 2  66.1 21.3  0.50 0.322  50 200 200 

14 Factorial  10 1.25 1  66.1 5.3  0.13 0.080  12.5 0 400 

15 Center  6.25 3.125 1.5  41.3 13.3  0.50 0.322  31.25 233 167 

16 Center  6.25 3.125 1.5  41.3 13.3  0.50 0.322  31.25 233 167 

17 Center  6.25 3.125 1.5  41.3 13.3  0.50 0.322  31.25 233 167 

18 Factorial  2.5 5 2  16.5 21.3  2.00 1.288  50 350 50 

19 Factorial  10 5 1  66.1 21.3  0.50 0.322  50 0 400 

20 Factorial  10 1.25 2  66.1 5.3  0.13 0.080  12.5 200 200 

21 Factorial  2.5 1.25 1  16.5 5.3  0.50 0.321  12.5 300 100 

22 Center  6.25 3.125 1.5  41.3 13.3  0.50 0.322  31.25 233 167 

23 Factorial  10 5 2  66.1 21.3  0.50 0.322  50 200 200 

24 Factorial  2.5 1.25 2  16.5 5.3  0.50 0.321  12.5 350 50 

25 Factorial  2.5 5 1  16.5 21.3  2.00 1.288  50 300 100 

26 Center  6.25 3.125 1.5  41.3 13.3  0.50 0.322  31.25 233 167 

27 Center  6.25 3.125 1.5  41.3 13.3  0.50 0.322  31.25 233 167 

28 Factorial  10 1.25 1  66.1 5.3  0.13 0.080  12.5 0 400 
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Experimental procedure 

Each day, the 7 tubes containing the dried PS for the respective runs were added with 1 mL of the 

DABCO100 to redissolve the PS and kept under stirring in an ice bath at 0 ÁC. The vial containing 

the CDAP100 was equilibrated at 0 ÁC, and the needed amount of CDAP solution was added to each 

tube (Table 4.2). The solution was maintained under stirring for 15 min. 

Next, 200 ɛL of each reaction mixture was added to a tube containing 200 ɛL of ADH500 in an ice 

bath and then maintained under stirring at 25 ÁC for 2 h. This mixture was then used to calculate the 

activation % of the PS following the analytical procedure reported above. 

To the remaining 800 ɛL of the activated PS, the required amounts of the following pre-cooled 

solutions were immediately added in sequence: DABCO5 and CRM20 (as per details in Table 4.2). 

The reaction mixture was then maintained under stirring for 2 h at 25 ÁC and finally quenched by 

transferring each mixture in 5 mL tubes containing 1.4 mL of the Glycine1 solution and maintained 

overnight under stirring at 2ï8 ÁC. 

Finally, each reaction mixture was desalted using a PD10 (Cytiva) disposable column exchanging 

with a sodium phosphate buffer 20 mM at pH 6.5. The conjugates were then subjected to 

quantification of total PS and total protein, conjugate MW, free CRM197 and free PS determination. 

Immunogenicity study in rabbits 

All animal sera used in this study were derived from rabbit immunization experiments performed at 

the Charles River Laboratories (France). Animal studies were reviewed by the local ethical committee 

(Project code: APAFIS #39244-2022110910396896 v3; Date of approval: 19 April 2023) and carried 

out in compliance with animal welfare standards according to European Directive 63/2010 and to 

local legislation. 

In detail, eight female New Zealand White rabbits per group were injected intramuscularly two times 

with 500 ɛL/dose of 5 ɛg of O:2 at day 0 and 28 in the presence of Alhydrogel (0.375 mg/dose Al3+). 

In all animal studies, blood samples were collected at day 28 (post I), and the final bleed was at day 

42 (post II). Collected blood was left at RT for decantation for 30 min for serum separation. 

Afterwards, samples were centrifuged at 2800 rcf for 15 min at +5 Ñ 3 ÁC. 

Anti-O:2 IgG response by enzyme-linked immunosorbent assay (ELISA) and Serum Bactericidal 

Activity (SBA) were performed according to the procedures already published [201]. 
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Formulation preparation 

Formulations were prepared by adding excipients and antigen in the following order: water, 

alhydrogel, a 100 mM phosphate buffer at pH 6.5, a 90 g/L saline solution and a O:2-CRM197 

conjugate. 

Formulations with O:2-CRM197 conjugates had an O:2 concentration of 10 ɛg/mL in the presence of 

Alhydrogel (0.75 mg/mL final Al3+ concentration), 20 mM of a phosphate buffer at pH 6.5 and 9 g/L 

NaCl. In this condition, O:2-CRM197 conjugates were adsorbed on Alhydrogel with a total unabsorbed 

protein content of 5ï20% (quantified by micro-BCA). 

Data analysis 

Multiple regression analyses (ANOVA, Design Expert software-version: 13.0.11.0) were performed 

on the log-transformed EU/mL (day 28 or day 42) and log-transformed SBA IC50 (day 42) in order 

to find the surface to correlate the log-transformed immunological data (ELISA or SBA) with DoE 

factors or conjugate characteristics. The interpolation was performed considering a surface with the 

first order terms and all the interactions between them (2FI model). Subsequently, an iterative 

backward elimination (with a threshold of p < 0.1) of non-significant terms was applied. 
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4.3 RESULTS 

4.3.1 A new HPLC-SEC analysis for determining PS cyanylation degree 

As reported in the literature [194, 195], cyanoesters introduced along the PS chains through CDAP 

activation can be quantified after quenching with adipic acid dihydrazide (ADH). Reaction of 

activated cyanylated hydroxyl groups with hydrazides is a fast, quantitative method and essentially 

independent from the pH [194]. After removal of the excess unreacted ADH through extensive 

dialysis, hydrazide groups introduced on the PS chain are quantified by TNBS (2,4,6-

Trinitrobenzenesulfonic acid) colorimetric assay. The quantification of PS after dialysis is performed 

by colorimetric phenol sulfuric acid assay, and the level of activation is calculated in terms of 

hydrazide groups/saccharide ratio [74]. 

A new and faster analytical method was set up for determining the degree of PS cyanylation by HPLC-

SEC. Hydrazide groups introduced on the PS chain are derivatized with pyruvate, and the resulting 

chromophore (Ŭ-ketohydrazone) is detected by UV absorption at the diagnostic wavelength of 252 

nm. The quantification of bound ADH is made by comparison of the activated PS peak area with a 

standard calibration curve obtained by reaction of standard 3-Deoxy-D-manno-oct-2-ulosonic acid 

(KDO) with semicarbazide resulting in a species with the same chromophore (Ŭ-ketohydrazone) 

(Figure 4.3) [200, 202]. Standard ADH derivatized with pyruvate was not suitable to be used for the 

calibration curve as it produces a broad peak that partially overlaps with pyruvateôs residual peak 

(free pyruvate, due its high concentration in the reaction, also visible at 252 nm Abs). On the other 

hand, the KDO-semicarbazide bond forms the same chromophore of the ADH-pyruvate one and 

elutes in a clean zone of the chromatogram. Moreover, it has been verified that they have a comparable 

molar absorption.  
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Figure 4.3. (a) Reaction scheme of PS-ADH with pyruvate and of KDO with semicarbazide resulting 

in the formation of the same chromophore (highlighted in red); (b) example of HPLC-SEC 

chromatographic profile of dextran-ADH derivatized with pyruvate. In the chromatogram PS-

carrying ADH groups derivatized with pyruvate (PSïADH=Pyr), residual free ADH present in the 

desalted sample derivatized with pyruvate (Pyr=ADH=Pyr) and excess of pyruvate reactant used for 

sample derivatization are evidenced. 

 

Clear advantages of this methodology with respect to the original one are: (1) tagged PS is detected 

by faster analysis, avoiding extensive dialysis (removal of free ADH by desalting with a disposable 

column is sufficient to perform the analysis); (2) only a small amount of the activated PS is needed 

for the test; (3) ADH introduced on the PS chain and PS are simultaneously quantified by measuring 

the Abs at 252 nm (pyruvate-ADH chromophore quantification) and the refractive index (dRI) (PS 

quantification); and (4) possible changes in size of the PS (e.g., crosslinking, depolymerization) are 

monitored and can be quantified with an appropriate Gel Permeation Chromatography (GPC) 

standard calibration curve. 

PS activation is calculated as nmol/mL ADH on nmol/mL of PS sugar rings or repeating units (RUs); 

the latter is useful to understand the extent of impact of the activation on PS epitopes. 
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4.3.2. Identification of a novel buffer system for activation of PS with CDAP 

Some modifications were introduced to the original protocol expanding the idea of the use of a buffer 

able to maintain a stable pH at 9 during the reaction without affecting the efficiency of the PS 

activation. 

The use of DMAP (with a pKa of 9.7) still requires a pH adjustment to maintain the reaction at the 

target pH of 9 by promptly adding aliquots of 0.1 M NaOH after CDAP addition [195, 203]. Almost 

all buffers having a pKa close to 9 contain a nucleophilic group like a primary amine that can react 

directly with the activated PS or hydroxyl groups that can be activated by CDAP. 1,4-

diazabicyclo[2.2.2]octane HCl (DABCO) was selected as an alternative buffer for the PS activation 

with CDAP. DABCO is a bicyclic tertiary amine that is widely used as a catalyst and reagent in 

polymerization and organic synthesis. DABCO, like DMAP, has no OH or primary/secondary amino 

groups that can react with CDAP or activated PS, but it has a higher buffer capacity at the target pH 

of 9, having a pKa of 8.7 [204]. In this way, it was verified that the pH is stable and its adjustment 

can be avoided during the reaction. DABCO is also a greener chemistry alternative product [205] 

than DMAP, which is a highly toxic substance. 

To set up the experimental conditions, CDAP activation of 25 kDa dextran, used as a model PS, was 

performed in the presence of DABCO compared to DMAP [195], keeping all other conditions 

identical. The activation degree calculated by HPLC-SEC (6.1% for DABCO and 6.8% for DMAP) 

showed no statistical difference (n = 3) between the two protocols for dextran activation (Figure 4.4). 

The DABCO protocol was also tested with 150 kDa dextran in the same conditions, resulting in a 

similar activation degree of 7.1%. 

https://en.wikipedia.org/wiki/Bicyclic_molecule
https://en.wikipedia.org/wiki/Polymerization
https://en.wikipedia.org/wiki/Organic_synthesis
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Figure 4.4: comparison of confidence intervals for average PS (25 KDa dextran) activation degree 

between reactions conducted in presence of DMAP or DABCO (4.4 mg/mL saccharide 

concentration, CDAP/PS 0.5 w/w ratio (2.2 mg/mL CDAP), pH 9, 0 °C for 15 minutes). 

 

For some PSs, pH 9 could result in unwanted structural modification (e.g., depolymerization or 

decrease in O-acetylation). For this reason, an appropriate buffer system, that can work at pH 7, was 

also identified. 

Different organic bases that seemed suitable to avoid self-reaction with CDAP or activated PS were 

evaluated: 2,6-lutidine (pKa 6.72 [206]), N-methylmorpholine (pKa 7.38 [207]) and 1-

methylimidazole (pKa 7 [208]). 

With an initial screening using S. Paratyphi A O-Ag (O:2) (4.4 mg/mL O:2, CDAP/O-Ag 0.5 w/w, pH 

7, 4 h, 0 ÁC), the activation percentage using N-methylmorpholine (1.1%) was lower than by using 

1-methylimidazole (3.9%) or 2,6-lutidine (4.2%). 2,6-lutidine was selected because of its lower 

toxicity with respect to 1-methylimidazole. 

Also, the formation of eventual side products was investigated during the activation of PS with CDAP 

in a DABCO buffer [195, 209] (Figure 4.1). ɔ-cyclodextrin (CD) was used as a model at this scope, 

being a monodisperse cyclic oligosaccharide allowing for easier mass spectroscopy analysis with 

respect to polydisperse PS samples. Activations were performed with different CDAP to PS ratios at 

pH 7 or 9, and the activated PSs were quenched with ADH. MS spectra clearly showed the sodium 

adduct peaks of unreacted cyclodextrin at m/z 1319.4 and dextrin linked with one or two ADH 

molecules at m/z 1518.5 and m/z 1717.5, respectively. Only imidocarbonate species at m/z 1362.4, 
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1543.5 and 1742.5, having none, one or two bound ADH moieties, respectively, were revealed as side 

products (Figure 4.5). With respect to what has been reported in the literature, no other undesired 

products were generated with CDAP chemistry in DABCO or lutidine buffer. 

The peak intensity ratios, proportional to quantity ratios, between the imidocarbonate side product 

and the corresponding ADH derivatized cyclodextrin were similar in all conditions tested (Table 4.3). 

Moreover, these ratios increased with the activation degree, which is represented (being proportional 

to) by the ratios between peak intensities of ADH-derivatized products and the unreacted cyclodextrin 

in Table 4.3. 

Table 4.3: Peak intensity ratios from MS spectra of reaction products of cyclodextrin. 

Peak Intensity ratio 

DABCO  

CDAP/CD 

0.5 w/w 

DABCO  

CDAP/CD 

0.2 w/w 

DMAP/NaOH  

CDAP/CD 

0.5 w/w 

Lutidine  

CDAP/CD 

0.5 w/w 

[CD ADH Na]+ / [CD Na]+ 0.36 0.17 0.24 0.25 

[CD ADH2 Na]+ / [CD Na]+ 0.07 - 0.04 0.04 

     

[CD IMC Na]+ / [CD Na]+ 0.06 0.03 0.06 0.03 

[CD ADH IMC Na]+ / [CD ADH 

Na]+ 
0.60 0.30 0.46 0.40 

[CD ADH2 IMC Na]+ / [CD 

ADH2 Na]+ 
0.94 - 0.79 0.69 
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Figure 4.5: MS spectra of reaction products of cyclodextrin 4.4 mg/mL: A) Lutidine buffer pH 7 with CDAP/CD 0.5 w/w (2.2 mg/mL CDAP); B) 

DABCO buffer pH 9 with CDAP/CD 0.2 w/w (0.88 mg/mL CDAP); C) DABCO buffer pH 9 with CDAP/CD 0.5 w/w (2.2 mg/mL CDAP); D) 

DMAP/NaOH pH 9 with CDAP/CD 0.5 w/w (2.2 mg/mL CDAP); E) underivatized cyclodextrin. 
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4.3.3 Parameters affecting PS activation with CDAP 

Some preliminary tests were performed using dextran 25 kDa and  S. Paratyphi A O-Ag as models to 

identify the critical parameters affecting the activation degree; reaction time, temperature, pH, salt 

concentration, PS and CDAP concentrations were investigated. 

In the presence of DABCO, the activation of dextran 25 kDa was evaluated at different timepoints, 

performing the reaction at 0 ÁC up to 30 min. An activation degree close to 9% was reached after 5 

min of reaction, and the resulting activated dextran was stable for at least 30 min (9.2%) (Figure 4.6). 

 

Figure 4.6. Activation kinetic of dextran 4.4 mg/mL with CDAP/PS 0.5 w/w in DABCO buffer at pH 

9 at 0 ÁC. 

 

The conditions identified (CDAP/PS ratio of 0.5 w/w in the presence of DABCO as a buffer for an 

activation time of 15 min at 0 ÁC) were applied to S. Paratyphi A O-Ag by working with three different 

O-Ag concentrations of 4.4, 2.2 and 1.1 mg/mL. While activation resulted in 7.5% per ring at both 

4.4 mg/mL and 2.2 mg/mL PS concentrations, at 1.1 mg/mL, the activation decreased to 3.8%. 

The impact of CDAP/PS ratio was also investigated by working with dextran and S. Paratyphi A O-

Ag (Table 4.4). For both PSs, the activation degree increased by working with higher CDAP/PS ratios. 
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Table 4.4. Activation degree for dextran and S. Paratyphi A O-Ag obtained using different 

experimental conditions. 

 DABCO Buffer, pH 9 * 

CDAP/sugar (w/w) 0.2 0.32 0.5 1 2 

PS mg/mL in activation 4.4 4.4 4.4 4.3 3.8 

CDAP mg/mL in activation 0.88 1.4 2.2 4.3 7.7 

Temperature and time 0 ÁC Ĭ 15 min 

Dextran activation % sugar rings/total NA 6.3 8.1 ** 11.4 14.6 

O-Ag activation % sugar rings/total 3.6 4.4 5.8 ** 9.8 NA 

* DABCO concentrations were 50 mM for CDAP/PS among 0.2 to 1 w/w ratio and 100 mM for 

CDAP/PS 2 w/w ratio (for buffering capacity). ** Average of multiple tests. NA: data not available. 

 

Studies were then performed to verify if the different CDAP/PS ratios would result in different kinetic 

activations and therefore if the activation rate of the PS would depend on the CDAP concentration. 

S. Paratyphi A O-Ag was activated with CDAP/PS w/w ratio 0.5 or 0.2 following the reaction up to 

60 min (Figure 4.7 a). The maximum activation was reached after 15 min in both conditions, and the 

resulting activated product was stable for at least 60 min. The data confirmed that a reduced CDAP/PS 

ratio resulted in a lower activation percentage, but this was not due to a slower kinetic of activation. 

By working at pH 7, the activation kinetic at 0 ÁC was slower, and the maximum activation % was 

reached after 4 h (Figure 4.7 b,c). By increasing the reaction temperature to 25 ÁC, the resulting PS 

activation % was lower than at 0 ÁC, very likely as a result of instability of the activated PS at higher 

temperatures. This was verified by working both with S. Paratyphi A O-Ag and 25 kDa dextran. 
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Figure 4.7. (a) CDAP activation kinetic of S. Paratyphi A O-Ag 1.1 mg/mL and CDAP/PS 0.5 or 0.2 

w/w in DABCO buffer at pH 9 at 0 ÁC; (b) S. Paratyphi A O-Ag 4.4 mg/mL and CDAP/PS 0.5 w/w 

in Lutidine buffer at pH 7 at 0Á or 25 ÁC; (c) activation kinetic of 4.4 mg/mL dextran CDAP/PS 0.5 

w/w in Lutidine buffer at pH 7 at 0Á or 25 ÁC. Activation values are reported in relation to 

monosaccharides. 
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In the literature, CDAP activation protocols with or without salt are reported. It was tested if the 

presence of 1 M NaCl in DABCO buffer impacted the activation of S. Paratyphi A O-Ag. No 

significant differences were evidenced by performing the reaction with or without NaCl (three 

activation replicates were performed on different days) (Figure 4.8), even if a lower variability of 

activation degree was observed by performing the reaction in the presence of NaCl. In both 

conditions, the activation degree found was 8.8% and the coefficient of variation was 13% in water 

against 3% in the presence of 1 M NaCl. 

 

 

Figure 4.8: comparison of confidence intervals (n=3) for average O:2 O-Ag activation degree 

between reactions conducted with or without 1M NaCl, with 4.4 mg/mL PS starting concentration, 

CDAP/PS w/w 0.5 (2.2 mg/mL CDAP) at pH 9 in DABCO buffer. 

 

Finally, the activation reaction with DABCO was verified at 25 ÁC, as the possibility to avoid pH 

adjustment is considered an even greater improvement when shorter reaction times are needed. S. 

Paratyphi A O-Ag and dextran were activated (PS 4.4 mg/mL in 1 M NaCl, CDAP/PS 0.5 w/w, in a 

DABCO buffer at pH 9 at 25 ÁC for 3 min), and the average activation values (three activation 

replicates on different days) were 4.8% (CV 38%) and 4.3% (CV 36%), respectively. Even if the 

absence of a pH adjustment makes the process easier, the activation degree obtained at 25 ÁC was 

about half with respect to the corresponding reaction performed at 0 ÁC for 15 min; moreover, the 

variability was higher for these conditions. 
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4.3.4. CDAP activation of PS from different pathogens 

Activation conditions selected for S. Paratyphi A O-Ag were extended to a panel of other neutral PSs 

(Shigella O-Ag, Salmonella O-Ag and Klebsiella pneumoniae O-Ag), obtaining activation degrees in 

the range of 1ï6%, which are useful for conjugation (Table 4.5). Slightly different reaction conditions 

were applied to negatively charged PSs like S. flexneri 6 O-Ag and a panel of Kp capsular 

polysaccharides (CPSs), resulting in similar activation degrees (Table 4.5). 

When working with the zwitterionic S. sonnei O-Ag, the reaction was tested both at pH 9 and 7, as 

the concomitant presence of hydroxyl and amino groups in this PS could generate crosslinking among 

PS chains (at pH 7, amino groups are less reactive). Activation percentages were similar for both 

conditions tested (Table 4.5), with no crosslinking as verified by the HPLC-SEC analysis (Figure 

4.9). 

 

 

Figure 4.9: comparison among HPLC-SEC profiles (dRI) of S. sonnei O-Ag, and S. sonnei O-Ag-

ADH with activation performed at pH 7 or 9 

 

By using fully O-acetylated S. Typhi Vi PS, which does not have available hydroxyl groups, it was 

also verified that carboxylic groups, which can be present on PSs, do not react with CDAP. The 

activation was tested both at 0 ÁC for 15 min and 25 ÁC for 3 min at pH 9 with PS 3 mg/mL and 

CDAP/PS 0.5 w/w ratio (1.5 mg/mL CDAP). 
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Table 4.5. CDAP activation applied to different PSs. 

PS Structure * Nature Activation Conditions 
Activation 

 PS MW (KDa) 
% Sugar Ring % RU 

S. Paratyphi A O-Ag 
  Ŭ-Parp-(1­3) â              Ŭ-Glcp-(1­6)â 

      [­2)-Ŭ-Manp-(1­4)-Ŭ-Rhap-(1­3)-Ŭ-Gal-(1­]n [210] 
N 

4.4 mg/mL PS, CDAP/PS 0.2 w/w (0.88 mg/mL 

CDAP), DABCO at pH 9, 15 min 

3.7 18.3 100ï16 

S. Typhimurium O-Ag 
Ŭ-Abep-(1­3)â           Ŭ-Glcp-(1­4 or 6) â 

      [­2)-Ŭ-Manp-(1­4)-Ŭ-Rhap-(1­3)-Ŭ-Gal-(1­]n [211] 
N 1.9 9.3 33.5 

S. Enteritidis O-Ag 
Ŭ-Tyvp-(1­3) â          Ŭ-Glcp-(1­4 or 6) â 

      [­2)-Ŭ-Manp-(1­4)-Ŭ-Rhap-(1­3)-Ŭ-Gal-(1­]n [212] 
N 2 10.2 92.1ï26.7 

Klebsiella p. O1 O-Ag [­3)-Ŭ-Galp-(1­3)-ɓ-Galp-(1­]m-[­3)-ɓ-Galf-(1­3)-Ŭ-Galp-(1­]n [130] N 5 10.0 22.8 

Klebsiella p. O2a O-Ag [­3)-ɓ-Galf-(1­3)-Ŭ-Galp-(1­]n [130] N 5.5 11.1 10.7 

S. flexneri 1b O-Ag 
                                       Ŭ-Glcp-(1­4) â 

[­2)-Ŭ-Rhap-(1­2)-Ŭ-Rhap-(1­3)-Ŭ-Rhap-(1­3)-ɓ-GlcpNAc-(1­]n [147] 
N 1.9 9.7 13.5 

S. flexneri 2a O-Ag 
                        Ŭ-Glcp-(1­4) â 

[­2)-Ŭ-Rhap-(1­2)-Ŭ-Rhap-(1­3)-Ŭ-Rhap-(1­3)-ɓ-GlcpNAc-(1­]n [147] 
N 2.9 14.4 41.5ï13.4 

S. flexneri 3a O-Ag 
 Ŭ-Glcp-(1­3) â 

      [­2)-Ŭ-Rhap-(1­2)-Ŭ-Rhap-(1­3)-Ŭ-Rhap-(1­3)-ɓ-GlcpNAc-(1­]n [147] 
N 2 10.1 69ï15.7 

S. flexneri 4a O-Ag 
                                       Ŭ-Glcp-(1­6) â 

[­2)-Ŭ-Rhap-(1­2)-Ŭ-Rhap-(1­3)-Ŭ-Rhap-(1­3)-ɓ-GlcpNAc-(1­]n [147] 
N 2.6 12.9 17.2 

S. flexneri 5b O-Ag 

  Ŭ-Glcp-(1­3)â  Ŭ-Glcp-(1­3)â 

       [­2)-Ŭ-Rhap-(1­2)-Ŭ-Rhap-(1­3)-Ŭ-Rhap-(1­3)-ɓ-GlcpNAc-(1­]n 

[147] 

N 1.4 8.3 74.7ï17.8  

S. flexneri X O-Ag 
 Ŭ-Glcp-(1­3)â 

      [­2)-Ŭ-Rhap-(1­2)-Ŭ-Rhap-(1­3)-Ŭ-Rhap-(1­3)-ɓ-GlcpNAc-(1­]n [147] 
N 0.9 4.3 66.9ï16.4  

S. flexneri Y O-Ag [­2)-Ŭ-Rhap-(1­2)-Ŭ-Rhap-(1­3)-Ŭ-Rhap-(1­3)-ɓ-GlcpNAc-(1­]n [147] N 1.1 4.5 60ï15  

Klebsiella p. 

CPS K2 

        Ŭ-GlcpA-(1­3)â 

[­3)-ɓ-Glcp-(1­4)-ɓ-Manp-(1­4)-Ŭ-Glcp-(1­]n [213] 
NC 

1.8 mg/mL PS, CDAP/PS 1 w/w (1.8 mg/mL 

CDAP), DABCO at pH 9, 15 min 

5.2 20.6 256 ** 

Klebsiella p. 

CPS K25 

ɓ-Glcp-(1­2)-ɓ-GlcpA-(1­4)â 

      [­4)-ɓ-Glcp-(1­3)-ɓ-Galp-(1­]n [214] 
NC 6.2 24.7 312 ** 

Klebsiella p. 

CPS K62 

                         Ŭ-Manp-(1­3)â 

[­4)-Ŭ-Glcp-(1­2)-ɓ-GlcpA-(1­2)-Ŭ-Manp-(1­3)-ɓ-Galp-(1­]n [215] 
NC 4.3 21.5 335 ** 

Klebsiella p. 

CPS K64 

                             (6,4-O-Pyr)-ɓ-Glcp-(1­2)â 

[­4)-Ŭ-GlcpA-(1­3)-Ŭ-Manp-(1­3)-ɓ-Glcp-(1­4)-Ŭ-Manp-(1­]n [216] 

                                         Ŭ-Rhap-(1­3)ú 

NC 6.1 36.5 105 ** 

S. flexneri 6 O-Ag [­2)-Ŭ-Rhap-(1­2)-Ŭ-Rhap-(1­4)-ɓ-GalpA-(1­3)-ɓ-GalpNAc-(1­]n [189] NC 1.9 7.8 22.9 

S. sonnei O-Ag [­4)-Ŭ-AltpNAcA-(1­3)-ɓ-FucpNAc4N-(1­]n [217] ZW 
1.1 mg/mL PS, CDAP/PS 0.5 w/w (0.55 mg/mL 

CDAP), DABCO at pH 9, 15 min 
2.5 5.0 38.6 

S. sonnei O-Ag [­4)-Ŭ-AltpNAcA-(1­3)-ɓ-FucpNAc4N-(1­]n [217] ZW 
1.1 mg/mL PS, CDAP/PS 0.5 w/w (0.55 mg/mL 

CDAP), Lutidine at pH 7, 4 h 
3.7 7.4 38.6 

N: neutral, NC: negatively charged; ZW: zwitterionic. * In the reported structures, eventual O-acetylation positions are omitted. ** CPS size before activation was reduced by sonication. Reported MW is in reference to 

treated PS.
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4.3.5. Parameters affecting conjugation of activated PS to protein 

The critical parameters, that could impact the chemical linkage of the activated PS to the carrier 

protein, were investigated. Conjugation temperature and time at two different pH values (7 and 9) 

were evaluated using S. Paratyphi A O-Ag and the CRM197 protein as carrier model. 

The temperature could affect the conjugation to the carrier protein both for the conjugation kinetic 

itself and for the stability of the activated PS. First, the stability of the CDAP-activated PS was 

evaluated at 5 ÁC and at 25 ÁC. 

The activated PS was stable at 5 ÁC for at least 2 h, while at 25 ÁC, degradation began after 15 min 

(Figure 4.10). 

 

Figure 4.10. Activated PS stability evaluated for S. Paratyphi A O-Ag activated using the following 

conditions: 4.4 mg/mL PS and CDAP/PS 0.2 w/w (0.88 mg/mL CDAP) in a DABCO buffer at pH 9 

at 0 ÁC. Activation values are reported related to monosaccharides. 

 

After having verified the stability of the CDAP-activated PS at different temperatures, the conjugation 

step of activated S. Paratyphi A O-Ag with CRM197 was performed at 0, 5 and 25 ÁC to understand 

the concomitant effect of activated PS stability and conjugation kinetics on the formation of the final 

conjugate. In all conditions, the resulting conjugation reaction was fast, with all CRM197 protein 

conjugated after 1 h. By increasing the reaction time, the conjugate MW increased as a result of 

increased PS loading on the protein or higher crosslinking. No major changes were observed after 16 

h at 0 ÁC, 4 h at 5 ÁC or 2 h at 25 ÁC. After these times, all conjugates had a similar profile in HPLC-

SEC (Figure 4.11) independent from the temperature of the conjugation step. 
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Figure 4.11. HPLC-SEC profiles of O-Ag-CRM197 conjugates (fluorescence emission ex280/em336) 

at different times during the conjugation step performed at 0ï5ï25 ÁC at pH 9. After activation at 0 

ÁC for 15 min with a 0.5 CDAP/PS w/w ratio (2.2 mg/mL CDAP) in 50 mM DABCO at pH 9, 4.4 

mg/mL O-Ag was conjugated with CRM197 at different temperatures using a PS/CRM197 1/1 w/w 

ratio. 

 

Table 4.6. Conjugated MW with respect to the conjugation reaction time at different temperatures. 

Time (h) 
MW (kDa) 

0 ÁC 5 ÁC 25 ÁC 

1 140 138 212 

2 176 176 226 

3 191 187 228 

4 196 195 229 

5 208 198 232 

6 208 203 234 

16 242 221 229 

72 * 259 - - 

* Between 16- and 72-h reaction mixture was maintained at 5 ÁC. 

At 25 ÁC, the conjugation reaction was faster, and after 2 h, it was completed, with no further 

significant cross-linking as evidenced from the MW reported in Table 4.6. At 0 ÁC, the conjugation 

reaction was slower, and MW differences became negligible after 16 h. From the comparison between 

different temperatures (2 h at 25 ÁC vs. 16 h at 0 ÁC), it was verified that 2 h at 25 ÁC or 16 h at 0 ÁC 

are needed to complete the conjugation reaction, resulting in conjugates with similar molecular size 

distributions. 
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It was also verified that if the conjugation needs to be performed at pH 7 (e.g., for saccharide 

instability at pH 9), an overnight conjugation time is needed to avoid the presence of unreacted 

proteins. This is due to the lower reactivity of protein amino groups at pH 7 compared to pH 9. Indeed, 

by performing the conjugation with CRM197-ADH, using hydrazide groups that are more reactive at 

pH 7, free protein decreased from 19.4% to 5.4% after 2 h of reaction with CRM197 or CRM197-ADH, 

respectively (Figure 4.12). 

 

Figure 4.12. Activation performed with 4.4 mg/mL PS and CDAP/PS 0.5 (2.2 mg/mL CDAP) at pH 

7 for 4 h at 0 ÁC; conjugation was then performed using PS/protein ratio of 1/1 using the conditions 

reported in the Figure. Conjugate peak is indicated by yellow line among 15-24 minutes of retention 

time, while free CRM197 peak is highlighted by blue line.  

 

By setting up a reaction mixture in DABCO buffer at pH 9, without PS and with a CDAP 

concentration of 0.88 mg/mL, it was verified that after 15 min at 0 ÁC (simulating the end of the 

activation step), unreacted CDAP, measured as the absorbance at 312 nm [195], was still present in 

the mixture (about 30ï40% of its initial quantity) and could react with -OH groups on the protein 

during the following conjugation step. A conjugation reaction in the absence of PS was simulated, 

and after glycine quenching, a mass spectrum was recorded. In the mass spectrum, the main peak 

corresponding to the CRM197 protein was revealed together with a lower intensity peak corresponding 

to the protein derivatized with one glycine through CDAP chemistry (Figure 4.13). This confirmed 

that even in the worst case without PS, the protein may have only a limited modification on just one 

site for CRM197 in the condition tested. 
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Figure 4.13: CRM197 MS spectra prior (A) and post (B) CDAP treatment. A reaction was performed 

without PS (pH 9, DABCO 50 mM, CDAP 3.6 mg/mL, 0°C, 15 min); CRM197 was then added (3.6 

mg/mL) and after 2h at RT the reaction was quenched with glycine 1M solution. The final solution 

was desalted with PD10 column in ammonium acetate and analyzed by MS, in comparison to 

CRM197 solution not treated with CDAP.  
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4.3.6. Design of Experiment: characterization of activation and conjugation reaction 

through CDAP chemistry 

Working with S. Paratyphi A O-Ag and CRM197 as models, based on the preliminary studies 

performed, activation and conjugation times and temperatures were set as constant (the activation 

was performed at 0 ÁC for 15 min and the conjugation step at 25 ÁC for 2 h) to investigate the 

effect/synergy on activation/conjugation processes of three different critical factors identified: CDAP, 

PS concentrations and PS/CRM197 ratio. The impact of such factors on the following responses was 

studied:  

¶ Activation rate of the PS (as % of activated sugar ring);  

¶ Conjugated MW;  

¶ Unconjugated CRM197;  

¶ Unreacted PS;  

¶ Conjugated saccharide to protein ratio. 

To do this, a design of experiment (DoE) approach was used with the aim to fully understand the 

design space inside the specific ranges selected for each factor. 

Design of Experiment  

A full two-level factorial design was used, with two replicates of factorial points and three replicates 

of center point. The plan ensured 81% statistical power to detect (5% alpha) signal/noise ratio of 1.5 

in a full factorial model with two-way interactions. PS concentration, CDAP concentration and PS to 

CRM197 ratio in conjugation were evaluated in the range of 2.5ï10 mg/mL, 1.25ï5 mg/mL and 1ï2 

(w/w), respectively. Pearsonôs correlation coefficients for different factorïresponse and responseï

response are reported in Figure 4.14. DoE experiment is detailed in the Material and Methods (Design 

of Experiment, section 4.2) and in Figure 4.2. DoE runs conditions are detailed in Table 4.2.  

 

Figure 4.14: Pearsonôs correlation coefficients for factors and responses in DoE runs.  
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PS activation model: only PS and CDAP concentrations showed a significant impact (Figure 4.15). 

The model resulted in an adjusted R2 of 0.972 (Figure 4.19 a), the residuals were normally distributed 

(RyanïJoiner p > 0.100) and the lack of fit was not significant (p 0.085). In particular, it was 

demonstrated that by increasing the PS concentration, the activation degree slightly decreased. 

However, by increasing the CDAP concentration, higher activation values were obtained. 

 

Figure 4.15: PS activation model. 
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Conjugate MW model: PS, CDAP and CRM197 concentrations as well as the three two-factor 

interaction terms were significant (Figure 4.16). The model resulted in an adjusted R2 of 0.993 (Figure 

4.19b), the residuals were normally distributed (RyanïJoiner p > 0.100) and the lack of fit was 

significant (p 0.003). Higher CDAP as well as higher PS concentrations generated conjugates with 

higher MWs, and the two factors had a positive interaction (the effect produced increasing one of 

them was enhanced when the other factor had a higher setting). The increase in the PS/CRM197 ratio 

in the reaction reduced the conjugate MW. Clearly, a higher PS concentration reduces the conjugate 

crosslinking given by the linkage of different proteins with the same PS chain. 

 

Figure 4.16: Conjugate MW model. 
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Conjugate PS/protein ratio model: PS, CDAP and CRM197 concentrations as well as the two-factor 

interaction terms involving PS concentrations were significant (Figure 4.17). The model resulted in 

an adjusted R2 of 0.937 (Figure 4.19c), the residuals were normally distributed (RyanïJoiner p > 

0.100) and the lack of fit was not significant (p 0.073). Higher PS concentrations as well as higher 

PS/CRM197 ratios in the conjugation mixture generated conjugates with higher PS/protein ratios. The 

two-factor interaction of these parameters had a positive interaction (the effect produced increasing 

one of them was enhanced when the other factor had a higher setting). Interestingly, the CDAP 

concentration had a minimal effect (even if statistically significant) on the conjugate PS/protein ratio. 

 

Figure 4.17: Conjugate PS/protein model. 
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Unreacted PS model: PS, CDAP and CRM197 concentrations as well as the two-factor interaction 

terms involving the PS concentration were significant (Figure 4.18). The model resulted in an adjusted 

R2 of 0.939 (Figure 4.19d), the residuals were normally distributed (RyanïJoiner p > 0.100) and the 

lack of fit was significant (p = 0.027). Higher CDAP as well as higher PS concentrations decreased 

the unreacted PS, while the increase in the PS/CRM197 ratio in the reaction resulted in an increment 

of unreacted PS. 

 

Figure 4.18: Unreacted Polysaccharide model. 
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Figure 4.19. (a) Model for activation rate; (b) model for conjugate MW; (c) model for conjugate 

PS/protein ratio; and (d) model for unreacted PS. 
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Variability of CDAP conjugation 

Reproducibility and repeatability of the reaction were evaluated considering the replicates of the 

conjugation performed at the center of the design space and corresponding to the reaction conditions 

of PS and CDAP concentrations of 6.25 mg/mL and 3.125 mg/mL, respectively, and PS/protein ratio 

in conjugation of 1.5. ANOVA variance component analysis (general linear model with days as a 

random factor) was used to estimate the reproducibility (defined as the variability among different 

days), the repeatability (defined as the variability under the same operating conditions over a short 

interval of time) and the contribution of different days to the variability (Figure 4.20). 

 

Figure 4.20: Variance component analysis for PS activation, PS/Protein ratio, conjugate MW and 

unreacted PS. Average values: Activation  = 6.85%; Conjugate PS/protein = 0.922; Conjugate MW 

= 208.5 KDa; Unreacted PS = 31.9%. 
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The results obtained, reported as the coefficient of variation (CV), are presented in Table 4.7; the CVs 

reported include both the reaction and analytical variability. 

Table 4.7. Reproducibility and repeatability. 
 

Activation % Conjugate 

PS/Protein 

Conjugate 

MW 

Unreacted 

PS 

CVDay 3.6% 5.2% - - 

CVError 4.7% 3.6% 2.2% 3.2% 

CVTotal 5.9% 6.3% 2.2% 3.2% 

 

 

Impact of reaction conditions and conjugate characteristics on the immune  

response induced in rabbits by conjugates generated through CDAP Chemistry 

With the aim to explore the impact of reaction conditions and conjugate characteristics on 

immunogenicity, the O:2-CRM197 conjugates obtained with the DoE plan were tested in rabbits. 

Conjugates obtained using the same conditions as DoE replicates were pooled in order to have a total 

of nine groups for animal testing, corresponding to the eight factorial levels and the center point of 

the DoE scheme. The nine conjugates were fully characterized in terms of MW, PS/protein w.w ration 

and % of free saccharide, as reported in the Table 4.8. 

Table 4.8. Characterization of final conjugates obtained using the same DoE conditions 

O:2-CRM197 PS  

ɛg/mL 

Protein 

ɛg/mL  

 

MW  

KDa  

Free 

Saccaride 

% 

 

PS/Protein 

w/w ratio 

1 524.12 730.93 195 8 0.72 

2 659.72 729.18 183 8 0.90 

3 298.20 582.40 320 5 0.51 

4 799.75 781.44 102 17 1.02 

5 345.43 668.66 51 8 0.52 

6 414.93 648.80 151 7 0.64 

7 528.37 704.64 68 9 0.75 

8 646.91 667.84 241 13 0.97 

9 308.92 651.49 194 3 0.47 

 

The impact of the DoE factors (e.g., PS concentration, CDAP concentration, PS to protein ratio in 

conjugation) on the humoral response was evaluated. The regression models directly correlating the 

conjugation reaction factors to the immunological characteristics of the conjugates (in terms of log 
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EU/mL and log SBA titers) were built (Figure 4.21). Synthesized conjugates with lower O:2 to 

CRM197 ratios in the reaction led to higher IgG responses (at day 42) as well as higher SBA titers. 

Moreover, sera bactericidal activity increased for conjugates synthesized with higher PS 

concentrations in the reaction. 

 

Figure 4.21: Impact of the conjugation factors (PS concentration, CDAP concentration, PS to 

protein ratio in conjugation) on the humoral response. 
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The correlations of conjugate properties (MW and O:2/CRM197 w/w ratio) with immunological 

responses are of great interest. Multiple linear regression analyses were performed (Figure 4.22), and 

significant models were found for the anti-O:2 IgG at both day 28 (with no significant lack of fit, p 

0.347) and 42 (with no significant lack of fit, p 0.325) and for the bactericidal titers at day 42 (with 

no significant lack of fit, p 0.393). 

 

Figure 4.22: Multiple linear regression analysis for A) Impact of the conjugate O:2/CRM197 w/w 

and MW on Log EU/mL at day 28; B) Impact of the conjugate O:2/CRM197 w/w on Log EU/mL at 

day 42; C) Impact of the conjugate MW on Log SBA IC50 at day 42. 
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In particular, it was demonstrated that the anti-O:2 IgG response in rabbits decreased by increasing 

the conjugate O:2/CRM197 w/w ratio (p 0.016 and p 0.010, respectively) in the range of 0.47ï1.02 

both at days 28 and 42, while with the increase in the conjugate MW, an increase in the IgG response 

at day 28 (p 0.037) and in the bactericidal activity at day 42 (p 0.022) was observed (Figure 4.23). 

Figure 4.23. Impact on the immune response in rabbits induced by O:2-CRM197 conjugates differing 

for PS/protein ratio and MW. (A) Model for the impact of the conjugate O:2/CRM197 w/w and MW 

on log EU/mL at day 28; (B) model for the impact of the conjugate O:2/CRM197 w/w on log EU/mL 

at day 42; (C) model for the impact of the conjugate MW on log SBA IC50 at day 42. 
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4.4 DISCUSSION 

Chemical conjugation is a well-established technology for carbohydrate-based vaccines. Here, with 

the aim to identify an easy conjugation approach generically applicable to PSs with different structural 

features and supporting the rapid development of high-valency conjugates, CDAP chemistry was 

selected and further optimized. Starting from the published procedure [200, 202], the reaction for PS 

activation was improved by using DABCO as a buffer. DABCO has a high buffer capacity at pH 9 

and allows for avoiding pH adjustment during PS activation. Moreover, the use of low temperature 

(0 ÁC) allowed to increase the reaction time from a few minutes to longer times, making the activation 

step easier to control and more consistent (the cyanylated PS results to be stable for hours in the 

reaction conditions in Figure 4.7a). In parallel, a novel analytical method based on HPLC-SEC was 

put in place for fast and easy determination of the PS activation degree (Figure 4.3). A single analysis 

not only allows to quantify PS activation degree but also to check for PS integrity and lack of 

aggregation or degradation potentially happening during the reaction. 

PS activation was mainly impacted by the absolute concentration of CDAP and not by CDAP to PS 

ratio (Figures 4.19a and 4.15), and the CDAP concentration in a reaction can be easily adjusted to 

obtain the percentage of activation desired. By working with dextrans and S. Paratyphi A O-Ag as 

model PSs, optimal reaction conditions were identified to provide optimal activation degrees to 

guarantee efficient conjugation with no major impacts on PS epitopes, which is relevant for 

preserving good immunogenicity. Importantly, the reaction resulted to be successful on a large panel 

of different PSs (made of neutral, negatively charged and zwitterionic sugars), with limited 

adjustments (Table 4.5). The CDAP chemistry can be easily used for the synthesis of glycoconjugates 

as well as to produce tools for chemical and immuno assays. 

CDAP activation is performed at pH 9, but the use of a basic pH might not be compatible with some 

PSs, affecting their structural stability. Moreover, many PSs are decorated with O-acetyl groups [78], 

which can play a major role in the immune response of the corresponding glycoconjugates (e.g., 

Salmonella Typhi Vi [82] and meningococcal serogroup A [66, 218, 219]). Because O-acetyl groups 

are base-labile, a basic environment is potentially able to affect the O-acetylation level of the 

saccharide, causing O-acetyl release in the solution. For these reasons, optimal reaction conditions 

were identified to perform the activation step with CDAP at pH 7, selecting Lutidine HCl as an 

appropriate buffer system (Figure 4.7b,c). 

By using S. Paratyphi A O-Ag as a model, it was identified the correlation among conjugate attributes 

and the different critical factors evaluated during CDAP conjugation as well as the possible 

correlation among the different conjugate attributes (Figure 4.24). The models found for S. Paratyphi 
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A O-Ag and CRM197 were not numerically predictive for other PSs or proteins but will simplify 

identification of conditions to be used with other systems, as the effects of reaction factors on 

conjugate parameters should be similar. 

 

Figure 4.24. Graph summarizing the impact of DoE factors (CDAP concentration, PS concentration 

and PS/CRM197 ratio) evaluated during S. Paratyphi A O-Ag conjugation to CRM197 by CDAP 

chemistry on PS activation degree, conjugate MW, PS to CRM197 ratio of the conjugate and unreacted 

PS. 

Once a specific PS of a given chain length and a certain carrier protein are selected, other parameters 

such as PS to protein ratio, percentage of activated groups along the PS chain and conjugate molecular 

size need to be investigated for optimal design of the corresponding conjugate. Here, it was showed 

how a plan of conjugation tests can be performed to identify critical parameters impacting conjugate 

characteristics, defining the space in which the different conjugation parameters can be changed 

without impacting the features of the wanted conjugate, reducing the probability of failure and driving 

the reaction towards a conjugate with the desired and optimal characteristics for a good immune 

response. The values of reproducibility found (2ï6%) confirmed that the process is very robust and 

consistent (Table 4.7). Also, conditions to have efficient conjugation, minimizing the percentage of 

unreacted PS, can be easily identified. 

By testing the different S. Paratyphi A O:2-CRM197 conjugates generated through the DoE in rabbits, 

the different conjugation reaction conditions (i.e., CDAP and PS concentration and starting 

O:2/CRM197 w/w ratio) and the final conjugate characteristics (i.e., conjugate MW and PS/protein 

w/w ratio) were correlated with the immunogenicity. By applying linear regression models for the 

interpretation of the immunological results, the statistical power of the study was increased. In fact, 

while the KruskalïWallis test was able to detect just one significant difference among the nine groups 
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tested (only for ELISA results at day 28 reported in Figure 4.25), the linear regression analysis 

demonstrated that different conjugation reaction conditions and final conjugate characteristics have 

an impact on immunogenicity.  

 

 

Figure 4.25. ELISA and SBA results of rabbits nine groups tested immunized with the nine O:2-

CRM197 DoE conjugates  

In particular, in rabbits (Figure 4.23), in the range of conjugate O:2/CRM197 w/w ratio of 1.02 õ 0.47, 

a lower O:2/CRM197 ratio increased the anti-O:2 IgG response both after the first and second 
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injection, while a higher MW conjugate (in the range of 51 kDa õ 302 kDa) induced a higher anti-

IgG response at day 28 and SBA titers at day 42. 

In conclusion, the conditions to make the random conjugation approach based on CDAP chemistry 

were optimized and made more consistent. CDAP chemistry can be generally applied to different PSs 

and proteins as it utilizes common functional groups and is very fast, as no isolation of activated 

intermediates or use of linkers is required. The work presented was very useful to understand how to 

consistently control the PS activation degree, which is important to not alter PS epitopes, resulting in 

final conjugates with desired characteristics for a good immune response. S. Paratyphi A O-Ag was 

used as a model, but the results obtained can be easily extended to the conjugation of other PSs and 

support rapid and efficient development of high-valency conjugates. 
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5. GMMA as alternative carrier system 

5.1 INTRODUCTION  

In the latest years, GMMA have been proposed as innovative carriers for glycoconjugates. [50] 

GMMA are Outer Membrane Vesicles (OMV) naturally released by Gram-negative bacteria 

genetically modified to increase their yields and reduce potential reactogenicity of 

lipopolysaccharides displayed on their surface. [104] GMMA have optimal size (50-200 nm) for 

immune-stimulation and possess self-adjuvating properties due to the presence of toll-like receptor 

agonists, e.g. lipopolysaccharides and lipoproteins. All this, combined with the presentation of 

multiple antigen copies on GMMA surface, has potential for a strong immune response. Moreover, 

GMMA manufacturing is very simple. Shigella and Salmonella GMMA have recently approached 

clinical phase. [104]  It has been already shown that GMMA can be decorated with heterologous PS 

through chemical conjugation, leading to a strong functional PS-specific immune response in mice 

without negative impact on the immune response induced by GMMA, supporting the development 

of high-valency glycoconjugates vaccines. [152] Genetic engineering can also be used for the display 

of PS with wanted structural features on GMMA surface. [220]  

Here the optimised CDAP chemistry developed during my PhD and genetic manipulation were 

applied to display more PS on the same GMMA particle, opening the way to the development of 

multi-valent PS-based formulations. Multiple GMMA constructs were combined in a single 

formulation and their immungenicity was tested in an animal model. This allowed to evaluate possible 

immuno interference among the different combined PS antigens.  
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5.2 MATERIALS AND METHODS  

Kp GMMA production and characterization   

Kp [K62, O1v1] GMMA were produced from Kp wild type NCTC 9182 strain engineered to enhance 

GMMA blebbing by removal of tolR gene. The same process was used to produce Kp [K2, O1v1] 

GMMA, [K15, O4] GMMA, [K25, O3] GMMA, [K64, O1v1] GMMA, [O2v2] GMMA from the 

corresponding wild type strains, respectively, NCTC11228, NCTC9135, NCTC9145, NCTC 8172, 

NCTC11228. In the case of Kp [K64, O2v1] GMMA, NCTC 8172 wild type strain was mutated not 

only to induce hypervesiculation, but also to remove the wbbY gene in order to induce the expression 

of O2v1 O-Ag. GMMA producer strains were inoculated in LB medium at 30°C for 16 h, then the 

culture was diluted to 0.3 OD/mL, in HTMC+glucose medium and grown for 8h at 30°C. After each 

growth, bacteria were pelleted through centrifugation at 5000×g for 45 minutes. Cell-free 

supernatants were recovered and filtered through 0.22 ɛm Stericup filters (Millipore). After 

ultracentrifugation of filtered supernatants at 175,000×g for 2 hours at 4 °C, the resulting pellet, 

containing GMMA, was washed with PBS, further ultra-centrifuged at 175,000× g for 2 hours and 

finally resuspended in PBS. [197]  Regarding purification of GMMA [O2v2], after bacteria growth 

and pellet centrifugation, they were recovered from the supernatant via tangential flow filtration (TFF 

Sartorius, membrane cut-off 300 kDa) in PBS 1x, 25 DV (Pin 2 bar, Pout 0 bar, TMP 1.22 bar, 

permeate flow rate 15 ml/min). 

GMMA size was determined by dynamic light scattering (DLS) [221] and GMMA purity was 

assessed by HPLC-SEC analysis [221]; total protein content was estimated by micro BCA using 

bovine serum albumin (BSA) as a reference following the manufacturerôs instructions (Thermo 

Scientific). 

In case of [O2v1, K64] GMMA, [O1v1, K64] GMMA, [O1v1, K2] GMMA, [O2v2] GMMA, K-Ag 

and O-Ag were quantified by direct HPAEC-PAD analysis, as in Materials and Methods (section 3.2, 

Analytical methods), because K-Ag and O-Ag were composed of peculiar and distinct sugar 

monomers. 

In case of [O1v1, K62] GMMA, [O4, K15] GMMA, K-Ag and O-Ag are undistinguishable by 

HPAEC-PAD. At first, GMMA were hydrolyzed with AcOH 1% for 2h at 0°C, followed by 

centrifugation at 14000 rcf at 4°C for 30 min. The supernatant, containing K-Ag and O-Ag, was 

isolated and fractionated via HPLC-SEC. G3000 PWXL column with a TSK gel PWXL guard column 

was used for fractionation, with 0.1 M NaCl, 0.1 M NaH2PO4, pH 7.2 buffer as mobile phase at the 

flow rate 0.5 mL/min. HPAEC-PAD was performed on the collected K-Ag and O-Ag fractions. [202] 
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K2 isolation, purification, sizing and characterization 

K2 Kp was isolated and purified as described in Materials and Methods (section 3.2, K-Ag 

polysaccharides isolation and purification). Starting from 20 Wolfer-Ferguson plates, through the 

CTAB based purification process, 111 mg of purified PS were obtained. The purity of this material, 

in terms of DNA and protein content, was of 0.4 % and 1.1 %, respectively. The starting material 

MW was estimated to be 364 kDa by HPLC-SEC. TSK gel 6000PW (30 cm Ĭ7.5 mm) column 

connected in series with TSK gel 3000 PWXL column (30 cm x 7.8 mm) and a TSK gel PWXL guard 

column (4.0 cm x 6.0 mm) was used for MW estimation. Pullulans were used to build the standard 

calibration curve (50 - 2000 kDa range) and 0.1 M NaCl, 0.1 M NaH2PO4, 5% ACN, pH 7.2 buffer 

was used as mobile phase at the flow rate of 1 mL/min. 

50 mg of material were treated with AcOH to reduce the PS size. The hydrolysis reaction was 

performed with AcOH 6% at K2 concentration of 3.5 mg/mL for 19 h at 90°C in order to obtain 40 

kDa average size with minimum polydispersivity according to previous DoE experiments performed 

in GVGH laboratory. Fragmented K2 population was then loaded on a QFF Hi Trap column (Cytiva). 

The column was equilibrated and washed after sample loading with 20 mM Tris pH 8 (buffer A), then 

elution was performed in linear gradient up to 500 mM of NaCl, 30 DV, using 20 mM Tris pH 8 NaCl 

500 mM (buffer B). Fractions eluted in the range of 25-180 mM, 180-250 mM, 250-500 mM [NaCl] 

were collected in three different pools and MW was determined, corresponding to 89, 43 and 13 kDa, 

respectively. Buffer was exchanged by Amicon centrifugal filters (cut-off 3 kDa) with water, 10 DV. 

Collected pools were characterized by HPAEC-PAD for K2 quantification and by HPLC-SEC for 

MW determination. G3000 PWXL column with a TSK gel PWXL guard column was used for MW 

determination, using dextrans to build standard calibration curve (6 ï 180 kDa range) and 0.1 M 

NaCl, 0.1 M NaH2PO4, 5% ACN, pH 7.2 buffer as mobile phase at the flow rate 0.5 mL/min. 

Protein concentration was measured by micro BCA, using bovine serum albumin (BSA) as a 

reference following the manufacturerôs instructions [Thermo Scientific]. DNA content was estimated 

by measuring UV absorbance at a wavelength of 260 nm with Lambda 25 spectrophotometer (Perkin 

Elmer).  

 

PS derivatization with ADH via CDAP chemistry   

S. Paratyphi A O-Ag (O:2), K2 K-Ag (43 kDa), Kp [O2v2] O-Ag on GMMA or S. flexneri 2a O-Ag 

on GMMA were solubilized in water at the PS concentration of, respectively, 5 mg/mL O:2, 2 mg/mL 

K2, 4 mg/mL [O2v2] GMMA, 3.8 mg/mL S. flexneri 2a O-Ag GMMA and, under magnetic stirring 

in ice bath at 0 °C, DABCO 0.5 M was added to reach a 50 mM concentration at pH 9. CDAP 100 

mg/mL solution in ACN was added to have 2 mg/mL for K2 , 2.5 mg/mL for O:2, [O2v2] GMMA 



96 

and S. flexneri 2a GMMA. After 15 min, an equal volume of 0.5 M ADH in water was added. The 

solution was maintained for 2 h at 25 °C. Excess of ADH present in the sample was removed in two 

ways. In case of GMMA-ADH, a tangential flow filtration via Krosflo (cut-off 300 kDa) in PBS 1x, 

30 DV, was performed. In case of K2 or O:2, ADH was removed by double desalting through a Hi 

Prep 26/10 Desalting column (Cytiva), performing a first isocratic eluition at 1 mL/min in NaCl 2M 

followed by a second one in water. 

 

K2 derivatization with ADH via reductive amination 

K2 (13 kDa) was solubilized in AcONa 100mM pH 4.5 in order to reach 40 mg/mL concentration.  

ADH was added in order to have 1.2 ADH/PS w/w ratio, followed by addition of NaCNBH3 at the 

same w/w ratio respect to PS. The suspension was maintained at 37°C for 5 days. Excess of ADH 

was removed by a first desalting through PD10 column against NaCl 1M, followed by a second 

desalting in water through a Hi Prep 26/10 Desalting (Cytiva), performing an isocratic elution at 1 

mL/min. Fractions were pooled and lyophilized for the conjugation step.  

 

PS conjugation to GMMA via CDAP chemistry 

The same chemistry was used for direct conjugation of PS to underivatised GMMA and for 

conjugation of PS to GMMA-ADH or PS-ADH to GMMA. Table 5.1 below summarizes the reagents 

used in each type conjugation test and reaction conditions applied. 
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Table 5.1. Conjugation tests performed via CDAP chemistry 

Component 1 Component 2 Chemistry Reaction conditions 

K2 (43 KDa) 

K-Ag 

[O2v2] 

GMMA 

K2 activated with CDAP 

and reacted with NH2 on 

GMMA proteins 

K2 2.5 mg/mL,  

CDAP 2 mg/mL,  

K2/GMMA protein w/w ratio 2 

[O2v2] O-Ag 

on GMMA 
K2-ADH 

[O2v2] O-Ag on GMMA 

activated with CDAP and 

reacted with NH2 of ADH 

linked to K2 

K2 2.5 mg/mL,  

CDAP 2.5 mg/mL,  

K2/GMMA protein w/w ratio 2 

S. flexneri 2a 

O-Ag on 

GMMA 

O:2-ADH 

S. flexneri 2a O-Ag on 

GMMA activated with 

CDAP and reacted with 

NH2 of ADH linked to O:2 

S. flexneri 2a O-Ag 3.8 

mg/mL, CDAP 2.5 mg/mL, 

 O:2/GMMA protein w/w ratio 

< 1 

O:2 O-Ag 
S. flexneri 2a 

GMMA-ADH 

O:2 activated with CDAP 

and reacted with NH2 of 

ADH, linked to GMMA 

O:2 5 mg/mL,  

CDAP 2.5 mg/mL,  

O:2/GMMA protein w/w ratio 

1 

O:2 O-Ag 
Ss GMMA  

O-Ag positive 

O:2 activated with CDAP 

and reacted with NH2 on 

both GMMA proteins and 

Ss O-Ag 

O:2 5 mg/mL,  

CDAP 2.5 mg/mL,  

O:2/GMMA protein w/w ratio 

1 

O:2 O-Ag 
Ss GMMA  

O-Ag positive 

O:2 activated with CDAP 

and reacted with NH2 on 

both GMMA proteins and 

Ss O-Ag 

O:2 1.25 mg/mL,  

CDAP 0.63 mg/mL,  

O:2/GMMA protein w/w ratio 

1 

O:2 O-Ag 
Ss GMMA  

O-Ag negative 

O:2 activated with CDAP 

and reacted with NH2 on 

GMMA proteins 

O:2 1.25 mg/mL,  

CDAP 0.63 mg/mL,  

O:2/GMMA protein w/w ratio 

0.5 

 

For all conjugation tests, óôcomponent 1ôô was solubilized in water at a specific concentration. Under 

magnetic stirring in ice bath at 0 °C, DABCO 0.5 M was added to reach a 50 mM concentration at 

pH 9. CDAP 100 mg/mL solution in ACN was added to have specific concentration. After the desired 

activation time of 15 min, óôcomponent 2ôô was added and the reaction mixture was maintained for 2 

h at 25 °C. After conjugation time, 1 M glycine in 50 mM sodium phosphate at pH 7 was added in 

equal volume with respect to the reaction mixture to quench eventual residual cyanoester groups, and 

the reaction mixture was kept at 2ï8 °C overnight. Conjugates were purified by tangential flow 

filtration via Krosflo KR2i (hollow fiber, cut-off 300 kDa) in PBS 1x, 30 DV. Shigella sonnei (Ss) 

GMMA-O:2 conjugates were purified via diafiltration performed with Amicon centrifugal filters 

(Sigma, cut-off 300 kDa) against PSB 1x, 10 DV. 
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Intermediates of conjugation and final conjugates characterization 

Intermediates and final conjugates were fully characterized. O:2 O-Ag, K2 K-Ag and Ss O-Ag 

quantification was performed by HPAEC-PAD. [189, 202] Protein concentration was measured by 

micro BCA, using bovine serum albumin (BSA) as a reference following the manufacturerôs 

instructions [Thermo Scientific]. Free O:2 saccharide was evaluated by dRI via HPLC-SEC by 

running GMMA conjugates and a standard curve of the unconjugated PS in the range 5-100 ɛg/mL. 

[222]. An aliquote of O:2-ADH/K2-ADH was analyzed by HPLC-SEC for determination of PS 

derivatization percentage as described in Materials and Methods (section 4.2, PS activation degree 

by HPLC-SEC analysis). 

SDS page and western blot analysis were performed. In brief, samples were first mixed with LDS 

Sample Buffer supplemented with reducing reagent (Thermo Fisher Scientific) and heated at 100 °C 

for 3 min. Heated samples were then resolved by a 4%ï12% Bis Tris SDS PAGE gel (Thermo Fisher 

Scientific). The gel was electrophoresed at 45 mA in NuPAGE Tris-Acetate SDS running buffer 

(20x).  For SDS page, the gel was stained with ProBlue Safe Stain (Giotto Biotech) for 2 h at room 

temperature with agitation, followed by three washes with deionized water to remove excess of dye. 

For Western blot, the resolved proteins were transferred from the SDS PAGE gel onto a PVDF 

membrane using the iBlot (Thermo Fisher Scientific) according to the manufacturer's instructions.  

In case of Kp [O2v2] GMMA-K2 conjugates, the membrane was then blocked in 3% BSA diluited 

in 1x PBS 0.05% TWEEN 20 for 1 h at room temperature and sequentially incubated with primary 

antibodies and HRP conjugated secondary antibodies, both for 1 h at room temperature. Following 

extensive washes with 1X PBS 0.05% TWEEN 20, the membrane was incubated with luminol-based 

chemiluminescent substrate (Thermo Fisher Scientific) and the immuno bands were captured by a 

CCD camera (Chemidoc Imaging System, Bio-Rad). The following primary antibodies were used: 

rabbit anti O2v2 (1:2000), rabbit anti-K2 (1:2000). As secondary antibody, anti rabbit IgG HRP was 

used (1:5000).  

In case of Ss GMMA-O:2 conjugates, the membrane was then blocked in 3% BSA diluted in 1x PBS 

0.05% TWEEN 20 for 1.5 h at room temperature and sequentially incubated with primary antibodies 

and conjugated secondary antibodies, both for 1 h at room temperature. Following extensive washes 

with 1x PBS 0.05% TWEEN 20, the membrane was incubated with SIGMAFAST BCIP/NBT 

substrate (Thermo Fisher Scientific). The following antibodies were used: mouse anti Ss IgG 

(1:2000) as primary antibody, and anti mouse IgG phosphatase alkaline (1:10000), as secondary 

antibody. All antibodies were diluted in 0.1 % BSA 1X PBS 0.05% TWEEN 20. 
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Immunogenicity studies in animals  

Animal studies were performed at GSK Animal Resources Centre in Siena under the animal project 

643/2021-PR approved by the Italian Ministry of Health. All animal studies were ethically reviewed 

and carried out in accordance with European Directive 2010/63/EEC and the GSK policy on the Care, 

Welfare and Treatment of Animals.  

In the first study the constructs were tested, 70 female CD1 mice (5-6 weeks old) were immunized 

intraperitoneally at day 0 and 28, as reported in the immunization scheme below (Table 5.2). 

 

Table 5.2. Immunization scheme for the study in mice, where 10 CD1 female mice per group were 

injected intraperitoneally at day 0 and 28 with 200 ɛL volume per dose. Sera were collected 27 days 

after the first injection and 14 days after the second injection. 

Group Antigen name 
O:2 dose 

ɛg 

Ss O-Ag 

dose 

ɛg 

Vi dose 

ɛg 

1 Ss GMMA-O:2 conjugate HD 0.5 0.36 - 

2 Ss GMMA-O:2 conjugate LD 0.5 1.5 - 

3 Ss GMMA [O-Ag neg] -O:2 conjugate LD 0.5 - - 

4 Ss GMMA-O:2 conjugate HD + fVi-CRM197 0.5 0.36 0.5 

5 Ss GMMA + fVi -CRM197 + O:2-CRM197 0.5 0.36 0.5 

6 Ss GMMA - 0.36 - 

7 fVi -CRM197 - - 0.5 

 

Sera were collected at days -1 (pooled sera), 27, and 42. Individual mouse sera were tested for anti-

O:2, anti-Ss LPS, anti-Vi total IgG by ELISA and SBA against ParA and Ss strains as previously 

described [223].  

In the second study Kp [O1v1, K62] and [O2v1, K64] GMMA constructs were tested in 

monocomponent and bicomponent formulations, at two different doses in terms of K-Ag (1 or 0.2 

mg). 60 female CD1 mice (4-6 weeks old) were immunized intraperitoneally at day 0 and 28, as 

reported in the as reported in the immunization scheme below (Table 5.3).  
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Table 5.3. Immunization scheme for the study in mice, where 10 CD1 female mice per group were 

injected intraperitoneally at day 0 and 28 with 200 ɛL volume per dose. Sera were collected 27 days 

after the first injection and 14 days after the second injection. 

Group Antigen name 
K62 dose 

ɛg 

K64 dose 

ɛg 

O2v1 dose 

ɛg 

O1v1 dose 

ɛg 

1 [O1v1, K62] GMMA 1   1.66 

2 [O2v1, K64] GMMA  1 1.62  

3 
[O1v1, K62] GMMA + 

[O2v1, K64] GMMA 
1 1 1.62 1.66 

4 [O1v1, K62] GMMA 0.2   0.33 

5 [O2v1, K64] GMMA  0.2 0.32  

6 
[O1v1, K62] GMMA + 

[O2v1, K64] GMMA 
0.2 0.2  0.33 

 

Sera were collected at days -1 (pooled sera), 27, and 42. Individual mouse sera were tested for anti-

O2v1, anti-O1v1, anti-K64 and anti-K62 total IgG by ELISA and sera collected at day 42 were also 

analysed for their ability to kill wild type bacteria in SBA. [223] For SBA assay, a panel of Kp strains 

expressing a combination of O-Ag and K-Ag were selected: Kp [O1V1, K64] strain SSI ID 18936, 

Kp [O2V2, K62] strain SSI ID HG07418777, Kp [O2V1, K102] strain SSI ID 10004, Kp [O1v2, K2] 

strain SSI ID IL02364192. 

For both studies, results are reported as anti-antigen specific IgG EU/mL. One ELISA unit is defined 

as the reciprocal of the standard serum dilution that gives an absorbance value equal to 1. Bars in the 

graph represent geometric mean EU/mL from each group and each dot represents EU/mL from each 

single animal. For SBA, results of the assay were expressed as the IC50, the reciprocal serum dilution 

that resulted in a 50% reduction of luminescence and thus corresponding to 50% growth inhibition of 

the bacteria present in the assay. 

 

Statistical analysis  

Statistical analysis was performed using GraphPad Prism 10. The non-parametric Mann-Whitney  

two-tailed test and Kruskal-Wallis analysis with post-hoc Dunnôs test were used respectively to  

compare two or multiple groups. Wilcoxon matched-pairs signed rank two-tailed test was used  

to compare results from the same group at different time points. 
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5.3 RESULTS 

5.3.1 Ss GMMA as carrier for S. Paratyphi A O:2 O-Ag  

Ss GMMA were selected as carrier for Salmonella Paratyphi A O:2 O-Ag in order to obtain a 

conjugate against the two most prevalent serotypes of Shigella and Salmonella. [224] 

CDAP chemistry was successfully applied to the conjugation of O:2 to Ss GMMA (Figure 5.1) 

 

Figure 5.1. Ss GMMA-O:2 conjugate targeting two different pathogens. 

 

O:2 at two different concentration, 5 and 1.25 mg/mL, was used in reaction for random activation 

with CDAP, and directly conjugated, without use of linkers, to O-Ag positive Ss GMMA. (Table 5.4) 

HPLC-SEC analysis of final conjugates was used to verify the absence of free O:2, while HPAEC-

PAD allowed to selectively quantify O:2 and Ss O-Ag on GMMA. Modulation of O:2 concentration 

in the activation mixture allowed to obtain Ss GMMA-O:2 conjugates with high (HD) and low density 

(LD) of O:2 on GMMA surface, respectively, 0.42/0.3/1 and 0.12/0.36/1 O:2/SsO-Ag/GMMA w/w/w 

ratio (Table 5.4). SDS PAGE/Coomassie and Western Blot analyses clearly showed that, through the 

chemistry selected, binding of O:2 involved both lipopolysaccharides (LPS) and proteins on GMMA 

membrane (Figure 5.2). Conjugation of O:2 at 1.25 mg/mL to O-Ag negative Ss GMMA was also 

performed, to have a conjugate where O:2 is linked exclusively to membrane proteins.  

 

Table 5.4 Analytical characterization of Ss GMMA-O:2 conjugates. O:2, activated with CDAP with 

0.5 w/w ratio CDAP at 0 ÁC for 15ô at different O:2 concentration, was added with Ss GMMA in 

different O:2/GMMA protein w/w ratio. Conjugations were performed at 25 °C for 2 h. 

Starting Ss GMMA 

 

Starting O:2 

mg/mL 

O:2/GMMA protein 

in reaction 

w/w ratio 

Final 

O:2/Ss O-Ag/GMMA protein 

w/w/w ratio 

Ss GMMA O-Ag 

positive 
5 1 / 1 0.42 / 0.3 / 1 

Ss GMMA O-Ag 

positve 
1.25 1 / 1 0.12 / 0.36 / 1 

Ss GMMA O-Ag 

negative 
1.25 1 /2  0.09 / 0 / 1 
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Figure 5.2. Western blot (left) and SDS-PAGE (right) on Ss GMMA-O:2 conjugates HD and LD. 

 

 

5.3.2 Ss GMMA-O:2 constructs tested in mice 

These GMMA conjugates, displaying different O-Ag on the same GMMA particle, were tested in 

mice as a bivalent vaccine covering both Shigella and Salmonella, in order to understand the ability 

of such constructs to elicit an antigen-specific functional immune response in animals. Comparison 

with O:2 conjugated to Ss O-Ag negative GMMA allowed to detect potential negative immuno 

interference when two different O-Ag are presented on the same GMMA. Also, unconjugated Ss 

GMMA were used at this scope. The Ss O-Ag positive GMMA conjugate was also combined with a 

S. Typhi conjugate (fVi-CRM197) vaccine to a have broader coverage against Salmonella. A control 

group with Ss GMMA physically mixed to the bivalent fVi-CRM197 + O:2-CRM197 traditional 

glycoconjugate vaccine was introduced in the study. Appropriate monocomponent controls were also 

included.  

Results from the study in mice showed no major impact of O:2 density (HD vs LD conjugate) on 

anti-O-Ag specific IgG response and bactericidal activity against a S. Paratyphi A reference strain. 

Only at day 42 anti-O:2 IgG response elicited by the HD conjugate was higher than that elicited by 

the LD conjugate. O:2 linkage on different moieties of Ss GMMA (LPS and proteins in O-Ag positive 

GMMA-O:2 conjugate vs only proteins in O-Ag negative GMMA-O:2) does not seem to impact anti-

O:2 functional IgG response as well. Also, anti-O:2 IgG response elicited by the Ss GMMA-O:2 

conjugate was significantly higher than that elicited by a traditional O:2-CRM197 conjugate, in co-

formulation with Ss GMMA and fVi-CRM197, as shown both by ELISA and SBA results (Figure 

5.3A) 

The presence of O:2 on GMMA surface (both HD and LD conjugates) did not negatively impact anti-

Ss LPS IgG response and antibody functionality without any significant difference respect to non-
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conjugated GMMA alone (Figure 5.3B). Moreover, no negative immuno interference was observed 

when O:2 and Ss O-Ag were presented on the same GMMA, considering a more complex formulation 

with fVi -CRM197. (Figure 5.3B) 

When Ss GMMA (conjugated to O:2 or alone) were combined with fVi-CRM197, an adjuvant effect 

of GMMA on anti-Vi IgG response elicited by fVi-CRM197 was observed (Figure 5.3C). 

 

A) 

B)

C) 
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Figure 5.3. Graphs showing immunogenicity results in mice: anti-O:2 IgG response (ELISA) and 

serum bactericidal activity against S. Paratyphi A (A), anti-Ss LPS IgG response and SBA titers 

against Ss strain (B), and anti-Vi IgG response (C). Geomean EU/mL (ELISA) or titers (SBA) per 

each group of mice are reported (bars) together with single values (dots). Stars represent results from 

the statistical analysis performed to compare the groups: * for 0.05 > p-value > 0.01, ** for 0.01 > p-

value >  0.001, *** for 0.001 > p-value > 0.0001, *** *  for p-value < 0.0001. If p-value >= 0.05, no 

significant difference is found. 

 

 

5.3.3 Kp GMMA displaying both O-Ag and K-Ag 

Kp GMMA was investigated as delivery system for both O-Ag and K-Ag.  

Interestingly, by producing GMMA from different Kp strains through genetic manipulation (e.g, 

ȹTolR mutation), some strains resulted in GMMA displaying both O-Ag and K-Ag. Indeed,  in some 

strains, the K-Ag can be anchored on lipid A (K-LPS) and displayed on GMMA surface like the O-

Ag.   

A panel of GMMA, with different combination of K- and O-Ag, was generated and characterized as 

showed in Table 5.5 reporting per each GMMA K-Ag/O-Ag/protein w/w ratio.  

 

Table 5.5. Characterization of Kp GMMA generated from different strains 

 K-Ag/Protein O-Ag/Protein K-Ag/O-Ag 

K2 : O1v1 -  0.80 -  

K64 : O2v1 0.39 0.64 0.62 

K64 : O1v1 0.56 1.02 0.55 

K62 : O1v1 0.44 0.74 0.60 

K15 : O4  0.39 0.45 0.87 

 

All GMMA displayed both K-Ag and O-Ag with different w/w ratios in the range 0.55 for [O1v1, 

K64] GMMA to 0.87 for [O4, K15] GMMA. [O1v1, K2] GMMA displayed only the O-Ag (with a 

O-Ag/protein w/w ratio of 0.8) and not K-LPS. PS were extrated from GMMA after boiling material 

at 100 °C in the presence of AcOH 1% (Materials and Methods, section 5.2) and analysed by HPLC 

SEC. The corresponding refractive index (dRI) profiles highlighted presence of K-Ag and O-Ag 

(Figure 5.4) displayed on each GMMA.  

 

 

 



105 

 

 

Figure 5.4. HPLC-SEC TSKGel 3000 PWXL dRI profile of the extracted PS from each GMMA.  

Extracted PS from [O1v1, K2] GMMA clearly showed only the O-Ag population. 

 

 

5.3.4 Application of CDAP chemistry to GMMA for PS conjugation 

Direct conjugation of K-Ag to Kp GMMA  

Genetic manipulation is not the only tool to display K-Ag and O-Ag on GMMA. 

As previously described, a PS (as O:2) can be linked to the GMMA surface through a direct reaction 

with CDAP chemistry. A similar strategy was applied to link K2 on Kp GMMA. Considering the 

panel of Kp GMMA (Table 5.5), the idea was to introduce a further GMMA construct presenting the 

O2v2 O-Ag and the missing K2 K-Ag, in order to increase the coverage of a potential multi valent 

GMMA vaccine against Kp. 

CDAP works by activating the hydroxyl groups along the K2 chain, which subsequently react with 

aminogroups belonging to surface GMMA proteins. Direct conjugation was tested in order to obtain 

[O2v2, K2] GMMA: K2 was directly activated with CDAP and mixed with [O2v2] GMMA. 

Unfortunately, direct conjugation did not work as verified by both WB and HPAEC-PAD analyses 

that did not detect K2 in the final conjugate. The hypotesis was that the amino groups on GMMA 

surface could be masked by the presence of O2v2 chains. For this reason, a different conjugation 

method was tried, using a linker to overcome eventual issues of steric hindrance.  

 

 

Non-direct conjugation of K-Ag to Kp GMMA: use of a linker  

Adipic acid dyhydrazide (ADH) was selected as linker. Since it has two hydrazide groups, it can be 

used as a ''bridge'' among PS and GMMA. (Figure 5.5).  

K2 O1v1 

K15 O4 

K62 O1v1 

K64 O2v1 

K64 O1v1 
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Figure 5.5. Schematic representation of the use of ADH as a 'bridge' between PS and GMMA using 

CDAP chemistry approach. 

 

Preliminary tests were done by using O:2 and S. flexneri 2a GMMA to set up conjugation conditions. 

Table 5.6 summarizes the conditions for the two tests performed and results obtained. In the first 

conjugation trial, the recovery of O:2 O-Ag derivatized with ADH was low because of the purification 

method used, which left insufficient material for the following step and led to the absence of any 

detectable conjugate. Itôs necessary to optimize the purification method for the derivatized O:2 O-Ag 

to achieve a better yield and allow proper O:2/GMMA ratio in the conjugation step.  

Table 5.6. Conjugation trials with O:2 and S. flexneri 2a GMMA  

First step Second step Result 
Conjugate 

characteristics 

O:2 O-Ag derivatized 

with ADH via CDAP 

S. flexneri 2a O-Ag on 

GMMA activated with 

CDAP and conjugated to 

O:2-ADH 

No conjugate 

obtained according 

to HPAEC-PAD 

N/A 

S. flexneri 2a O-Ag on 

GMMA derivatized 

with ADH via CDAP 

O:2 O-Ag conjugation to 

GMMA-ADH via CDAP 

Conjugate 

formation verified 

by HPAED -PAD 

O:2/GMMA protein  

w/w ratio 

0.12 

 

The experimental conditions identified with O:2 and S. flexneri 2a GMMA were extended to K2 and 

[O2v2] GMMA. Unfortunately, derivatization of Kp GMMA with ADH resulted in GMMA 
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aggregation and precipitation. For these reasons, additional tests were done with K2 at two different 

MW, 43 and 13 kDa, as indicated in Table 5.7. K2 of 43 KDa was randomly activated with ADH and 

conjugated to [O2v2] O-Ag on GMMA, while shorter K2 of 13 kDa was terminally activated with 

ADH and conjugated to GMMA. Both approaches resulted in final conjugates with similar K-

Ag/Protein w/w ratios (Table 5.7). 

 

Table 5.7 Production and characterization of K2-ADH-[O2v2] GMMA conjugates 

First step Second step Result 
Conjugate 

characteristics 

K2 K-Ag 13 kDa 

derivatized with ADH 

via NaCNBH3 

[O2v2] O-Ag on GMMA 

activated with CDAP and 

conjugated to K2-ADH 

Conjugate 

formation verified 

by HPAED-PAD 

K-Ag/O-Ag/Protein  

w/w ratio 

0.066 / 0.92 / 1 

K2 K-Ag 43 kDa 

derivatized with ADH 

via CDAP 

[O2v2] O-Ag on GMMA 

activated with CDAP and 

conjugated to K2-ADH 

Conjugate 

formation verified 

by HPAED-PAD 

K-Ag/O-Ag/Protein  

w/w ratio 

0.077 / 1.16 / 1 

 

Western Blot analyses clearly confirmed the conjugation of K2 on [O2v2] O-Ag in both final 

conjugates (Figure 5.6). 

 

Figure 5.6. Western blot anti-O2v2 and anti-K2 on K2-ADH- [O2v2] GMMA conjugates. 

 

 

 

 

 

 
























