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Abstract 

Self-assembling protein nanoparticles (NPs) can be exploited as carrier for antigen delivery to 
increase vaccine immunogenicity by promoting a robust adaptive immune response and long-
lasting protective immunity.  

The aim of my PhD is to explore key parameters of protein nanoparticles as carriers for saccharide-
based vaccines. 

First, to explore the impact of NP size and shape, oligosaccharides from N. meningitidis type W 
capsular polysaccharide were conjugated to ring-shape or nanotubes of P. aeruginosa Hemolysin-
corregulated protein 1 (Hcp1) and to spheric H.Pylori Ferritin. The corresponding glyco-NPs were 
compared in animal studies. 

The rod shape glyconanoparticles resulted less immunogenic than spheric glyconanoparticles, 
probably due to a different internalization efficiency. Furthermore, the increase in size for nanotubes 
did not improve MenW-specific immune response. 

Further, the potential combination of NP and adjuvant platforms was investigated by exploiting the 
ability of Qβ VLPs to entrap genetic material that acts as an adjuvant of the immune response to 
surface-exposed antigens. By using in vitro processes Qβ VLPs entrapped RNA was removed and 
specific, homogenous ssDNA based adjuvant – TLR 9 agonist CpG – was successfully introduced 
inside the Qβ cage or linked to its external surface.  

Qβ VLPs were subsequently conjugated with bacterial capsular polysaccharides.  When entrapped 
in the glyco-NPs, the CpG adjuvant triggered an immune response after a single dose of vaccine that 
was equivalent to two doses of the corresponding CRM197 conjugate. This effect was entirely absent 
when the adjuvant was attached to the Qβ surface or simply co-formulated. 

In conclusion, protein nanoparticles that meet defined characteristics in terms of size and shape 
combined with adjuvants platforms can pave the way for the development of a new generation of 
super-potent multicomponent glycoconjugates vaccines. 
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I.1 A brief history of vaccination 

I.1.1 The father of vaccination 

The development of vaccines has been one of the most significant achievements in the field 
of medicine during the 20th century. According to the World Health Organization, vaccination saves 
2-3 millions of lives each year by preventing deaths and illnesses caused by infectious diseases [1]. 
The story of vaccination begins with Edward Jenner, who is regarded as the "father of vaccination." 
In 1796, Jenner demonstrated that infection with cowpox could provide immunity and protect 
against smallpox. He inoculated an 8-year-old boy named James Phipps with matter collected from 
a cowpox sore, and two months later, Phipps was challenged with human smallpox to test his 
resistance. Phipps was not infected becoming the first vaccinated person against smallpox [2, 3]. The 
term "vaccine," derived from the Latin word for cow, vacca, was later coined. Jenner predicted that 
vaccination could eventually lead to the eradication of smallpox, and in 1980, the World Health 
Assembly declared the world free of naturally occurring smallpox [4].  
 

I.1.2 Live-attenuated and inactivated vaccines  

A century after Jenner's groundbreaking studies, Louis Pasteur advanced vaccine 
development by proposing their applicability to all virulent diseases. Pasteur pioneered the creation 
of the first attenuated vaccines, wherein pathogens were exposed to oxygen or heat to weaken their 
virulence. This method was employed in developing notable vaccines such as the rabies and anthrax 
vaccines. Subsequently, the technique progressed to cultivating pathogens in vitro or 
unconventional hosts, resulting in attenuated strains. For instance, the serial cultivation of bovine 
tuberculosis bacteria in artificial media produced a strain that conferred protection against human 
tuberculosis. Likewise, Theiler and Smith attenuated the yellow fever virus through serial passage 
in chicken embryo tissues [2]. In 1923, Glenny and Hopkins utilized formalin treatment to reduce 
the toxicity of diphtheria toxin [5]. Ramon later built upon this discovery, demonstrating the 
possibility of neutralizing toxicity while retaining the ability to induce toxin-neutralizing antibodies  
[6]. Chemical inactivation was extended to viruses in the 20th century, with the influenza vaccine 
marking the first successful inactivated virus vaccine  [7]. Influenza vaccine was the first successful 
inactivated virus vaccine and experience with that vaccine served Salk well in his successful effort 
to develop an inactivated polio vaccine in 1955 soon replaced by live-attenuated oral vaccine 
developed by Albert Sabin in 1963. The administration of Sabin's oral vaccine was simpler and, 
notably, did not carry the risk of triggering paralysis like the reactivation of the Salk’s inactivated 
polio virus [3]. 

In 1994, the World Health Organization (WHO) announced the eradication of naturally 
occurring poliovirus from the Western Hemisphere [8]. 
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 I.2 Current state of modern vaccines 

I.2.1 Carbohydrate-based vaccines 

During the same period, there was an exploration of the significance of surface 
polysaccharides in bacterial virulence and the protective role of antibodies against polysaccharides 
[9]. This inquiry aimed to address inherent risks and instability associated with live attenuated and 
inactivated vaccines. 

The initial tetravalent anti-pneumococcal polysaccharide vaccines became available in 1945 
[10]. However, their development faced obstacles with the advent of antibiotics, leading physicians 
to believe that the challenges associated with bacterial diseases were resolved. It was only later, with 
the emergence of antibiotic-resistant strains, that research on antibacterial polysaccharide vaccines 
resumed. Their efficacy was demonstrated in large clinical trials, resulting in the licensing of the first 
anti-meningococcal and anti-pneumococcal polysaccharide vaccines in the seventies [11-14]. 
While polysaccharide vaccines partially addressed bacterial diseases caused by encapsulated 
microorganisms, they proved to be scarcely immunogenic in children below 2 years of age [11, 12, 
15]. This prompted the development of glycoconjugate vaccines, revisiting the idea proposed by 
Avery and Goebel in 1931 that covalent coupling of bacterial carbohydrates with a protein antigen 
enhances the immunogenicity of carbohydrates. The initial protein-polysaccharide conjugate 
vaccines were formulated against Haemophilus influenzae type b (Hib) [16-19], and they were licensed 
between 1987 and 1990. 

Research on glycoconjugate vaccines expanded to target various pathogens, leading to the 
development and licensing of glycoconjugate vaccines against Neisseria meningitidis, Streptococcus 
pneumoniae, and Salmonella Typhi (Vi) [20-24]. A comprehensive discussion and list of currently 
licensed glycoconjugate vaccines are provided respectively in section I.3 and Table 1. 
 

I.2.2 VLP-based vaccines 

The advancement of gene engineering techniques has played a crucial role in shaping 
vaccinology. This influence is evident in the cloning of genes responsible for viral vector structures 
and their expression in host cells, leading to the emergence of virus-like particle (VLP) technology 
[25]. In the early 1980s, this breakthrough facilitated the development of a novel vaccine against 
Hepatitis B (HBV), utilizing recombinant yeast cells carrying the HBV S antigen coding sequence 
(HBSAg) for large-scale production [26, 27]. This innovative approach replaced the traditional 
vaccine derived from the blood serum of HBV-infected patients [26, 28-30]. As a result, the successful 
production of recombinant viral structural proteins became a pivotal factor in inaugurating the VLP 
era in vaccinology with four types of prophylactic VLP-based vaccines that have been licensed for 
human use. Notable examples include a cervical cancer vaccine variant based on the major structural 
protein L1 VLP of the human papillomavirus (HPV) [31], produced through various expression 
systems, and a Hepatitis E vaccine constructed from a single, truncated capsid protein of HEV, 
generated in E. coli cells [25, 32]. 
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I.2.3 Reverse vaccinology 

In the early 21st century, the field of vaccinology underwent a transformative shift due to 
significant progress in bioinformatics. The ability to determine the complete sequence of a bacterial 
genome led to the idea to utilize genomic information to discover novel antigens that had eluded 
traditional vaccinology methods. This innovative reverse vaccinology approach required the in-
silico analysis of microbial genome sequences [33]. It was initially employed to identify protein 
antigens as potential candidates for the first vaccine against serogroup B meningococcus (MenB) 
[34]. This approach was crucial as there were no existing polysaccharide-conjugate vaccines for 
MenB, due to the poor immunogenicity of MenB polysaccharide, which posed a risk of potential 
autoimmune reactions. 
 

I.2.4 mRNA vaccines 

Nucleic acid vaccines have gained significant attention particularly by the recent 
development of mRNA vaccines targeting SARS-CoV-2, the causative agent of COVID-19. This is 
especially notable in rapidly producing vaccines to promptly combat infectious diseases. Although 
mRNA was initially identified as a means to transfer genes in vivo in the early 1990s, the exploration 
of mRNA vaccines occurred much later, primarily due to the inherent instability of mRNA when 
compared to DNA [35]. mRNA stability and its efficacy in translating target proteins can be 
enhanced through various measures, such as introducing regulatory elements in the 5ʹ untranslated 
region (UTR) and the 3ʹ UTR [36], incorporating a Poly(A) tail [37], optimizing sequences and/or 
codons [38], and utilizing modified nucleosides to reduce innate immune responses [39-41]. 

Methods to encapsulate RNA have been explored to augment the stability and 
immunogenicity of RNA vaccines. This approach has been employed with exosome-encapsulated 
RNA [42], as well as cationic LNPs (lipid nanoparticles). When fully optimized, RNA vaccines may 
confer an immunogenic advantage over DNA vaccines, attributed to the activation of multiple 
cellular pathways involved in innate immunity responses to foreign RNA, including toll-like 
receptors (TLRs) and RIG-I-like receptors [43-45]. 
 
 

Despite multiple advancements in the field of vaccinology, emerging obstacles to provide 
worldwide protection must be tackled. Perhaps, by combining acquired knowledge, accumulated 
expertise and cutting-edge technologies, we might successfully fulfill this requirement. 
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 I.3 Glycoconjugate vaccines 

I.3.1 From polysaccharide to glycoconjugate vaccines 

Most bacteria are coated with a PS network, termed glycocalyx, which includes i) lipid-linked 
structures, such as lipopolysaccharides (LPS) for Gram-negative and teichoic acids (TA) for Gram-
positive species; ii) surface peptidoglycans for Gram-positive species; and iii) capsular 
polysaccharides (CPS) for Gram-positive and -negative encapsulated bacteria. These surface PS 
contribute to biofilm formation and fuel virulence by increasing host attachment and supporting 
immune evasion [47, 48].  

Plain PS-based vaccines have shown limited clinical efficacy due to their T cell (or thymus)-
independent (TI) antigenic character [47, 49]. PS are built up with highly repetitive epitopes, and can 
activate specific B cells in a polyvalent fashion by crosslinking membrane-bound pentameric 
immunoglobulin M (IgM) B cell receptor (BCR) clusters [49]. However, they typically induce B cells 
differentiation into plasma cells, without formation of memory B cells (MBC) [47, 50-53], resulting 
in secretion of low-affinity IgM, and to a lesser extent IgG antibodies (mainly IgG2) [52, 54]. The 
mechanism of B cell activation, based on the crosslinking of multiple BCR, explains why the 
immunogenicity of these vaccines is size-dependent, with only high molecular weight (MW) 
antigens being able to induce an effective immune response [47]. PS antigens thus activate the 
immune system without involving major histocompatibility complex class 2 (MHCII) molecules, 
and consequently without T cell help [52, 54].   

Adult individuals who have acquired PS-specific MBC prior to vaccination, likely through 
exposure to relevant pathogens [49, 55] or to cross-reacting PS from commensal bacteria or ingested 
food, can produce PS specific antibodies after vaccination [55, 56]. However, most of these antibodies 
are IgM and IgG2, which are poor complement activators and therefore less effective [47, 52, 54]. 
Additionally, repeated immunization does not lead to increased antibody titers, but can rather 
trigger hyporesponsiveness [57-59].  

PS-based vaccines are not effective in immunologically naïve populations, such as children 
younger than 2 years, because of the lack of pre-existing MBC and the immaturity of their splenic 
marginal zone (MZ), which is the primary site for B cell stimulation [52, 54, 60]. In the elderly, limited 
production of naïve B cells in the splenic MZ prevents induction of a robust antibody production 
towards PS vaccines [52, 54, 61].  

Of note, not all PS are TI antigens: zwitterionic polysaccharides (ZPS) such as S. aureus CPS 
type 5 and 8, S. pneumoniae Sp1 and B. fragilis PSA are well-studied examples of such ZPS [52].  

Eliciting a T cell-dependent (TD) immune response against PS can be accomplished by 
coupling carbohydrates to a carrier protein to generate a glycoconjugate vaccine, which contains 
both B and T cell epitopes (Figure 1). Glycoconjugate vaccines induce a PS-specific adaptive immune 
response, a normal B cell affinity maturation in germinal centers, IgM to IgG class-switch 
recombination, B and T cell memory, and significantly higher protection compared to plain PS 
vaccines [55, 62].  

Glycoconjugates are proposed to bind to carbohydrate-specific B cells through BCR or 
pattern recognition receptors and, upon internalization, the protein component is digested by 
proteases in the endosomal compartment, forming peptides which interact with MHCII molecules. 
The resulting complex is then transported to the B cell surface and presented to T cells. Activation 
of T cells induces B cell maturation, resulting in IgM to IgG class-switching and production of high-
affinity carbohydrate-specific antibodies. The generated antigen-specific memory B and T cells can 
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be activated upon exposure to pathogens and consequently provide efficient protection [52, 62]. 
Critical events for mounting an appropriate humoral response, particularly T and B cell interactions 
in the germinal center, are outside the scope of this review but have been detailed elsewhere [55].   

More recently, it has been shown that glycan-peptide fragments can be loaded onto MHCII 
molecules via the peptide and displayed at the B cell surface resulting in the generation of so-called 
Tcarb cells (carbohydrate-recognizing CD4+ T helper cells) [63-65]. Carbohydrate-specific T cell-
mediated humoral responses have been found for a variety of glycoconjugates  (S. pneumoniae type 
3 CPS, S. Typhi Vi, S. agalactiae type Ib and H. influenzae type b), although it has not been seen for 
others, such as meningococcal group C CPS conjugate [66] which suggests coexistence of different 
processing mechanisms depending on the type of PS [67]. Tcarb activation may be an important 
element of the anti-carbohydrate immune response and should be taken into account in the design 
of new glycoconjugates. 
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Figure 2. Immunological pathways for processing glycoconjugates. 1) Glycoconjugates vaccines 
are taken up by antigen-presenting cells (APC) and presented to B cells, which recognize glycan 
epitopes through the B cell receptor (BCR). 2) Upon BCR recognition, glycoconjugates are engulfed 
into the B cell via endocytosis. 3) In the cell, glycoconjugates are exposed to acidic conditions and 

further degraded to fragments by enzymes and reactive oxygen/nitrogen (ROS/RNS) species. 4) The 
resulting peptides and glycopeptides are loaded onto peptide-binding MHCII complexes, 
responsible for trafficking and exposing antigens to the cell surface. 5) As MHCII molecules can only 
bind peptides (and ZPS), only processed peptides were thought to be displayed at the surface for T 
cell recognition, however, studies have shown that T cells can also recognize carbohydrates, 
suggesting glycopeptides can also bind MHCII. 6) Primed T helper cells can recognize the presented 
antigen through their T cell receptor (TCR), and can, upon co-stimulation, initiate B cell maturation 
and production of memory cells and glycan-specific antibodies. In the absence of peptides, B cells 
cannot recruit T cell help and do not mount an efficient immune response. Image created with 
Biorender.com. 
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Pathogens  Type of Conjugate Manufacturer 

Haemophilus influenzae 
type b 

PRP-TT  
PRP-OMPC  
PRP-CRM197 

PRP-CRM197  

Sanofi-Pasteur 

Merck 

Nuron Biotech 

GSK 

Neisseria meningitidis 
serogroups A, C, W and Y  

MenA-TT  Serum Institute 
India 

MenC-CRM197  
Nuron Biotech; 
GSK 

MenC-TT  Baxter 
MenACWY-DT  Sanofi-Pasteur 

MenACWY-TT  Pfizer 
MenACWY-CRM197  GSK 

Haemophilus influenzae 
type b 

Neisseria meningitidis 
group C and Y 

MenC/Hib-TT  GSK 

MenCY/Hib-TT  GSK 

Streptococcus pneumoniae 

7-valent-CRM197 

(4, 6B, 9V, 14, 18C, 19F, 23F)  

Pfizer 

13-valent-CRM197 

(1, 3, 4, 5, 6A, 6B, 7F, 9V, 14, 18C, 19A, 
19F, 23F) 
20-valent-CRM197 

(1, 3, 4, 5, 6A, 6B, 7F, 8, 9V, 10A, 11A, 12F, 
14, 15B, 18C, 19A, 19F, 22F, 23F, 33F) 
10 valent-DT/TT/ProteinD 

(1, 4, 5, 6B, 7F, 9V, 14, 18C, 19F, 23F) 
GSK 

15-valent-CRM197 

(1, 3, 4, 5, 6A, 6B, 7F, 9V, 14, 18C, 19A, 
19F, 22F, 23F, 33F) 

Merck 

Salmonella Typhi (Vi)  Vi polysaccharide-TT 
Biomed 

Barath Biotech  

Table 1. Glycoconjugate vaccines currently licensed in US/EU/WHO [76] 
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I.4 Glycoconjugate vaccines production 

I.4.1 Glycan antigen production 

Licensed glycoconjugate vaccines are commonly produced by chemical conjugation of 
extracted bacterial PS to a carrier protein. PS are generally purified from bacteria and covalently 
linked randomly along the saccharide chain to a carrier with the formation of high MW, cross-linked 
and heterogeneous structures (Figure 4a) [77, 78]. The production of well-defined and uniform PS 
populations with a lower MW is sometimes preferred for consistency, as the elicited immune 
response can then better be correlated with the oligosaccharide’s chemical structure [78, 79]. 
Recently, alternative approaches have been developed to produce oligosaccharides through organic 
synthesis or chemoenzymatic approaches (Figure 2a) [77, 78]. 

Specifically, organic synthesis has the advantages of producing well-defined and highly pure 
structures, which are more easily characterizable and devoid of any potential bacterial contaminants 
[78, 79]. Fully synthetic antigens have reached the clinic, notably with a synthetic H. influenzae type 
b (Hib) vaccine in Cuba [80], a PNAG conjugate that completed Phase I (NCT02853617), and more 
recently a vaccine against shigellosis that progressed to Phase II [81]. Novel synthetic 
transformations and deepened insight into glycosylation reaction mechanisms, combined with 
swifter synthetic protocols, based on one-pot reactions and automated synthesis, are allowing 
complex bacterial glycans to be more readily available [82]. Achievements in the production of 
synthetic glycans from PS expressed by AMR pathogens have recently been reviewed [78]. Despite 
the cost reduction provided by these modern methodologies, the manufacturing of complex 
multivalent vaccines remains a challenge. 

Enzyme-catalyzed oligosaccharide assembly is an environment-friendly alternative to the 
chemical synthesis of bacterial carbohydrates. which could be attractive for industrialization [79]. 
Development of enzyme-based approaches has been shown feasible, particularly for meningococcal 
CPS synthesis [83]. Oligomers with a defined length could be obtained through solid-supported 
enzyme catalysis with simplified manufacturing and purification [84, 85]. The enzymatic approach, 
however, is limited by the availability of glycosyl donors, due to the variability of bacterial 
monosaccharides and the potential presence of rare sugars which would need ad hoc synthetic 
protocols for their preparation. No example of chemoenzymatic glycoconjugate vaccine has so far 
reached the clinical stage. 
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I.4.2 Protein carrier 

As discussed above, protein carrier plays a crucial role by providing T cell epitopes to confer 
a T-dependent character to T-independent antigens, such as capsular polysaccharides (PS). The five 
carrier proteins in licensed conjugate vaccines are diphtheria toxoid (DT), tetanus toxoid (TT), 
CRM197, Haemophilus protein D (PD), and the outer membrane protein complex of serogroup B 
meningococcus (OMPC) [86].  

DT, TT, and CRM197 are detoxified bacterial toxins, chosen for their safety record from 
decades of tetanus and diphtheria vaccination. OMPC has been utilized in Hib and first-generation 
pneumococcal conjugate vaccines [87, 88]. PD, a 40 kDa protein from non-typeable H. influenzae, 
serves as a carrier in multivalent pneumococcal conjugate vaccines [89, 90]. CRM197 is a 58 kDa 
nontoxic mutant of diphtheria toxin with a single Glycine to Glutamic amino acid substitution at 
position 52 [91, 92], extensively used in licensed Hib, multivalent meningococcal, pneumococcal 
conjugate vaccines, and other developmental vaccines [93, 94]. Additionally, other carriers like the 
recombinant non-toxic form of Pseudomonas aeruginosa exotoxin A (rEPA) have been tested in 
preclinical and clinical studies, demonstrating versatility in carrying antigens for various vaccines, 
including Shigella [95], Staphylococcus aureus [96], and Salmonella Typhi Vi antigen [97, 98].  

Exploring novel carrier proteins is fundamental considering that anti-carbohydrate immune 
response decreased due to pre-exposure or co-exposure to carriers, and the potential dual role of a 
carrier serving as both a carrier and protective antigen. Emerging multivalent carrier systems, 
including nanoparticles and OMV/GMMA, are being investigated for their ability to present 
multiple copies of carbohydrate antigens and for their inherent adjuvant properties [99] discussed 
in detail in sections I.6 and I.7. 

I.4.3 Approaches for glycoconjugation 

 For long PS, conjugation to the carrier protein is carried out randomly along the carbohydrate 
chain, taking advantage of the abundant lysine residues and the high reactivity of activated 
saccharide residues. Because there is no or little control in the regiochemistry of this conjugation 
chemistry, the random approach results in cross-linked glycoproteins with variable saccharide 
loading and antigen positioning (Figure 5a) [79]. In contrast, conjugation of oligosaccharides to the 
protein can take place directly through the reducing end of the sugar or via a spacer, to reduce steric 
hindrance, with the formation of more defined and easy to characterize radial structures (Figure 5a) 
[77]. More selective approaches are required for proteins that serve a dual role as antigen and glycan 
carrier. Two main strategies for site-selective protein engineering are applied for glycoconjugation: 
the incorporation of unnatural amino acids (uAA) and the in vivo bioconjugation referred to as 
protein-glycan coupling technology (PGCT) (Figure 5b) [100]. 

Recent examples of glycoconjugates relying on uAA include the development of a malarial 
vaccine, in which a glycosylphosphatidylinositol antigen was incorporated at the C-terminal p-
azidomethyl phenylalanine of a Malaria protein Pfs25, that was expressed E. coli [101]. A conjugate 
obtained through a similar approach, based on the polyrhamnose backbone of the universally 
conserved cell wall carbohydrate from Group A Streptococcus (GAS) and the toxin antigen 
streptolysin O, generated in mice functional antibodies against both virulence factors and provided 
protection against systemic GAS challenges [102]. A 24-valent pneumococcal vaccine where PS were 
site-selectively coupled to engineered CRM197, bearing multiple uAA for conjugation away from the 
most relevant T cell epitopes, induced opsonophagocytic antibodies in rabbit, raising IgG levels 
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comparable to PCV13 for the same serotypes [103]. The vaccine completed Phase II clinical studies, 
while a 31-valent vaccine is under preclinical development. 

PGCT is a single-step in vivo bioconjugation of the saccharide antigen and the carrier protein, 
which are both expressed in E. coli, thus avoiding the need for separate expression and purification 
of each component [104]. The technology is based on the N-linked glycosylation system from 
Campylobacter jejuni that can be functionally expressed in E. coli [105]. More specifically, PglB, the 
oligosaccharyltransferase enzyme, couples the PS synthesized on a undecaprenol pyrophosphate 
lipid anchor within the cytoplasm to the acceptor carrier protein having the acceptor sequon (D/E–
X–N–X–S/T) to generate the bioconjugate [77]. Generally, up to 4-5 consensus sequences are inserted 
within the protein, although full occupancy can be difficult to achieve. PGCT is not limited to the 
use of PglB, and new enzymes are continuously being discovered to further extend bioconjugation 
toolbox [106, 107].  

A variety of bioconjugate vaccines based on O-antigens (A. baumannii, B. pseudomallei, E. coli, F. 

tularensis, K. pneumoniae, S. dysenteriae and S. flexneri) and CPS (S. aureus, S. pneumoniae) have been 
generated and found immunogenic in animal preclinical models [106, 108-110]. Some of these 
bioconjugates are currently undergoing clinical evaluation: a Shigella 2a vaccine[111] was shown to 
induce anti-lipooligosaccharide antibodies associated with a reduction of disease in a Phase II 
study[112]; a 9-valent vaccine against extraintestinal pathogenic E. coli (ExPEC9V) to prevent 
invasive infection in older adults with a history of UTI has advanced to Phase III (NCT04899336) 
[113] while a S. pneumoniae (NCT03303976) and a 4-valent K. pneumoniae vaccine have entered Phase 
I studies (NCT04959344) [77]. The limited amount of saccharides that can be incorporated using site-
selective technologies might pose some challenges for less immunogenic PS, and clinical studies will 
be relevant to inform on this. 
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Figure 5. Simplified pathways for production of glycoconjugate vaccines. Oligosaccharides can be 
obtained from isolated PS through hydrolysis or oxidation. Various conjugation chemistries can be 
employed, resulting in site-selective or random conjugation on the carrier and/or the saccharide. 

Site-selectivity can be achieved on reactive groups or at the reducing end of the carbohydrate 
through reductive amination, while uAA engineering or N-terminal linkage can reach selectivity on 
carrier proteins. Classical random conjugation strategies usually involve Lysine or Cysteine residues 
(e.g. N-hydroxysuccinimide (NHS) esters or thiol-maleimide reactions) for the protein, and hydroxyl 
groups for the saccharide (e.g. 1-cyano-4-dimethylaminopyridine (CDAP) activation and 
conjugation). Images created with Biorender.com. 
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I.5 Weakness of glycoconjugate vaccines 

Licensed glycoconjugate vaccines have had a huge impact on global mortality and morbidity by 
decreasing and controlling historical burden of humankind overcoming the incomplete protection 
induced by polysaccharide-based vaccines. 

Whereas conjugate vaccines have shown significant efficacy, certain high-risk groups, such as 
the elderly or immunocompromised individuals, continue to face challenges with poor 
immunogenicity [114]. Moreover, most glycoconjugate vaccines necessitate multiple booster doses 
to confer complete protection and are slow to induce protective antibody titers [115]. Another 
complication arises from the mutable global distribution of serotypes and serotype replacement 
events for pneumococcal and meningococcal infections, necessitating ongoing surveillance of 
vaccine serotype coverage [116-119] and the addition of new serogroups to existing vaccine 
formulations that led to the very recently approved (2021) 15-valent [120] and a 20-valent [121] 
pneumococcal conjugate vaccines. Additionally, the utilization of alternative protein carriers to 
enhance vaccine immunogenicity is advised, particularly in multivalent formulations, overcoming 
preexisting immunity to protein responsible of “carrier epitope suppression” associated to reduced 
immunogenicity [122-124]; for this reason, new carrier protein and alternative platform as virus-like 
particles, vesicles and multivalent display platforms for the delivery of saccharide antigen are under 
development in clinical and pre-clinical stage (see section I.6). 

A lot of progress has been done on techniques for the development of glycoconjugates 
understanding the correlation between glycoconjugate features with induction of a higher immune 
response testing diverse saccharides in length, composition on distinct carrier proteins using 
different glycoconjugation approaches [65, 125-128]. Whereas there is an increasing interest in 
understanding the behavior of conjugates vaccines in different populations, a field poorly explored 
because of the complexity of immune system differently activated depending on age and healthy 
status.  

The immune response undergoes changes throughout life, progressing from neonatal and 
infant stages through adulthood, including pregnancy, and ultimately experiencing a decline in old 
age. At birth, a child is protected by maternal antibodies possessing an immature innate and 
adaptive immune system, which gradually matures and develops memory through vaccinations 
and natural infections (Fig. 6) [129]. However, in old age, the immune system weakens and becomes 
hyporesponsive, resembling the state of an immunocompromised [130]. These changes result in 
varied responses to vaccines based on the life stage and overall health condition. 
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vaccination among HIV-infected adults in regard to HIV stage and receipt of antiretroviral therapy 
remain important questions [157, 158]. 
 

It is evident that there is a need to develop a more potent glycoconjugates vaccine to protect 
high-risk populations. This would enable them to quickly achieve protective antibody levels ideally 
after one dose, reducing schedule injections, thereby protecting them promptly during the critical 
and vulnerable stages of life.  
 Decreasing the number of vaccine doses could provide notable value for the society. Ideally 
single-administration vaccines could provide: i) the improvement of worldwide coverage of 
vaccination, ii) the cost decrease associated with multi-dose regimens, iii) ameliorate patient 
adherence. But all the efforts attempted to produce potent one-single dose glycoconjugate vaccine 
have been unsuccessful so far. However today, advancements in technology and a deeper 
understanding of the immunological mechanisms have contributed to the progress in a better 
vaccines design. For instance, the delivery of appropriate immune stimuli provided by an adjuvant 
and the development of improved antigen delivery and presentation to the immune system in novel 
platform can elicit robust immune responses. 
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I.6 New generation of glycoconjugate vaccines in clinical trial 

I.6.1 Glyco-OMV/Glyco-GMMA 

Gram-negative bacteria generate low amounts of outer membrane vesicles (OMV) through a 
blebbing process, which can be stimulated through strain engineering to destabilize the membrane 
and effectively produce generalized modules for membrane antigens (GMMA) (Figure 3b). GMMA 
faithfully resemble the bacterial outer membrane and possess self-adjuvating properties through the 
display of several pathogen-associated molecular patterns, which are conserved small molecular 
motifs in bacteria that are recognized by pattern recognition receptors on mammalian cells. For 
example, GMMA expose surface O-polysaccharide (OPS) chains in their natural environment and 
conformation, thus promoting uptake by immune cells and inducing strong immune responses. 
GMMA in which the lipid A portion of its LPS has been modified to modulate endotoxicity have, 
therefore, been proposed as vaccine candidates [159, 160]. The safety of S. sonnei GMMA was 
demonstrated in a Phase I study [79, 161, 162]. A number of PS from different pathogens (N. 

meningitidis serogroup A, H. influenzae type b, GAS and S. Typhi Vi) have been successfully 
conjugated to GMMA and shown to be immunogenic in animal models [163-165]. The chemical 
linkage was directed either to proteins or to the LPS expressed on the vesicle surface [164, 166, 167]. 

 
Alternatively, strategies to engineer E. coli to express heterologous PS on GMMA and OMV 

have been developed [168]. Glyco-OMV have been generated by exploiting the PS biosynthesis on 
the native undecaprenyl pyrophosphate carrier in the cytoplasmic side of the inner membrane and 
subsequent translocation to the periplasm side through the endogenous flippase Wzx, to enable the 
final transfer on the lipid A by the endogenous O-antigen ligase WaaL [168]. Glycans can also be 
assembled from the terminal sugars of the truncated lipid A-core expressed on the cytoplasmic side 
of the inner membrane and then flipped to the periplasm by the Lpt protein complex for final 
transfer onto the outer membrane of the vesicles [169]. Glyco-OMV expressing OPS from various 
pathogenic bacteria, including the highly virulent F. tularensis ssp. tularensis type A strain Schu S4 
(generating Ft-glycOMV) have been produced through this approach [170]. The glycol-OMV 
induced antibodies protecting mice from a lethal challenge with F. tularensis after passive transfer 
and elicited a protective IgA-mediated mucosal immune response when subcutaneously 
administered. Glyco-OMV decorated with pneumococcal CPS were also generated and induced 
serum IgG opsonophagocytic titers comparable to the corresponding chemical conjugates in PCV13 
[171]. Finally, the hypervesiculating JC8031 strain of E. coli was engineered for expression of S. aureus 
PNAG, both in acetylated and deacetylated form (dPNAG) [172]. After mice immunization, the 
dPNAG-OMV-elicited antibody mediated in vitro killing of PNAG-positive S. aureus and F. tularensis 

holarctica and protected mice from challenges with the two bacterial species. 
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I.6.2 MAPS Technology 

MAPS enables the creation of a macromolecular complex by integrating glycan and protein 
antigens to reproduce the antigenic and immunologic strengths of whole-cell vaccines (Figure 11c). 
In the MAPS, differently from classic conjugate vaccines, the PS and protein are not covalently 
linked, but affinity binding is exploited to generate multivalent immune complexes, thus mimicking 
chemical and physical features of a whole-cell constructs for B and T cell activation [173, 174]. The 
MAPS complex is obtained by mixing a target protein antigen, genetically fused to an avidin moiety 
(termed rhavi), and a biotinylated PS [173]. The immunogenicity of the formed macromolecular 
construct depends on the size of the PS scaffold, as the protein becomes exposed along its chain. As 
the MAPS approach allows for the combination of a variety of protein and carbohydrate 
components, it appears advantageous in the design of vaccines against challenging pathogens, such 
as S. aureus, a bacterium known to have complex host-pathogen interactions [173, 175]. Depending 
on the size of the glycan-protein complex, the MAPS also allows to achieve Th1/Th17-biased 
immune responses [173]. 

MAPS technology appears also to streamline the manufacturing process and this feature has 
been exploited for the development of 24-valent pneumococcal vaccine that was successful in Phase 
II clinical studies [176] A multivalent vaccine to fight invasive Klebsiella and Pseudomonas infections 
is also in progress (Patent no. US11612647B2) [177]. 

 

 

Figure 11. Innovative glycoconjugate technologies. Images created with BioRender.com. 
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 I.7 Self-assembling protein nanoparticles: an emerging platform for 

vaccines development  

Glyconanoparticles can display antigens with high density in a high order-structure 
arrangement, as naturally presented by a pathogen, enabling multiple binding events between the 
nanoparticle (NP) and the host cell BCR. The resulting high avidity can induce a more potent 
immune response than the single soluble recombinant antigens [99] (Fig. 12).  

In addition, particles in the 50–200 nm size range can be actively transported by migratory 
cells, such as dendritic cells or macrophages, to lymph nodes which are the primary location of B 
cell maturation [178]. NP carriers could thus enhance antigen uptake by APC and BCR cross-linking 
as compared to classic protein carriers [179].  

Self-assembling protein NP are protein oligomers assembling in three-dimensional 
structures which recently attracted interest in the field of vaccine development because of their 
unique properties, such as biocompatibility, enhanced stability and molecular specificity, leading to 
efficient delivery and antigen display at their surface [180, 181]. Virus-like particle (VLP)-based 
vaccines deriving from self-assembling viral structural proteins are already used in commercial 
vaccines (Figure 11a) [182]. Examples of VLP-based licensed vaccines include the hepatitis B virus 
(HBV) vaccine Recombivax HBTM [183], the human papillomavirus (HPV) vaccines, GardasilTM 
(Merck) and CervarixTM (GSK), and the hepatitis E virus vaccine HecolinTM [184].  

Recently, VLP have been tested as carrier for carbohydrates. An efficacious pneumococcal 
glycoconjugate vaccine based on Qβ VLP has been recently shown feasible [185]. VLP from the HBV 
core antigen have been exploited as carrier for the meningococcal group C CPS, generating a strong 
immune response in mice [186]. A conjugate vaccine developed by linking purified O-antigen from 
V. cholerae O1 to Qβ VLP using squarate chemistry generated in mice prominent and long-lasting 
anti O-antigen IgG antibodies that recognized native LPS from V. cholerae [187]. Qβ VLPs have been 
also used to develop a single-dose vaccine candidate for maternal vaccination against Group B 
Streptococcus (GBS). 

New self-assembling NP scaffolds computationally designed with precisely control of 
morphology and characteristics are emerging as tools to assemble different immunological 
components (i.e. antigens and adjuvants) in order to amplify their immune responses [180, 181, 188, 
189]. In silico designed Nano-B5 nanoparticles have been successfully bioconjugated to the O-
polysaccharides of Klebsiella pneumoniae and Shigella flexneri with promising prophylactic effects in 
mice proving to be a potential technology for the development of AMR vaccines [190, 191]. 

Vaccine candidates designed through this approach and exposing glycoprotein antigens 
from respiratory syncytial virus (RSV), influenza and SARS-CoV-2 have been advanced in clinical 
trials [181, 192-195]. 
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 I.8 Adjuvants 

The term "adjuvant" originates from the Latin words "adiuvare" (meaning “to aid”). In the 
context of vaccines, adjuvants are components able to enhance and shape antigen-specific immune 
responses. The goals of adjuvants added to a vaccine system include: i) boosting vaccine efficacy in 
the general population and hyporesponsive groups (such as infants, immunocompromised 
individuals, and the elderly) [61, 196, 197]; ii) broadening the antibody response mediated via 
expansion of B cell diversity [153, 198-200]; iii) reducing the required antigen dosage and the number 
of immunizations required for a protective immune response [201, 202]; iv) enhancing the 
magnitude and functionality of the antibody response [203], facilitating a quicker immune response 
with ultimate goal of single-dose vaccine [204, 205]. More recently, the new generation of adjuvants 
evolves in v) eliciting effective T cell responses incorporating agonists for Toll-like receptors (TLRs) 
[206].  

Discovered in the 1990s, Toll-like receptors (TLRs) are a subset of pattern recognition 
receptors (PRRs) that serve as the initial defence against pathogens by recognizing molecular 
signatures on pathogen. TLRs are crucial in activating innate immune responses. Human TLRs, such 
as TLR3 (which recognizes double-stranded RNA), TLR4 (bacterial lipopolysaccharides), TLR5 
(bacterial flagellin), TLR7 and 8 (single-stranded RNA), and TLR9 (single-stranded DNA composed 
of CpG motifs), each recognize specific ligands or agonists, contributing to the overall immune 
defence [207-209]. 
Until now few adjuvants have been licensed in human vaccines and are discussed below. 

I.8.1 Alum 

Aluminium salt-based adjuvants (alum) received approval for use in human vaccines over 
90 years ago and were the only type of adjuvants used for 70 years [210]. These adjuvants, 
comprising aluminium hydroxide and aluminium phosphate, have played a pivotal role in 
enhancing immune responses against inactivated pathogens [211] and currently included in 
vaccines against diphtheria, tetanus, pertussis, hepatitis A and B, Japanese encephalitis, human 
papillomavirus (HPV), Meningococcus B and glycoconjugates [47, 212-214].  
The introduction of aluminium hydroxide as the first vaccine adjuvant, followed by aluminium 
phosphate, marked significant milestones, and these forms continue to be the primary types of alum 
utilized in human vaccines [215]. Aluminium salt-based adjuvant are the only adjuvant authorized 
in conjugate vaccines such as Haemophilus influenzae type B and pneumococcal vaccines targeting 
children due to their outstanding safety [47, 216].  

Alum's adjuvanticity is complex and cannot be simplified to depot-effect initially suggested 
by Alexander Glenny and colleagues in 1926 [217-219]. Several consistent themes have emerged, 
revealing that alum influences antigen uptake, triggers danger signals, recruits diverse immune cell 
types, and elicits Th2 responses [220, 221]. While there is ongoing debate about the signals 
responsible for innate stimulation by aluminium salts, it is anticipated that future research will 
uncover additional details and identify distinct mechanisms. 
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I.8.2 AS04 

Aluminium salts have been employed as a platform for incorporating of Toll-like receptor 
(TLR) agonists as adjuvant system AS04.  Specifically, AS04 is part of the registered human 
papillomavirus (HPV) and hepatitis B virus (HBV) vaccines and consists of aluminium salt 
formulated with 3-Odesacyl- 4-monophosphoryl lipid A (MPLA), a detoxified variant of 
lipopolysaccharide (LPS) derived from Salmonella minnesota. MPLA interacts with toll-like receptor 
4 (TLR4) when adsorbed on aluminium salts [222-224] 
The first day following the injection, an enhanced activation of monocytes and dendritic cells is 
observed which subsequently evolves into activation of antigen-specific T and B cells, induction of 
strong and persistent antibody and cellular responses [224]. The cytokine responses induced by MPL 
at the injection site is prolonged by aluminium salts. HBV (Cervarix™)  and HPV (FENDrix™), both 
vaccines developed by GlaxoSmithKline [222] are adjuvanted with AS04 and induce high levels of 
antibodies compared to when adjuvanted with aluminium salts, revealing the added value of the 
TLR4 agonist MPL in humans [225, 226].  

FENDrixTM contains HBV surface antigen (HBsAg) was created to improve the efficacy of 
HBV alum-based vaccine (Engerix-B™) in immunocompromised populations [227]. 
Cervarix™ contains HPV-type 16 and 18 major capsid protein, L1, as antigen with AS04 as the 
adjuvant [222]. This higher immunogenicity results in women between 10-55 years old into long-
lasting antibodies that last more than 9 years after primary immunization preventing the formation 
of pre-cancerous cervical lesions [228, 229].  Some data suggest that this vaccine can be prevent also 
other HPV strains not covered by the vaccine [230]. This could be attributed to the generation of 
cross-functional antibodies or cell-mediated mechanisms triggered by AS04, similar to what 
observed for oil-in-water adjuvants in influenza vaccines. 
 

I.8.3 MF59 and AS03 

Emulsions have been employed as vaccine adjuvants since long, but we had to wait until the 
final years of the last century to have them approved for human use.  
MF59 is an oil in water emulsion that consists of squalene oil while AS03 is an oil in water emulsion-
based adjuvant (<200 nm) composed of two biodegradable oils, squalene and D,L-α-tocopherol and 
polysorbate 80 surfactant [231, 232]. Thus, AS03 differs from MF59 by the presence of D,L-α-
tocopherol responsible to activate human monocytes and macrophages [231, 233].  
MF59 doesn't activate Toll-like receptors but relies on the MyD88 pathway for its adjuvant effects, 
suggesting an independent TLR signalling pathway [234].  

MF59, was licensed as adjuvant for influenza vaccines targeting individuals aged 65 and 
older under the name FLUADTM by Novartis Vaccines and Diagnostics Inc., MA, USA. Originally 
licensed in Italy, it is currently available in 30 countries [235]. During the H1N1 pandemic, MF59 
received approval for use in individuals as young as 6 months  because of its excellent safety profile 
[236], providing immune response to heterologous strain, high protection in children aged 6 months 
to 5 years  [237]. MF59-adjuvanted influenza vaccine provides antigen dose sparing, greater 
antibody responses, long lasting immune response in children and adolescents [200, 238-240]. MF59-
adjuvanted vaccines notably decreased hospitalization rates for elderly individuals with 
pneumonia, acute coronary or cerebrovascular syndrome during peak virus circulation [241]. In a 
recent extensive randomized study involving approximately 170,000 individuals, MF59-adjuvanted 
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flu vaccines exhibited a remarkable reduction in hospitalization due to influenza and pneumonia 
among elderly (>65) [242]. Moreover, the MF59-adjuvanted influenza vaccine showed sero-
protection in HIV-infected patients [243, 244] and patients affect of chronic kidney disease and under 
hemodialysis [245], suggesting significant MF59 adjuvant effects in immunocompromised patients. 

AS03 was approved as an adjuvant for monovalent influenza vaccines, including H1N1 
vaccines (Pandemrix™ and Arepanrix™) and H5N1 vaccines (Q-Pan H5N1 and Prepandrix™, or 
Pandemic Influenza Vaccine) developed by GlaxoSmithKline Biologicals [246]. The use of AS03-
adjuvanted H5N1 vaccines was also evaluated in elderly populations, revealing higher 
seroprotection rates in individuals immunized with adjuvanted vaccines compared to 
nonadjuvanted ones [242, 247, 248]. Similar studies conducted on the H1N1 vaccines demonstrated 
their high efficacy in both adults and children [236, 249].  
 

I.8.4 AS01 

AS01 is a liposome-based adjuvant composed of two immunostimulants: MPLA and QS-21.  
QS-21 is a triterpene glycoside purified from Quillaja saponaria Molina, known to enhance antibody 
responses and to promote specific T-cell responses [250][62]. 
AS01 has now been evaluated in several candidate vaccines and shown to consistently the 
production of antigen-specific antibodies and CD4+ T-cell responses regardless of the antigen used, 
and age or specific immune conditions of the subject (reviewed in [251]). 
AS01 is present as adjuvant in licensed vaccines against malaria (RTS, S/AS01 or Mosquirix™) and 
herpes zoster (HZ/su or SHINGRIX™) [252-254], 
In Phase III clinical trials, three doses of RTS,S/AS01 reduced infection and increased CD4+ T-cell 
responses in infants (6–12 weeks old) and toddlers (5–17 months) from seven sub-Saharan African 
countries [255]. 
Herpes Zoster vaccine was developed as a result to protect and prevent varicella-zoster virus (VZV) 
infections in adults (<50 years), facing the efficacy reduction age-dependent of Zostavax™ (live-
attenuated vaccine) [256]. Moreover, it was able to prevent shingles for up to 4 years post-
vaccination in clinical trials [257]. 
A synergistic effect of MPL and QS-21, mediated by IL-12 and IL-18 and macrophages, triggers cells 
resident in the draining LN (mainly NK cells) to rapidly produce of IFN-γ essential for the optimal 
DC activation and subsequently the Th1-type functional immunity [257-259]. 
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I.8.5 CpG Oligonucleotides 

When a pathogen, such as bacteria, invades the body, it releases its DNA into the 
surrounding tissue triggering innate immune system inducing pro-inflammatory and T helper 
1(Th1) -type cytokines playing a fundamental role in mounting the immune responses against 
bacterial infection. The bacterial DNA serves as a pathogen-associated molecular pattern (PAMP) 
and interacts with Toll-like receptor 9 (TLR-9) expressed by the cells. TLR-9 is located in the late 
endosomal and lysosomal compartments of the endoplasmic reticulum (ER) [209, 260-262]. 
The bacterial DNA contains unmethylated CpG motifs, which characterized prokaryotic DNA. On 
the contrary, it is uncommon in eukaryotic DNA where mammalian DNA frequently contains 
methylated CpG motifs [263, 264]. TLR-9 recognizes these unmethylated CpG motifs and induces 
an immune response to limit the proliferation and spread of the pathogen [265-267]. 
Synthetic oligodeoxynucleotides (ODNs) containing CpG motifs can effectively mimic bacterial 
DNA and trigger a similar immune response in target cells. In fact, once internalized by cells, CpG 
ODNs reach the late endosomal compartment and interact with TLR-9 to initiate signaling absent in 
TLR-9 knockout mice [268, 269]. 
 

Until now, three classes of CpG ODN have been identified, each characterized by a 
different structure and immunological function. 
CpG ODNs Class A contains a unique CpG motif and palindromic sequences that permits the 
formation of a stem-loop structure (hairpin). The bonds of central nucleotides are phosphodiester 
(PO) while the ends are present poly G motifs with phosphorothioate (PS) bonds.  CpG A tends to 
aggregate and form multimers due to the interaction between their poly-G tails which complicates 
product for clinical use. Nevertheless, it was successfully packaged into virus-like particles (VLP) 
and used as adjuvants in several preclinical and clinical studies [270-273]. CpG A stimulates pDC to 
mature and produce IFNα improving the function of professional antigen-presenting cells (APCs) 
and cytotoxic T lymphocyte response; but have no effect on B cells [274, 275] 
CpG ODNs Class B expresses 1–5 CpG motifs with a phosphorothioate (PS) backbone. The PS 
increases stability to nucleases digestion considerably extending half-life in vivo from 30–60 min to 
5–10 min [276]. CpG class B stimulates pDC to differentiate and produce TNFα while promotes B 
cell proliferation IgM production and IgG2a switching [274, 277, 278]. CpG class B has been the most 
extensively tested in clinical trials as describe below. 
CpG ODN Class C is similar to class B-type because of PS backbone but resemble to Class A-type 
too because it contains palindromic CpG motifs that can form hairpin structure. This class triggers 
both B cells and pDC to produce respectively IL-6 and IFNα causing immunological activity in 
common with both CpG class A and B [279, 280].  
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Figure 13. Mechanism by which CpG oligodeoxynucleotides activate innate and adaptive 
immune responses. (Image adapted from Bode et al. [281] and created with BioRender.com). CpG 
ODN directly activates pDCs and B cells leading to production of proinflammatory and Th1 
cytokines and immunoglobulin. This innate immune response serves to develop antigen-specific 
adaptive immunity. Through enhancing the function of professional APCs, CpG ODN facilitates the 
generation of both humoral and cellular adaptive immune responses against co-administered 
vaccine antigens. 

 
CpG ODN class B has been studying more than 100 clinical trials as adjuvants involved 

infectious agents, allergens, and cancer. For what concern CpG B adjuvant property in prophylactic 
vaccine, human clinical trials have evaluated in vaccines against HBV, B. anthracis, Plasmodium spp., 

influenza virus, and S. pneumonia. 
CpG class B is licensed as adjuvant in only one vaccine, HBV vaccine under the name of 

HEPLISAV-B TM. Only two doses of adjuvanted-CpG HBV vaccine elicited faster (3 vs. 7 months), 
three- to ten-fold higher anti-HBsAg antibody titers and protective immunity in more subjects (95% 
vs. 81%) than 3 doses of alum-adjuvanted HBV vaccine (Engerix-BTM) in healthy volunteers [282-
285] but also in aged adults (60-70 years old) with type-2 diabetes mellitus [286]. Since CpG 
adjuvanted HBV vaccine was safe and effective, its activity HIV -patients was studied. The anti-
HBsAg Ab response of patients immunized twice with the CpG adjuvanted vaccine was eightfold 
higher than patients immunized with alum-based HBV vaccine, achieving protective titers 4 weeks 
earlier that persist in 80% of the group over 5 years compared to 40% of non-CpG group [287-290]. 
In the same target population, the addition of a CpG to pneumococcal vaccine (Prevnar) significantly 
enhanced the proportion of vaccine responders [287]. 
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An improved immune response was also observed by testing two-doses of CpG in Malaria 
or Anthrax vaccine compared to three-doses of corresponding not-CpG adjuvanted vaccine in 
healthy adults [291-295] and a more robust immune response in subject over the age of 65 [296]. 

Moreover, a dose sparing effect of CpG was observed when formulated with the human influenza 

vaccine (FluviralTM) and evaluated in a randomized, blinded, Phase Ib trial [297]. Those who received 
a 1/10th dose of the vaccine along with CpG showed a four- to seven-fold increase in IFNγ-
producing PBMCs compared to recipients of a low-dose vaccine alone; nearly comparable to the 
level observed with a full dose of the vaccine without an adjuvant. But the inclusion of CpG did not 
improve hemagglutin inhibition (HI) Ab titers or total serum IgG levels.  

In conclusion, the effect of CpG in vaccines demonstrate to induce a high and rapid immune 
response, dose sparing and promoting a long-lasting immunity even in hyporesponsiveness 
population to vaccination.  

 

 

 

 

 

Figure 14. Timeline of Licensed Adjuvants from 1900 to 2020 used in human vaccines (Adapted 
from “Timeline of Adjuvant Used in Human Vaccines”, by BioRender.com).  
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2.1 Introduction 

Vaccines are one of the most important achievements in preventive medicine because they 
ensure protection against a broad range of infections by stimulating humoral and cellular immune 
responses. Carbohydrates, found abundantly on the surface of many pathogens, are attractive 
candidates for vaccine development due to their interaction with both innate and adaptive immunity 
[298-300]. Many licensed vaccines use bacterial cell-surface antigens conjugated to subunit proteins 
to trigger antigen-specific protective antibodies and long-lasting immune responses by eliciting T-
cell responses and memory B cell activation [301-303]. However, glycoconjugate vaccines often 
require adjuvants and booster injections to maintain protective antibody levels due to their low 
immunogenicity [55]. 

The field of glycoconjugate vaccines is continually advancing, improving our understanding 
of key carbohydrate characteristics that can influence the immunogenicity of glycoconjugates. This 
includes research on new and innovative techniques for creating saccharide antigens, such as 
synthetic or chemo-enzymatic methods, which have already yielded promising results [304, 305]. 
Concurrently, there is a growing interest in identifying new carrier proteins that could potentially 
amplify vaccine efficacy. This is achieved by displaying multiple copies of an antigen, thereby 
mimicking its natural presentation by the pathogen. A multivalent presentation can be achieved 
using protein nanoparticles that offer the possibility to chemically or genetically incorporate 
antigens exposed to their surface, mimicking pathogen dimensions [99, 306-308]. The elicitation of a 
more efficient immune response relies on the increase in cross-linking between B-cell receptors and 
antigens presented with consequently augmented B- and T-cell stimulation and activation [309, 310]. 
Moreover, protein nanoparticles have desirable traits such as biodegradability and biocompatibility, 
and have demonstrated efficient delivery of antigens to the lymphatic system due to their high 
uptake by dendritic cells [311]. 

Protein nanoparticle-based vaccines have already demonstrated their immunological value 
[25, 312] with the first approved vaccine being the Hepatitis B virus (HBV) vaccine. HBsAg, which 
constitutes the envelope of HBV, self-assembled into 22 nm virus-like particles (VLPs) [27] and 
resulted in 1000 times more immunogenicity than not-assembled HBsAg [313]. The same strategy 
was also used for the development of Human Papillomavirus (HPV) and Human Hepatitis E virus 
(HEV) vaccines [31, 32, 314]. 

In addition to their use as antigens, protein nanoparticles can also serve as carriers, 
addressing key challenges in vaccine design. They can carry various biomolecules, including 
polysaccharides [315, 316], viral [192, 317-319] and bacterial [320-323] protein antigens, peptides 
[324-326] and glycopeptides [327], nucleic acids [272] and small molecules [328, 329] making them 
versatile platforms for vaccine development. Protein-based nanocarriers have displayed great 
potential for coronavirus vaccine research [330-332], indicating their relevance in addressing current 
global health challenges. 

Despite the licensing of various VLP-based vaccines and continuous progress in conjugation 
techniques for bacterial saccharide antigens, few glycoconjugated nanoparticles are currently under 
development in the pre-clinical stage. Carrier protein nanoparticles have been employed to promote 
a strong T-cell and long-lasting anti-glycan immune response against N. meningitidis, K. pneumoniae, 
and V. cholerae [186, 187, 191], to induce nanomolar affinity of antibodies towards pneumococcal 
saccharide antigens [185, 191] or to develop a single-dose vaccine addressing the medical need for a 
maternal vaccine against Group B Streptococcus (GBS) [316]. Additionally, in recent years, Nano-B5 
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nanoparticles based on the bacterial pentameric AB-5 toxin and designed through computational 
methods have been successfully bioconjugated to the O-polysaccharides of Klebsiella pneumoniae and 
Shigella flexneri with promising prophylactic effects in mice, proving to be a potential technology for 
the development of AMR vaccines [190]. 

Despite these few examples, no glycoconjugated nanoparticle vaccine candidates have 
advanced to the clinic. Still, limited knowledge is available on the optimal nanoparticle 
characteristics for glyconanoparticle vaccine candidates. In particular, the ideal size and shape to 
improve the delivery of saccharide antigen and enhance the immune response have not been 
investigated. The correlation between nanomaterial characteristics and their immune response has 
been primarily concentrated on gold and polymers, with minimal attention to protein nanoparticles, 
especially for glycoconjugate vaccine development [312, 333]. 

In the present study, we investigated how the size and shape of protein nanoparticles could 
influence the elicitation of an IgG response against bacterial saccharide antigens exposed to their 
surface. For this purpose, we used self-assembling proteins, manipulated in vitro, to get the desired 
shape and size, conjugated them to Neisseria meningitidis type W saccharide antigens, and tested their 
immune response in a murine model. 

2.2 Results 

2.2.1 Production of glycoconjugated protein nanoparticles 

 For our purposes, we looked for bacterial proteins from the literature that could: (i) cover the 
most represented particle shapes; (ii) be modulated in terms of size by varying their production 
methods; and (iii) present surface-exposed lysines as preferential sites for glycoconjugation. 
We selected the Hemolysin-coregulated protein (Hcp1) from Pseudomonas aeruginosa to generate 
nanorings and nanotubes, and Helicobacter pylori ferritin to produce nanospheres. 

Previous research by Ballister et al. reported that Hcp1 can spontaneously assemble into 
homohexameric rings with an outer diameter of 9.0 nm and a height of 4.4 nm [334, 335]. Moreover, 
the double mutant Gly-90/His and Arg-157/His (Hcp1cc) can stabilize through the formation of 
disulfide-bonded nanotubes up to approximately 100 nm in height [334]. 

After E. coli production and purification, Hcp1cc immediately originated a heterogeneous 
population of nanotubes with an average height of 20 nm, resulting from 4 to 5 assembled rings and 
reaching a maximum of 40 nm from 8 to 9 rings (Figure 1b). Longer nanotubes were generated by 
incubating Hcp1cc with the reducing agent dithiothreitol (DTT) to break disulfide bonds, followed 
by protein concentration and extensive dialysis. After 5 days of dialysis, nanotubes up to 60–80 nm 
in height, composed of 14–18 assembled rings, were observed by negative-stain Transmission 
Electron Microscopy (TEM) (Figure 1c). In summary, as shown in Figure 2 and Table 1, we produced 
ferritin nanospheres and Hcp1cc nanorings of comparable dimension (9–10 nm in diameter) and 
two populations of Hcp1cc nanotubes, one with a maximum height of 40 nm and a second one of 60 
nm. 
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particular, glycoconjugation was assessed via Sodium Dodecyl Sulphate-Polyacrylamide Gel 
Electrophoresis (SDS-PAGE) and Size Exclusion High-Performance Liquid Chromatography (SE-
HPLC). The nanoparticle integrity, once glycoconjugated, was confirmed by negative-stain 
Transmission Electron Microscopy (TEM) analysis. Saccharide and protein contents were quantified, 
respectively, via high-performance anion-exchange chromatography with pulsed amperometric 
detection (HPAEC-PAD) and Micro Bicinchoninic Acid (mBCA), a colorimetric assay. Finally, the 
asymmetric flow field flow fractionation (AF4) technique was mainly utilized to assess sample 
heterogeneity and to cross-check the saccharide/protein molar ratio using an orthogonal tool. 

Hcp1cc nanostructures, both rings and tubes, were reduced to the monomeric form due to 
the break of disulfide bonds in the presence of DTT and detected as a single band at 18 kDa in SDS-
PAGE experiments (see lines 1B and 3B in Figure 3). Instead, in non-reducing conditions, nanotubes 
were described by multiple bands (4–5 bands) representing the number of rings composing the 
nanoparticle (line 3A in Figure 3). In the presence of SDS, rings dissociated while the disulfide bonds 
among the monomers that compose the height remained intact, providing information about the 
number of rings. After the oligomerization process, a major number of bands could be detected with 
increased intensity, especially for bands at high MWs because longer structures became more 
represented (see line 5 in Figure 3). 

After glycoconjugation, SDS-PAGE experiments showed a high MW smear (see lines 2A, 4A, 
and 6A in Figure 3), confirming successful conjugation. 

Initial SE-HPLC experiments produced Hcp1cc profiles difficult to interpret, probably due to 
the high MW dimensions and a possible interaction with the stationary phase of the column, which 
was eliminated by adding 0.1% sodium dodecyl sulfate to the elution buffer. An increase in size was 
observed moving from nanorings to longer nanotubes, with an increase in the heterogeneity of the 
sample and the shift of the peak towards shorter retention times corresponding to the increase in 
MW (black profiles in SE-HPLC in Figure 3). After glycoconjugation, an additional shift of peaks at 
lower retention times in SE-HPLC confirmed the conjugation (red profiles in SE-HPLC in Figure 3). 

TEM analysis confirmed the integrity of Hcp1cc particles, showing that glycoconjugation did 
not impact the structure assembly once formed (Figure 4b, c). Moreover, the MenW-nanoring sample 
did not show nanotube structures by TEM but a ring shape with a homogeneous diameter size of 9 
nm, confirming the inhibition of ring–ring association caused by the presence of the oligosaccharides 
(Figure 4a). 
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MenW-H. Pylori Ferritin 
Spheric Nanoparticle 

0.8 1.9 1.8 

MenW-CRM197 0.7 5 Not done 

In H. Pylori ferritin glycoconjugates, all 24 monomers that compose the spheric nanoparticle 
were derivatized with the MenW OS. In fact, analyzing the glycoconjugates via SDS-PAGE, the 
ferritin monomer at 19 kDa was poorly detected and turned into a high MW smear (see line 2A in 
Figure 3). Moreover, the efficiency of the conjugation was also demonstrated by the SE-HPLC profile, 
which showed a single peak with a lower retention time compared to the starting nanoparticles and 
the absence of detectable unconjugated protein (see SE-HPLC profile in Figure 3). The high degree 
of glycoconjugation did not appear to impact the nanoparticle structure, which remained spherical 
with a peculiar diameter of 10 nm as observed in TEM analysis (Figure 4d). From saccharide 
quantification, almost 2 chains of MenW OS were conjugated to each monomer of ferritin 
nanoparticle, obtaining an average of 45 copies of antigen exposed per particle (Table 2). 

The reference MenW-CRM197 was also prepared and characterized. Differently from the 
multiple copies that were displayed on the nanoparticles under investigation, a final glycosylation 
degree (w/w) of 0.7 was determined, which resulted in an average of 5 chains of MenW 
oligosaccharides exposed to the protein. 

To overcome the limitations of traditional chromatography, AF4 analysis was set up. This 
technique separates large aggregates and particles (e.g., LNPs, VLPs, and polymers) based on their 
size [338, 339]. This separation is obtained by the difference in mobility in the flow field induced by 
the liquid flow over an inert membrane and across the channel. The presence of different detectors 
in line, such as multi-angle light scattering (MALS), UV-Vis absorbance at 280 nm, and differential 
refractive index (dRI), allows the determination of population distribution in terms of molar mass 
and saccharide content using a protein conjugation tool. 

Analyzing MenW-Hcp1cc nanoparticles, an increase in MW was observed along with an 
increase in the oligomerization state of the Hcp1cc protein. In particular, one single main population 
of MenW-nanotubes was detected, while two main distinct populations at higher MW were detected 
for MenW-Hcp1cc nanotubes that further increased after the oligomerization process as expected. 
The presence of a single and defined population on MenW-Ferritin was also confirmed by AF4 
analysis, where a sharp and single peak is described by HPLC analysis (Figure 3). 

The saccharide/protein molar ratio can be calculated using AF4 analysis by integrating UV 
and RI signals to calculate the protein and saccharide contributions in terms of MW composing the 
glycoconjugate. The ratio calculated for each glycoconjugate was consistent with the ones calculated 
using the results obtained by the HPAEC-PAD and mBCA assays (Table 2). 
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2.3 Discussion 

Despite the fact that nanoparticles have been widely examined in the field of vaccines, their role 
as carriers in glycoconjugate vaccine development has not been equally explored. This lack limits 
our understanding of the key characteristics that a glycoconjugated nanoparticle should have to 
induce an effective and potent immune response. Our study aimed to investigate how attributes 
such as size and shape of the NPs influence the immune response to saccharide antigens exposed to 
their surface. The ultimate goal is to guide the future design and selection of the best nanoparticles 
for the development of promising glycoconjugate candidates against the bacterial target. 

In the present work, we identified from the literature the self-assembling Hcp1cc protein, which 
spontaneously arranges into ring-shaped hexamers with a diameter of 9 nm [334, 335]. These 
nanoparticles can oligomerize into nanotubes with a height of 40 nm that can be extended up to 80 
nm via in vitro manipulation. This property allowed us to study the effects of different geometry 
and the impact of carrier size on antigen immunogenicity. In addition, we selected a second self-
assembling protein, H. Pylori ferritin [318, 342-345], which forms spherical nanoparticles with 
comparable diameter to examine the impact of shapes while maintaining similar sizes. 

All selected nanoparticles were successfully chemically conjugated to activated MenW 
oligosaccharides thanks to the presence of multiple lysines on their surface, achieving a high 
glycosylation degree. Several parameters of the nanoparticles before and after conjugation were 
controlled using a panel of complementary techniques, including AF4, a gold standard worldwide 
for nanoparticle characterization [338, 339, 346-349]. 

Finally, glycoconjugated nanoparticles were administered in three AS01-adjuvanted doses in 
mice using MenW-CRM197 as a benchmark vaccine. MenW-Ferritin was the most immunogenic 
among the tested MenW-Nanoparticles, stimulating a strong antibody response in vivo against the 
MenW oligosaccharide. Interestingly, the increase in nanotube size between 10 and 100 nm did not 
affect the immune response. Most importantly, MenW conjugation to spherical ferritin nanoparticles 
resulted in the highest bactericidal activity in a functional assay among all tested samples. 

Our data outline the major role played by the nanoparticle shape on antigen immunogenicity, 
with spherical nanoparticles and eliciting the highest protective immune response in vivo compared 
to elongated nanotubes. Our findings extend to the protein-based nanoparticles and the conclusions 
of recent observations reported on the role of the size and shape of gold and polymeric NPs. Niikura 
et al. demonstrated that spheric gold nanoparticles (AuNPs) coated with West Nile virus envelope 
protein (WNVE) induced 50% more WNVE-specific IgG antibodies in mice compared to rods [350]. 
Also, Toraskar et al. administered in vivo AuNPs coated with tripodal Tn-glycopeptide antigen, 
showing that the small, spherical-shaped AuNPs induced an effective anti-Tn-glycopeptide IgG 
response compared with rod-shaped AuNPs [351]. Kumar et al. also concluded that among different 
particle types, spherical polystyrene ovalbumin-conjugated particles generated in vivo stronger 
immune responses by inducing the most potent Th1 and CD8+ T-cells [352]. Several mechanisms 
have been proposed to explain the superiority of spherical nanoparticles, including more efficient 
cellular uptake [353, 354], better APC activation, and faster trafficking to lymph nodes [355, 356]. 

Many comparative studies have demonstrated the influence of particle shape on DC activation, 
observing that inorganic spherical nanoparticles are more potent in stimulating DCs compared to 
their non-spherical counterparts, relying on upregulation of CD83 and CD86, a more efficient 
internalization [353, 354] and cell endocytosis for spherical over rod-shaped nanoparticles [357, 358]. 
It has been hypothesized that elongated particles may be less efficiently taken up because of the 
reduced contact area when attached to the cells along their minor axis, whereas spherical 
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nanoparticles always expose an optimal contact area to the cell membrane, resulting in less energy 
cost internalization [359-362]. 

Our data are also in line with evidence on inorganic nanoparticles, indicating that an increase 
in size can be beneficial for cellular uptake [363, 364]. Indeed, gold nanoparticles of 20–200 nm 
efficiently enter the lymphatic system and reach the lymphatic organs directly within hours of 
injection [355, 356]. On the contrary, particles larger than 200 nm do not efficiently enter lymph 
capillaries in a free form but need DCs transportation requiring 24 h [356, 365]. Furthermore, DC 
preferentially take up 40 nm nanoparticles over 200 nm [366]. Moreover, smaller particles are most 
potent in inducing IFN-γ-mediated Th1 immunity compared to particles in the 100 nm range, which 
induce stronger IL-4 responses and Th2 responses. It was suggested that smaller (<100 nm) particles 
may enter APCs through one of the mechanisms used by viruses, such as clathrin-coated pit-
mediated uptake, which may induce a stronger Th1 immune response [367, 368]. 
Moreover, it is crucial to highlight that the nanoparticles being compared, although they share a 
similar molecular weight as the monomeric unit, contain distinct T-cell epitopes. This difference 
could potentially influence the immune responses they trigger, a topic that warrants further 
exploration. 

In conclusion, our study highlights the potential of self-assembling protein nanoparticles for 
glycoconjugate vaccine development and remarks that shape over size is a key factor in enhancing 
the efficiency of the immune response. We present the first example of glycoconjugated H. Pylori 
ferritin as an efficient carrier protein for efficient delivery of bacterial saccharide antigen. We 
hypothesize that, compared to inorganic nanoparticles, the ferritin scaffold could offer a repertoire 
of effective peptidic T-cell epitopes to the immune system, thereby enhancing the protective 
response. 

Overall, our findings outline that protein nanoparticles may represent a promising strategy 
to develop novel glycoconjugate vaccines against bacterial pathogens. 
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2.4 Materials and Methods 

2.4.1 Protein nanoparticles expression in E.coli 

The mutated Hcp1cc (G90C + R157C) was expressed as His6-tagged protein in Escherichia coli 

BL21(DE3). First, a pre-culture in LB (Tryptone 10 g/L, yeast extract 5 g/L, NaCl 10 g/L) medium 
supplemented with Ampicillin 100 mg/L from glycerol stock of BL21(DE2) pET303/CT-HIS-HCP1 
was incubated at 37 °C, 190 rpm for 16 h. The pre-culture was used to set up batch cultivation of 
protein in 2YT medium (16 g/L Trypton, 10 g/L Yeast extract, 5 g/L NaCl pH 7.6.) supplemented 
with Ampicillin 100 mg/L, under shaking at 37 °C for 2 h, until OD value of 0.5, followed by 
induction with 0.5 mM IPTG for 5 h at 37°C at 180 rpm.  

H. Pylori Ferritin was expressed as tag-less protein in Escherichia coli BL21(DE3). First, a pre-
culture in LB (Tryptone 10 g/L, yeast extract 5 g/L, NaCl 10 g/L) medium supplemented with 
Kanamycin 50 mg/L from colonies grown on selective plates of BL21(DE2) was incubated at 37 °C, 
180 rpm for 7 h. The pre-culture was used to set up batch cultivation of protein in LB medium 
supplemented with Kanamycin 50 mg/L, under shaking at 32°C for 10 h, followed by induction with 
1 mM IPTG for 16 h at 25°C at 160 rpm.  
 

2.4.2 Protein nanoparticles purification 

Crude cell lysate obtained after His6-tagged Hcp1cc expression in E.coli was purified via Co2+ 
affinity chromatography using His-Trap TALON fast flow crude (Cytiva, Marlborough, MA, USA) 
column. The column was connected to a peristaltic pump of instrument ÄKTA pure (Cytiva) and 
washed with distilled water and then equilibrated with buffer 50 mM NaPi 300 mM NaCl pH 8. 
Crude cell lysate was applied on the column and the flow through was discarded. The column was 
first washed with 20 CV of buffer 50 mM NaPi, 300 mM NaCl then a gradient of buffer 50 mM NaPi, 
300 mM NaCl, 500 mM imidazole in buffer 50 mM NaPi, 300 mM NaCl was applied to elute target 
protein. Hcp1cc protein was eluted in buffer 50 mM NaPi, 300 mM NaCl, 500 mM imidazole after 
IMAC purification. The buffer was exchanged into buffer 500 mM NaCl, 50 mM TRIS pH 7.5 via 
tangential flow filtration using hydrosart membrane with cut-off 30 kDa (Sartoriuos Stedim biotech, 
Aubagne, France). 

Crude cell lysate obtained after tag-less H. Pylori Ferritin expression in E.coli was purified 
first in Sephacryl S-300 HR 26/60 column (Cytiva) and eluted in buffer PBS 1x. Then, a second 
purification was performed in HiLoad Desalting 26/10 (Cytiva) column and the target protein eluted 
pure in PBS 1x. 
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2.4.3 Oligomerization process - In vitro reassembly for the generation of long 

Hcp1cc nanotubes 

Purified Hcp1cc nanotubes were treated with 5 mM DTT to fully reduce nanotubes into ring 
form and concentrated at 40 mg/mL in 500 mM NaCl, 50 mM TRIS pH 7.5, 10% glycerol + 5 mM 
DTT. Protein was dialyzed using dialysis tube with membrane 2K cut-off (MINI Dialysis Unit 
Thermo Scientific Slide-A-Lyzer, Waltham, MA, USA) against a buffer containing 5% PEG 3350, 50 
mM trisodium citrate, 100 mM HEPES pH 7.5, and 2 mM β-mercaptoethanol until a smooth paste 
formed (after 5 days of dialysis). This paste was diluted to 10 mg/mL of protein in 500 mM NaCl, 50 
mM TRIS pH 7.5, 10% glycerol. The Hcp1cc protein solution obtained was analyzed first in TEM 
and SDS-PAGE to verify the presence of long nanotubes. 
 

2.4.4 MenW oligosaccharide sizing 

Oligosaccharides from Neisseria meningitidis type W (MenW) capsular polysaccharides have 
been selected as model antigen to be chemically conjugated to self-assembling nanoparticles. In 
particular, applying the same conjugation strategy used for the commercial vaccine MenACWY-
CRM197 (MENVEOTM) [336, 337], the MenW capsular polysaccharide has been sized by controlled 
acid hydrolysis to obtain MenW oligosaccharides with a defined length of 7.8 kDa (average) and 
subsequently activated via reductive amination and coupling to bis-N-hydroxysuccinimidyl adipate 
(SIDEA) linkers generating half-ester residues prompt to react with amine groups present on protein 
nanoparticles in the conditions reported below [336, 340, 341]. 

 

2.4.5 Nanoparticles conjugation to MenW oligosaccharide 

To produce MenW-Hcp1cc nanorings, Hcp1cc nanotubes at 40 mg/mL in 500 mM NaCl, 50 
mM TRIS pH 7.5, 10% glycerol was disassembled in presence of 5 mM DTT. The resulted Hcp1cc 
nanorings were incubated with 10 equivalents of SIDEA activated MenW oligosaccharide over night 
at room temperature under gently shaking. The unconjugated oligosaccharide was extensively 
removed performing serial centrifugal filtration (30 kDa) with reducing buffer to maintain Hcp1cc 
in ring form. Finally, the purified MenW- Hcp1cc nanorings were recovered in 500 mM NaCl, 50 
mM TRIS pH 7.5, 10% glycerol.  

Hcp1cc nanotubes and longer ones obtained after oligomerization process were incubated at 
around 10 mg/mL in 500 mM NaCl, 50 mM TRIS pH 7.5, 10% glycerol with 30 equivalents of MenW 
oligosaccharide for one night at room temperature under gently shaking. The resulted 
glycoconjugated nanotubes were purified from unreacted MenW oligosaccharide performing serial 
centrifugal filtration (30 kDa). The purified MenW- Hcp1cc nanotubes and MenW-Hcp1cc long 
nanotubes were both recovered in 500 mM NaCl, 50 mM TRIS pH 7.5, 10% glycerol. 

H. Pylori Ferritin at 10 mg/mL in PBS 1x was incubated with 10 equivalents of SIDEA 
activated MenW oligosaccharide over night at room temperature under gently shaking. The 
glycoconjugates obtained were purified from unreacted oligosaccharide performing serial 
centrifugal filtration (100 kDa). The purified MenW-Ferritin was recovered in PBS 1x.  
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2.4.6 TEM 

A volume of 5 µl of samples, diluted in PBS 1x at 20 ng/microliter, were loaded for 30 seconds 
onto a glow discharged copper 200 or 300-square mesh grids. Blotted the excess, the grid was 
negatively stained using NanoW for 30 seconds and let air dried. The samples were analyzed at 
UNISI using a Tecnai G2 spirit and the images were acquired using a Tvips TemCam-F216 (EM-
Menu 4 software). 
 

2.4.7 SDS-PAGE 

Sodium Dodecyl Sulfate- Polyacrylamide gel electrophoresis (SDS-PAGE) was performed on 
4-12% pre-casted polyacrylamide gel (NuPAGE Invitrogen, Carlsbad, CA, USA) using MOPS 1x as 
running buffer (NuPAGE Invitrogen). 5 or 10µg of protein nanoparticles or glycoconjugated 
nanoparticles were mixed with 3 µL of 4X LDS, 3 µL dithiothreitol (DTT) at 0.5 M when needed, and 
boiled at 90 °C for 1 min. Samples and prestained protein molecular marker (Pecision Plus Protein 
Standard Dual color - Biorad) were loaded on precast polyacrylamide gels and run at 200 V, 180 mA 
for 45 min. Gels were stained with Coomassie ProBlue Safe stain (Giotto, Padua, Italy) for protein 
visualization. 
 

2.4.8 SE-HPLC 

Hcp1cc nanoparticles and corresponding MenW-Hcp1cc nanoparticles were analyzed in 
Superdex 200 10/300 GL (Cytiva) column in isocratic elution with 50 mM TRIS 500 mM NaCl pH 7.5 
+ 0.1% SDS as running buffer performing 40 minutes of run at 1 mL/min of flow rate using an 
Ultimate 3000 HPLC system (Thermo Scientific) equipped with a photodiode array detector and a 
multiple-wavelength fluorescence detector. While H. Pylori Ferritin and MenW-Ferritin were 
analyzed in TSK4000PW column (7.8 × 300 mm, Tosoh, Tokyo, Japan) in isocratic elution with 100 
mM NaPi, 100 mM Na2SO4 at pH 7.2 as running buffer performing 50 minutes of run at 0.5 mL/min 
of flow rate using HPLC system reported above. The resulting chromatographic data were 
integrated and processed using Chromeleon 7.2 software. 
 

2.4.9 AF4 

The asymmetric flow field-flow fractionation (AF4) system (AF2000 – Postnova, Landsberg 
am Lech, Germany) consisted of an isocratic LC pump (PN1130, Postnova analytics, Salt Lake City, 
UT, USA), autosampler (PN5300 series, Postnova analytics), column oven (PN4020, Postnova 
analytics), MALS detector (PN3621, Postnova analytics), UV-Vis detector (SPD-20A prominence, 
Postnova analytics), and refractive index (RI) instrument (PN3150, Postnova analytics). 
Microchannel with a 350 µm spacer and a 10 kDa regenerated cellulose membrane was used for all 
separation.  

10 µL of sample are injected in the separation channel at 0.20 mL/min and subjected to a cross 
flow at 1 mL/min and focus pump at 1.30 mL/min for 3 minutes. Elution step in which focus flow 
decreases to 0 mL/min and sample is able to elute along the channel for 50 minutes subjected to cross 
flow that decreases in 40 minutes to 0.1 mL/min in parabolic manner. PBS 1x or 0.9% NaCl filtered 
0.1 µm used as mobile phase, 10 µL of sample injected. The UV, MALS signals were integrated to 
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obtain population distribution analysis using as zim plot method and parameters extinction factor 
of 1.313 [mL/(mg*cm)] for Hcp1cc and 1.056 [mL/(mg*cm)] for ferritin, calculated from protein 
sequences, and dn/dc of 0.185 provided by Postnova and literature [369-371].   
 

2.4.10 AF4 Protein conjugates tool for saccharide/ protein molar ratio 

For each glycoconjugated nanoparticle, UV signal was integrated to calculate protein 
contribution in term of MW using as parameters dn/dc: 0.185 mL/g and extinction factor of 1.313 
[mL/(mg*cm)] calculated for Hcp1cc and of 1.056 [mL/(mg*cm)] for ferritin; while saccharide 
contribution in term of MW was calculated from dRI signal using dn/dc: 0.147 mL/g [369-371]. The 
saccharide and protein MW contributions obtained were divided respectively for saccharide MW of 
7.8 kDa and protein MW of 18.3 kDa for Hcp1cc and of 19.3 kDa for Ferritin and compared to get 
the final molar ratio. 
 

2.4.11 Quantification of protein content by colorimetric assay 

Protein concentration was determined by Pierce Micro BCA Protein Assay Kit (mBCA kit, 
Thermo Fisher Scientific) according to manufacturer’s instructions and using the provided Pierce™ 
Bovine Serum Albumin (BSA, Thermo Fisher Scientific) as standard. Each sample was diluted in 
duplicate preparing a 5-points calibration curve using a BSA starting solution of 20 µg/mL. Then, 
the three reagents of mBCA kit are properly mixed following the manufacturer’s instructions and 
added to the sample heated at 60 °C in bath of water for 1 hour. The samples are finally transferred 
to a plastic disposable cuvette and are read at the spectrophotometer at 562 nm (Evolution 260 Bio 
Spectrophotometer, Thermo Fisher Scientific, Thermo INSIGHT software 2.1.175). The final protein 
concentration (µg/mL) is quantified based on the BSA calibration curve.  

 

2.4.12 Quantification of MenW oligosaccharide content by HPAEC-PAD 

Glycoconjugated nanoparticles were treated with trifluoroacetic acid (TFA) with a final 
concentration of 2 M. Samples were heated at 100 ◦C for 2 hours, then refrigerated at 4 ◦C for 15 
minutes and finally dried on a Speed Vac at room temperature overnight. Samples to be analyzed 
were first dissolved in ultrapure water and then filtered (0.45µm). Analysis of the hydrolyzed 
products was performed using a Dionex ICS5000 (Thermo Fisher Scientific), equipped with a 
CarboPac PA1 column plus a CarboPac PA1 guard. Separation was performed with a flow rate of 1 
mL/min using isocratic elution of NaOH 15 mM of 20 min, following by a regeneration step with 
NaOAc 50 mM/NaOH 100 mM for 10 min and recondition in the starting condition for 15 min. The 
effluent was monitored using an electrochemical detector in the pulsed amperometric mode with a 
gold working electrode and an Ag/AgCl reference electrode. The resulting chromatographic data 
were integrated and processed using Chromeleon 7.2 software. Galactose concentration was 
determined using calibration curves set up with commercial standard galactose and then converted 
in MenW oligosaccharide concentration (µg/mL) by using a conversion factor which takes into 
account the weight of galactose in the repeating unit structure.   
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2.4.13 In vivo experiment 

Animal treatments were performed in compliance with Italian legislation (Dig 26/2014), EU 
Directive 63/2010, and GSK Animal Welfare Policy and Standards, and approved by the institutional 
review board (Animal Ethical Committee) of GSK Vaccines Siena, Italy. 

Groups of 10 CD-1 female mice, kept in an AAALAC-accredited facility, were immunized 
intramuscularly (IM) with MenW glycoconjugates nanoparticles produced (1 µg of MenW/dose) 
adjuvanted with 2.5 µg/dose of AS01, a liposome-based adjuvant which contains two 
immunostimulants, a TLR4 ligand, 3-O-desacyl-4’-monophosphoryl lipid A (MPL), and a saponin, 
QS-21. MenW-CRM197 adjuvanted by AS01 was used as controls. Three different immunizations 
were performed at days 1, 22 and 43 collecting sera at day 57. 
 

2.4.14 ELISA analysis 

The antibody response induced by the glycoconjugates against the polysaccharide has been 
measured by ELISA. Microtiter plates (96 wells, Thermo Scientific) have been coated with the MenW 
polysaccharide by adding 100 µl/well of a 5 µg/ml polysaccharide solution in PBS 1x at pH 8.2 
followed by incubation overnight (o.n.) at 4°C. After washing three times with PBS 1x with 0.05% of 
Tween 20 (Sigma) (tPBS). A blocking step has been performed by adding 100 µl of BSA solution at 
3% in tPBS and incubating the plates for 1 h at 37°C, then aspirated to remove the solution. Two-
fold serial dilutions of test and standard sera in tPBS were added to each well. Plates were then 
incubated at 37°C for 2 hours, washed with tPBS, and incubated for 1 additional hour at 37°C with 
either anti-mouse IgG-alkaline phosphatase whole molecule (Sigma-Aldrich, Saint Louis, MO, USA) 
diluted 1:2000 in tPBS. After washing, the plates were incubated with 100 µL/well of 1 mg/mL p-
Nitrophenyl Phosphate (pNPP sodium salt hexahydrate tablet - Sigma Life Science, Darmstadt, 
Germany) in 0.5 M of di-ethanolammine buffer pH 9.6. The absorbance was measured using a 
SPECTRAmax340PC plate reader (Molecular Devices, San Jose, CA, USA) with wavelength set at 
405 nm. IgG concentrations were expressed as relative ELISA Units/mL (EU/mL) and were 
calculated as reciprocal of sera dilution corresponding to OD = 1. Each immunization group has been 
represented as the geometrical mean (GMT) of the single mouse titers. The statistical and graphical 
analysis has been done by GraphPad 5.0 software. 

 

2.4.15 Human SBA 

Functional antibodies were measured by human Serum Bactericidal Activity assay (hSBA) 
on meningococcal strains 240070 (reference for meningococcal serotype W) using human serum as 
complement source. The hSBA was performed on sera from mice immunized with 3 doses of AS01 
adjuvanted MenW-Hcp1cc nanorings, MenW-Ferritin and MenW-CRM197 and collected 2 weeks 
after the third immunization.  

Bacteria were plated on a round agar plate and incubated 16 hours at 37°C with 5% CO2 in 
humid atmosphere. The day after, single colonies were inoculated into Mueller-Hilton Broth (MHB) 
containing 0,25% w/v glucose and incubated at 37°C at 150 rpm until the culture reached OD=0.24-
0.26. After that, bacteria were diluted 1:20000 or 1:30000 in SBA buffer (Dulbecco’s saline phosphate 
buffer with 0.1% glucose and 1% BSA (Bovine Serum Albumin) supplemented with heparin solution 
5 U/mL and salt solution (MgCl2 0.01 M, CaCl2 1.5 mM). The assay was assembled in a sterile 96 flat 
bottom well microplate in a final volume of 40 µL/well where mouse sera were serially diluted (ten 
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2-fold dilution steps) in SBA buffer and added the serial dilutions to each test sample were incubated 
with bacteria and human complement at 37 °C with 5% CO2 for 1 h. Then, 150 µL of agar (TSB 0.7% 
agar) were added and the plate was incubated overnight at 37°C with 5% CO2. Bacteria with active 
human complement (AC) in absence of serum sample is the control used to exclude complement 
toxicity and to determine 100% bacterial growth. The SBA titer was determined for each test sample 
as the reciprocal of the sample dilution giving a killing≥ 50% respect to the average number of CFU 
calculated (using ScanLab software Icarus 1.2.3) on the control. 
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3.1 Introduction 

Vaccines have played a crucial role throughout the last 50 years in improving human health by 
controlling or eradicating viral diseases like smallpox, measles and polio as well as bacterial diseases 
such as diphtheria and tetanus. Licensed glycoconjugate vaccines have been particularly successful 
and cost-effective in preventing illnesses caused by Haemophilus influenzae type b (Hib) [16], 
Streptococcus pneumoniae (23 serotypes) [117], Neisseria meningitidis (A, C, W135 and Y) [372], and 
Salmonella Typhi [373-375]. 

Glycoconjugate vaccines originated from the findings of Avery and Goebel in 1929 [376, 377], 
wherein they demonstrated that non-immunogenic bacterial polysaccharides when covalent linked 
to carrier proteins become able to generate immunological memory and stimulate long-lasting 
antibody. The protein epitopes present in glycoconjugates enable carbohydrates, which are per se T-
cell independent antigens, to induce a durable and enhanced production of IgG antibodies [55, 125]. 

However, despite the huge impact that conjugate vaccines have had on global health over the 
past 30 years, these vaccines have a limited effectiveness in certain populations. Some individuals, 
such as infants, elderly individuals, or immunocompromised individuals, may not mount a strong 
immune response to glycoconjugate vaccines. Specifically, the inadequate response to vaccines in 
certain groups is attributed to the underdeveloped immune system in infants  [55, 61, 378], the aging 
immune system in the elderly [129, 130], and the weakened immune mechanisms in individuals 
with compromised immunity [379-381]. For instance, these categories of people require multiple 
doses of the glycoconjugate vaccine to reach sufficient levels of protective antibody [382-386] 
To enhance both humoral and cellular immune responses, the addition of immunostimulant 
adjuvants into the vaccine is a viable strategy [132, 387]. Adjuvants are an essential element of 
modern vaccines by (i) enhancing the ability of a vaccine to elicit a robust and durable immune 
responses, especially in individuals with suboptimal or reduced responsiveness [388] (ii) reducing 
antigen dose and the frequency of immunizations [247, 389]; and (iii) influencing the nature of 
immune response [390].  

The only adjuvants licensed for glycoconjugate vaccines are aluminium salts (aluminium 
phosphate or aluminium hydroxide) mainly due to their beneficial effect on different vaccine 
formulations, cost effectiveness, and the outstanding safety in a wide variety of childhood vaccines 
[391], even if their mechanism is not totally clear hypothesizing a depot effect. However, not all the 
licensed glycoconjugate vaccines are adjuvanted by aluminium salts (Table 1) and the introduction 
of new adjuvants and formulations is difficult due to the stringent safety requirements for vaccines, 
especially targeting healthy infants [392].   
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Table 1. Glycoconjugate vaccines approved by FDA (https://www.fda.gov/) [47]. 
 
The research on novel adjuvant formulations for glycoconjugate vaccines has primary 

concentrated on pneumococcal vaccines, aiming to increase immune responses in high-risk 
populations. A significant success emerged in a double-blind placebo controlled clinical trial 
(NCT00562939) where the addition of 1 mg of CpG 7909, a toll-like receptor 9 (TLR9) agonist, to two 
doses of 7-valent pneumococcal conjugate vaccine (Prevnar) significantly enhanced vaccine 
response in HIV-positive patients [287]. 
  In a notable research conducted by Buonsanti and team, they investigated the use of Alum-
TLR7 as adjuvant for glycoconjugate vaccine, demonstrating the increased effectiveness  of CRM197-
MenC vaccine in mice, with a rise in antibody titers and serum bactericidal activity compared to 
alum-adjuvanted vaccines, even with low antigen doses and after a single immunization [115]. This 
discovery led to the development of AS37-adjuvanted MenC conjugate vaccine that demonstrated 
its safety and immunogenicity in phase I randomized, clinical trial in healthy adults (NCT02639351) 
[393]. 

Over the past decade the design of new adjuvants improved thanks to the development of 
systems vaccinology approaches which have simplified the identification of the immunomodulatory 
mechanisms of action [394].  However, so far, only a small number of adjuvants, such as alum, AS04, 
MF59, AS03, CpG, and AS01, have received FDA approval for use in humans [212, 218, 395, 396]. 
The use of some of these adjuvants has played a significant role in improving the immune response 
and vaccines efficacy in the elderly as demonstrated for MF59-adjuvanted influenza vaccines 
(FluadTM [397], seasonal Flu) and AS01-adjuvanted herpes zoster vaccine (ShingrixTM) [253, 398]. 
Furthermore, incorporating adjuvants into new formulations of already licensed products 
contributes to reducing the vaccination schedule, thereby ensuring protection. For example, the 
schedule of the HPV vaccine (CervarixTM from GSK) was reduced to two-dose schedule in 9–25-year-
old women when administered in presence of adjuvant AS04, composed of aluminium hydroxide 
and 3-O-desacyl4 monophosphoryl lipid A (MPL-A). AS04 is believed to handle the high level of 
vaccine-induced antibody titers that persist for several years even after a single vaccine dose [204, 
399-401]. 

Another recent example is represented by Heplisav-BTM, a CpG ODN-adjuvanted vaccine 
against Hepatitis B virus, which is administered with a two-dose schedule and shows similar safety 
and immunogenicity profile to three doses of other  HBV vaccines not adjuvanted with CpG [402, 

https://www.fda.gov/
http://clinicaltrials.gov/show/NCT02639351
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403] achieving a rapid, higher and long term seroprotection in HIV-infected adults for up to 5 years 
[288, 289] and in  individuals aged 60-70 years who have diabetes mellitus [286].  

Interestingly, the vaccines CervarixTM and Heplisav-BTM both feature a structure based on 
nanoparticles. This implies that using a combination of displaying multiple antigens and 
formulating immune adjuvants could be a crucial strategy in logically designing more effective 
vaccines that need fewer injections. 
  As a result, creating a new generation of glycoconjugate formulations which combine 
nanoparticles and innovative adjuvants, could lead to more effective vaccines. These enhanced 
vaccines could rapidly produce protective antibody levels, potentially after just one dose, reducing 
the need for multiple injections. This would offer protection during the most critical and vulnerable 
stages of life. 

One recent and relevant instance exemplifying the development of glycoconjugate vaccines 
through this approach is represented by the work of Carboni et al. [316]. They presented a proof of 
concept for the development of a single dose Group B Streptococcus (GBS) glycoconjugate for 
maternal vaccination. They explored the use of bacteriophage coat protein Qꞵ Virus-like particles 
(Qꞵ VLPs) glycoconjugated on their surface to serotype II GBS polysaccharide (GBS PSII) and 
carrying inside genetic material.  

The immunoenhancing effect, which resulted in high anti-PS IgG levels in a murine animal 
model, was attributed to the single-stranded RNA (ssRNA) contained within Virus-Like Particles 
(VLPs) [404]. This ssRNA functions as a TLR7/8 agonist and was key to the one-dose effect observed. 
 

In this work, we investigated whether one could provide a more effective immune enhancer 
inside the VLP, while still maintaining the impact of a single dose, given that the genetic material 
being delivered is non-uniform and potentially reactogenic. We thought about CpG ssDNA already 
known for its adjuvant effect in glycoconjugate formulations as discussed above. We decided to 
encapsulate two types of CpG, class A and class B, which differ on structural characteristics and 
activity on human peripheral blood mononuclear cells (PBMCs) [274, 279-281]. Moreover, our aim 
was to explore, using a murine animal model, whether there could be any variations when the 
adjuvant was presented inside, outside, or simply co-formulated in a physical mixture with the GBS 
PSII-Qꞵ antigen. 
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3.2 Results 

3.2.1 Strategy to produce adjuvanted glycoconjugate nanoparticles 

To investigate the immunological impact of a different presentation of CpG adjuvant with 
GBS PSII-Qꞵ antigen, three distinct glycoconjugate nanoparticles were designed (Fig. 1): PSII-Qꞵ 
delivering large ssDNA (CpG A) or small ssDNA (CpG B) inside the nanoparticle cage, and PSII-Qꞵ 
delivering CpG B covalently attached to the VLPs surface.  

Because CpG A and B had to be encapsulated in nanoparticle cage replacing ssRNA naturally 
present inside Qꞵ VLPs, a first step of RNA removal was performed. Moreover, because of diverse 
3D structures of CpG A and B, two different strategies were designed to encapsulate the large 
ssDNA CpG A and the small ssDNA CpG B. To encapsulate CpG A, ssRNA was removed from Qꞵ 
after VLPs disassembly and RNA precipitation to obtain RNA-free monomer. Qꞵ monomer in 
presence of CpG A spontaneously encapsulated the CpG A molecule, using its 3D conformation as 
scaffold to restore the VLPs structure. Finally, conjugation of GBS PSII was performed on 
Qꞵ(CpG/A) to obtain the final glycoconjugate.  

To encapsulate CpG B, a different strategy was designed because of its small dimension 
unable to guide VLPs reassembly. ssRNA was removed from Qꞵ VLPs using RNAse enzyme able 
to enter into VLPs through pores and degrade the genetic material, leaving the VLPs structure intact. 
The obtained Qꞵ empty was incubated with a large excess of CpG B able to pass through the VLPs 
pores and to stack inside through electrostatic interactions. Finally, conjugation of GBS PSII was 
performed on Qꞵ(CpG/B).  
To covalently conjugate CpG B on GBS PII-Qꞵ, Qꞵ empty was first glycoconjugated and then the 
remained left free lysines on VLPs were conjugated to CpG B with a linker to obtain the desired 
glycoconjugate.  
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3.2.4 Encapsulation of CpG in GBS PSII- Qꞵ 

To explore the impact of a different presentation of CpG adjuvant, either encapsulated inside 
glycoconjugate nanoparticles or covalently conjugated to nanoparticle surface, on PSII 
immunogenicity, different types of CpG were evaluated.  

Until now, three classes of CpG ODN have been identified, CpG class A, B and C, each 
characterized by a different structure and immunological function. We focused on CpG A 
previously successfully packaged into virus-like particles (VLP) and used as adjuvants in several 
clinical studies [270-273], and CpG B which is the most extensive studied TLR9 agonist in clinical 
trials as vaccine adjuvant [265, 274, 278].  

CpG class A (CpG A) is characterized by palindromic CpG motifs at the center of its sequence 
that generate a hairpin structure and two polyG tails. CpG A activates the TLR9 of plasmacytoid 
dendritic cells (pDC) to mature and secrete IFNα but has no effect on B cells [274, 275, 278]. IFN-α 
activates the CD8-positive cytotoxic T lymphocyte response [268]. The activated pDCs also promotes 
the differentiation of Th-0 into Th-1 immune response [415, 416]. It exhibits a propensity to aggregate 
forming G-quadruplexes structures originated from stacked guanine tetrads [417] essential for a 
strong IFN-α induction [418, 419] (Fig. 7). CpG A has already proven its immunological value in 
clinical trials against asthmatic allergies [272].  

CpG class B (CpG B) is characterized by straight single stranded DNA sequences that do not 
form 3D structures as CpG class A. CpG B strong activate B cells to proliferate and secrete cytokines 
as IL-6 that promotes the multiplication and activation of B cells and, as result, enhanced antibodies 
production [420, 421] (Fig. 7). CpG B is the most tested TLR9 agonist in clinical studies as vaccine 
adjuvant [265, 274, 278]. The structural differences between CpG A and B were evaluated via RP-
HPLC, where they eluted at distinct times mainly due to the more compact dimension of CpG A 
determining its early elution respect to CpG B (Fig. 8).  
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3.2.6 A final comprehensive characterization of prepared glycoconjugate 

nanoparticles  

The different GBS PSII-Qꞵ prepared as described in the above paragraphs were purified by 
serial centrifugal filtration (100 kDa) and deeply characterized. In particular, the effective 
glycoconjugation of Qꞵ and its integrity were assessed via Size Exclusion High-Performance Liquid 
Chromatography (SE-HPLC), and the 260/280 peak intensity ratio was monitored to evaluate the 
absence or presence of genetic material. The nanoparticle integrity was also confirmed by negative-
stain Transmission Electron Microscopy (TEM) analysis. Protein, saccharide and CpG contents were 
quantified respectively by Micro Bicinchoninic Acid (mBCA) colorimetric assay, high-performance 
anion-exchange chromatography with pulsed amperometric detection (HPAEC-PAD) and 
RiboGreen assay, a fluorimetric assay. The content of saccharide and CpG was expressed as % w/w 
per protein for each of the adjuvanted glycoconjugate nanoparticles to be compared.  

After glycoconjugation of Qꞵ(hp), Qꞵ(CpG/A or B), and Qꞵ(Ø), a shift of peaks at lower 
retention times in SE-HPLC described an increase of MW and size, confirming the glycoconjugation 
of nanoparticles (see overlapped red and black SE-HPLC profiles in Figure 14a, b, c, d). The 
saccharide/protein ratio of each of the obtained glycoconjugate nanoparticles was calculated, 
resulting comparable among them. TEM analysis confirmed nanoparticle integrity, showing that 
glycoconjugation did not impact the VLPs structure.  
The presence of CpG or RNA encapsulated in PSII-Qꞵ, was first confirmed by SE-HPLC monitoring 
the 260/280 peak intensity ratio, that resulted above 1 for PSII-Qꞵ(hp), PSII-Qꞵ(CpG/A) and PSII-
Qꞵ(CpG/B) (see overlapped blue and black SE-HPLC profiles in Fig. 14a, b and c). CpG content was 
quantified and resulted similar between PSII-Qꞵ(CpG/A) and PSII-Qꞵ(CpG/B) while, PSII-Qꞵ(hp) 
had a higher RNA content as expected.  

Conversely, a lower 260/280 peak intensity ratio was described for PSII-Qꞵ(Ø), where only 
1% w/w of RNA per protein was quantified, confirming complete removal of RNA (see overlapping 
blue and black SE-HPLC profiles in Fig. 14d).  
After CpG conjugation on PSII-Qꞵ(Ø), a further shift of retention time was described in SE-HPLC 
analysis, confirming an increase in glycoconjugates dimension after CpG linkages to GBS PSII-Qꞵ 
(see red and black SE-HPLC profiles in Fig. 14e). Moreover, an increase of 260/280 peak intensity 
ratio was observed, indicating the effective presence of CpG (see overlapped blue and black SE-
HPLC profiles in Fig. 14e). 
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3.2.7 Single Dose responses in a Murine Model  

Similar to unprimed humans who present a low immune response to GBS PS conjugated to 
proteins (TT or CRM197), at least two booster doses are required to elicit high IgG responses in mice, 
rabbits [141, 423], and non-human primates [424]. Optimized self-assembling virus-like particles 
conjugated to Group B Streptococcus capsular polysaccharides (GBS PSII-Qꞵ(hp)) induced strong 
immune responses in mice after one immunization, providing pre-clinical proof of concept for a 
single-dose vaccine. Here, we performed a head-to-head comparison in mice of adjuvanted GBS 
PSII-Qꞵ delivering CpG adjuvant either inside or outside the VLP with similar CpG and saccharide 
contents (light yellow in table 2). We evaluated whether these vaccines could induce a comparable 
immune response to GBS PSII-Qꞵ(hp), equal or superior to two doses of GBS PSII-CRM197 (light 
green row in table 2). Moreover, PSII-Qꞵ(Ø) was evaluated in absence of any immune enhancers 
(light red row in table 2) and in physical mixture with high or low dose of CpG (light blue row in 
table 2).  

In table 2, we report all the tested glycoconjugate vaccines in terms of saccharide/protein 
ration, saccharide and adjuvant content, along with their corresponding administered CpG dose per 
dose of saccharide antigen. 

For each adjuvanted PSII-Qꞵ, groups of 10 CD-1 mice were immunized with two vaccine 
doses administered three weeks apart (0.5 µg of GBS PSII/dose) or just one dose (Fig. 15). Two doses 
of Alum adjuvanted GBS PSII-CRM197 were administered as reference vaccine. On day 42, mice sera 
were collected to measure IgG titers by Luminex assay, using randomly biotinylated GBS PSII as 
coating reagent (Fig. 16 and 17). 
 

 Table 2. Summary of tested glycoconjugates and corresponding CpG or RNA quantity per dose  

 
Saccharide/protein 

ratio w/w 

CpG or RNA 
content % w/w 

in VLPs 

Saccharide 
quantity per dose 

 (μg) 

CpG or RNA 
quantity per 

dose of 
saccharide  

(μg) 

PSII-CRM197 1.4 Not present 0.5 Not present 

PSII-Qꞵ(hp) 0.13 20 0.5 0.7 

PSII-Qꞵ(CpG/B) 
(inside) 

0.12 9 0.5 0.4 

PSII-Qꞵ(CpG/A) 
(inside) 

0.10 7 0.5 0.3 

PSII-Qꞵ-CpG/B 
(outside) 

0.15 7 0.5 0.2 

PSII-Qꞵ(Ø) 0.26 1 0.5 0.02 

PSII-Qꞵ(Ø) + 
high dose CpG 
(co-formulated) 

0.26 1 0.5 30 

PSII-Qꞵ(Ø) + 
low dose CpG 

(co-formulated) 
0.26 1 0.5 0.4 









  Chapter 3 | 

71 

3.3 Discussion 

 Improving the efficiency of glycoconjugate vaccines is a challenging goal. This is mainly due to 
two reasons. Firstly, their mechanism of action is not fully understood. Secondly, immune responses 
to these vaccines vary among high-risk groups such as infants, the elderly, and people with 
weakened immune systems. These populations, who need protection the most, often show a lower 
response to these vaccines [129]. 

Starting from the first decade of the 21st century, considerable research efforts were directed to 
advancing the development of novel adjuvants with the aim to increase vaccine immune responses 
[395]. Technological progress provided valuable mechanistic insights enabling a deeper 

understanding of how adjuvants work. A pivotal discovery impacting adjuvant research and 
development was the identification of the Toll like receptor (TLR) system in the signaling pathways 
of the innate immune system, especially in regulating adaptive responses [207-209]. Toll-like 
receptors (TLRs), expressed on innate immune cells, such as dendritic cells, recognize the presence 
of pathogen-associated molecular patterns (PAMPs), which are derived from viruses, bacteria, fungi 
etc. Most novel adjuvants that led to the license of many new vaccines are PAMPs, including AS01 
(ShingrixTM, Shingles and MosquirixTM, Malaria), AS03 (PandemrixTM, pandemic Flu), AS04 
(CervarixTM, HPV), MF59 (FluadTM, seasonal Flu) and CpG (CpG 1018 in Heplisav-BTM, HBV) [395].  

In the present work, we investigated a novel approach for co-delivery of glycoconjugates and 
adjuvants with the final goal of developing more effective multicomponent vaccines. In particular, 
we explored the combination of a protein component ensuring T-cell engagement against the 
directly conjugated bacterial saccharide antigen GBS PSII) [125, 303], multivalent display of the 
saccharide antigen in a VLPs platform (Qꞵ VLPs) to increase B cell receptor clustering [99] and the 
effect of the CpG ssDNA TLR9 agonist [277]. 

Optimal CpG co-delivery to achieve a high immune response was investigated by comparing 
external delivery on functionalizated VLPs with encapsulation of CpG molecules inside the VLP 
cage. All formulations were compared with the physical mixture of CpG with a glyco-conjugated 
VLP as classical antigen-adjuvant delivery. In vivo comparison was performed using a similar CpG 
quantity per dose of saccharide antigen (around 0.4-0.2 µg of CpG per 0.5 µg of GBS PSII) for each 
of the prepared glycoconjugated NPs.  

In a study conducted in mice, it was observed that a single dose of glycoconjugated VLPs with 
external covalently linked CpG did not trigger a strong immune response. This response was indeed 
comparable to that induced by a single dose of glycoconjugated VLP without any adjuvant (PSII-
Qꞵ(Ø)). This result was unexpected, as Chatzikleanthous et al. utilized the same approach underling 
a higher immune response against a protein target antigen when covalent linked to CpG [422]. 
Because CpG integrity once conjugated to PSII-Qꞵ was experimentally confirmed prior to 
immunization, we hypothesize that the conjugated molecule could be partially degraded by 

DNAses when administered in vivo. 

Conversely, one dose of glycoconjugated VLPs carrying CpG inside their cage induced IgG titers 
comparable to two doses of Alum-adjuvanted traditional glycoconjugates based on CRM197, 
representing our reference vaccine. In this case, CpG is protected by DNases and probably able to 
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reach the target receptors inside endosomes avoiding possible degradations. Two classes of CpG 
were investigated (class A and B) that differ for immune cell interactions and form (aggregated and 
non-aggregated), although no differences in elicited IgG titers between the two vaccines were 
appreciated. Therefore, preferential stimulation of either pDC or B cells led to similarly enhanced 

immune responses, probably because of their equal fundamental roles in the generation of humoral 
responses against the administered antigen.  

GBS PSII-Qꞵ(Ø) co-formulated with CpG elicited highly variable immune responses among 
animals, resulting in geometric mean titers intermediate between PSII-Qꞵ(Ø) externally conjugated 
with CpG and internally delivered CpG VLPs. This result was unexpected on the basis of previous 
literature data regarding CpG co-formulated vaccines [422, 425, 426], also considering that the co-
formulated CpG dose was 2 log higher than internally delivered CpG. 

The IgG titers enhancement caused by CpG when encapsulated in glycoconjugated NPs after 
just one dose is probably determined by the retention of NPs in the endosome leading to a 
continuous effect by CpG and decreased dosage needed [427, 428].  

In conclusion, the devised multicomponent glycoconjugate vaccine strategy was successful to 
enhance polysaccharide immunogenicity, especially when a TLR agonist was delivered inside and 
protected by a nanoparticle. In vitro experiments to interrogate the mechanism of action of the 

proposed internally adjuvanted VLP vaccine are ongoing.  

Therefore, PSII-Qꞵ(CpG) resulted a promising vaccine candidate against GBS disease for 
maternal vaccination (see section I.5 for further information on GBS disease) representing an 
improved candidate respect to PSII-Qꞵ(hp) described by Carboni et al. [316].  PSII-Qꞵ(hp) 
represented a valid initial pre-clinical proof of concept for a single-dose vaccine, although its internal 
RNA adjuvant component was less well-defined. We propose to replace ssRNA contained in Qꞵ 
with a CpG component that has already been tested in vulnerable populations as in HIV- and 
diabetic patients resulting safe [286, 288, 289]. Moreover, a retrospective analysis  evaluating women 
who were unaware of their pregnancy status during the HepsalivTM administration (HBV vaccine 
co-formulated with CpG) [429] demonstrated a preliminary safety profile of the CpG component in 
this target population, as despite relatively small cohort, no adverse fetal outcomes were identified. 
Murine in vivo studies confirmed the absence of teratogenic effects of CpG administered [430, 431]. 

Finally, glycoconjugated NPs carrying inside a well-defined immune enhancer can pave the way 

for the development of more effective glycoconjugates vaccines and overcome poor immunogenicity 
of some saccharide antigens.  
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3.4 Materials and Methods 

3.4.1 Expression and purification of Qꞵ hairpin 

The genes encoding for Qβ hp was synthesized as DNA strings by GeneArt (Thermo Fisher 
Scientific) optimizing the codon usage for expression in the E. coli. The gene encoding the Qβ hp 
coat protein was cloned into plasmid pET24b and purchased by GeneArt (Thermo Fisher Scientific). 
Protein was expressed in E. coli BL21(DE3) (New England Biolabs). First, a pre-culture in HTMC 
(Glycerol 15 g/L, Yeast Extract 30 g/L, MgSO4 X 7H2O 0.5g/L, K2HPO4 20 g/L, KH2PO4 5 g/L) 
medium supplemented with Kanamycin 50 mg/L from glycerol stock of BL21(DE3) pET24/ Qβ hp 
was incubated at 32 °C, 160 rpm for 16 h. The pre-culture was used to set up batch cultivation of 
protein in HTMC supplemented with Kanamycin 100 mg/L, under shaking at 25 °C, 160 rpm for 8 
h, followed by induction with 1 mM IPTG and addition of 150 mg/mL MgCl2, 120 mg/mL CaCl2, 10 
g/L glycerol, Kanamycin 50 mg/mL and incubation for 16 h at 25°C, 160 rpm.  

Crude cell lysate obtained after sonication was purified via anion exchange chromatography 
using CaptoQ column (5 mLx2 Cytiva). The column was connected to a peristaltic pump of 
instrument ÄKTA pure (Cytiva) and equilibrated with buffer 30 mM TRIS pH 8. Crude cell lysate 

was applied on the column and purified protein was recovered in flow through while impurities 
remained attached to the column and eluted only after washes with buffer 30 mM TRIS, 1 M NaCl 
pH 8. A second purification of protein was performed using S500 Sephacryl 26/60 column (318 mL) 
connected to instrument ÄKTA pure (Cytiva) and equilibrated with buffer PBS 1x. Protein eluted in 
PBS 1x using flow rate 2.6 mL/min.  

 

3.4.2 Removal of RNA from Qꞵ hairpin 

Qꞵ hairpin was treated with 10 mM DTT for 15 minutes at room temperature (rt), then 0.7 M 
MgCl2 was added and left under stirring for 15 minutes at rt. The resulting mixture was centrifuged 
for 10 min at 4000 rpm at 4 degrees. The supernatant was diluted 1:25 in milliQ and injected in 
HiTrap SP FF 5 mL column (Cytiva) connected to a peristaltic pump of instrument ÄKTA pure 
(Cytiva) previously washed with distilled water and then equilibrated with buffer 20 mM NaPi pH 
7. Qꞵ was eluted in monomeric form in buffer 20 mM NaPi, 500 mM NaCl pH 7 and analyzed in 
TSK4000PW (7.8 mmmx900 mm, Tosoh).  

While the removal of ssRNA from Qꞵ(hp) via enzyme treatment was performed by 
incubation of NPs at 0.2 mg/mL with an RNase Cocktail (Invitrogen), mixture of two highly purified 
ribonucleases, RNase A (500 U⁄mL) and RNase T1 (20,000 U⁄mL), at 4:1 w/v VLPs/RNAses in buffer 
HBS 0.2x pH 7.4.  After 3 days at 55 degrees, RNAses and nucleic acids were eliminated by serial 
centrifugal filtration (100 kDa) and extensive dialysis (100 kDa) over two weeks. The completely 
removal of ssRNA was assess via RiboGreen quantification and the intact VLP structure assess 

analysing the purified Qꞵ(Ø) in TSK4000PW (7.8 mmmx900 mm, Tosoh). 
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3.4.3 CpG A aggregation 

Lyophilized CpG A (5’GGGGGGGGGGGACGATCGTCGGGGGGGGGG 3’- 9612 kDa, 
Metabion International AG) was dissolved at 2.4 mg/mL in UltraPure DNase/RNase-Free Distilled 
Water (Invitrogen), treated with 25 mM NaOH and then heated at 50 degrees. After 70 minutes at 
50 degrees, the mixture was cooled in ice. The disaggregated CpG was analyzed in TSK6000PWXL 
(7.8 mm x 30 cm, 13 µm, Tosoh) at flow rate 0.5 mL/min using an Ultimate 3000 HPLC system 
(Thermo Fisher Scientific) equipped with a photodiode array detector and a multiple-wavelength 
fluorescence detector. To aggregate the CpG A, 25 mM HCl were added to neutralize the pH and 
250 mM NaCl, then heated at 80 degrees. After 30 min at 80 degrees, the resulting mixture was 

cooled and stored in ice (it should be used within 3 h after the aggregation process). The aggregated 
CpG A was analyzed in TSK6000PWXL (7.8 mm x 30 cm, 13 µm, Tosoh). 

The effective CpG A aggregation was also checked via dynamic light scattering. 

3.4.4 Encapsulation of CpG in Qꞵ  

Qꞵ monomer in 20 mM NaPi, 250 mM NaCl pH 7,2 at 0.74 mg/mL was treated with 10 mM 
DTT and 1 M urea for 30 min at room temperature (rt) under shaking, then CpG A was incubated 
with Qꞵ  monomer at ratio 1:100 Qꞵ mol : CpG A mol for 1 h at rt and then the mixture was dialyzed 
over night at 4 degrees in dialysis tube with cut off 3.5-5 kDa (MINI Dialysis Unit Thermo Fisher 
Scientific Slide-A-Lyzer) against buffer 20 mM NaPi, 250 mM NaCl pH 7.2. Qꞵ reassembled in VLPs 
with entrapped CpG A was purified from CpG A in excess via dialysis over weekend in dialysis 
tubes with cut off 300 kDa against buffer 20 mM NaPi, 250 mM NaCl pH 7.2. After purification, the 
re-assembled Qꞵ(CpG/A) was analyzed in TSK6000PWXL (7.8 mm x 30 cm, 13 µm, Tosoh) to assess 
the correct assembly and the increased ratio 260/280 peak intensity ratio compared to Qꞵ monomer. 
CpG A content content in VLPs was quantified via RiboGreen Assay. 
 

Qꞵ(Ø) VLPs was incubated with 100 nmol CpG B per mg of VLPs reaching a protein 
concentration of 0.6 mg/mL in PBS1x [270]. The mixture was incubated at 4 degrees overnight under 
shaking. After one night of incubation, CpG B in excess was removed via serial centrifugal filtration 
(100 kDa) finally analyzed in TSK4000PW (7.8 mmmx900 mm, Tosoh) in 100 mM NaPi, 100 mM 
Na2SO4 pH 7 at flow rate 0.5 mL/min to assess the increase of 260/280 peak intensity ratio compared 
to starting Qꞵ(Ø) VLPs. CpG B content in VLPs was quantified via RiboGreen Assay. 

3.4.5 Conjugation of GBS PSII to Qꞵ 

GBS polysaccharide II was oxidized targeting 20% of sialic acid residues [423]. Samples were 
stirred with 0.1 M sodium periodate in 10 mM sodium phosphate buffer in the dark, for 2 h at room 
temperature. The mixture was purified by liquid chromatography using G-25 desalting columns. 
The oxidized polysaccharide was dissolved in 100 mM sodium phosphate buffer at pH 7.2 and 
mixed to NPs at a final protein concentration of about 10 mg/mL. Sodium cyanoborohydride (1:1 
w/w based on the amount of polysaccharide) was added to the solution. The reaction mixture was 
incubated at 37 °C for 3 days, quenched with sodium borohydride and purified by serial 
centrifugation filtration (100 kDa filter). The protein content was determined by BCA colorimetric 
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assay. Finally, the extent of saccharide conjugation was evaluated by HPAEC-PAD and SE-HPLC 
using a Sepax SRT-C 2000 column.  

  

3.4.6 Preparation of CpG-SH and conjugation to GBS PSII- Qꞵ  

The method used was developed by Chatzikleanthous et al. [422] for the conjugation of CpG 
B to GBS67 protein antigen. 
An amount of 5 mg (0.762 µmol) of CpG B 1826 ([5’AmC6]TCCATGACGTTCCTGACGTT – 
completely phosphorothioated backbone - 6559 g/mol; Custom product Sigma Aldrich) were reacted 
with 10 equiv. of succinimidyl 3-(2-pyridyldithio)propionate (SPDP, Thermo Scientific) linker (2.38 
mg 7.62 µmol) in buffer 9:1 DMSO: 100 mM NaPi pH 7 (230 µL).   
The mixture reaction was left for 3 hours at rt under shaking then diluted up to 2 mL of H2O and 
purified by size exclusion chromatography on G-25 HiTrap Desalting column (10 mL, Cytiva) 
connected to a peristaltic pump of instrument ÄKTA pure (Cytiva) and eluted with H2O.  
To release the free thiol groups, the purified CpG-SPDP (4 mg) were dissolved in 800 uL H2O and 
treated with large excess of 0.0005 M TCEP solution (20 uL) for 3 hours at rt shield by light. The 
reaction mixture was purified by G-25 HiTrap Desalting column (10 mL, Cytiva) and eluted with 
H2O ready to be conjugated. 

GBS PSII- Qꞵ(Ø) at 12 mg/mL in PBS1x was used to set up the reaction with 1 equivalent of 
N-ε-malemidocaproyl-oxysuccinimide ester (EMCS, Thermo Scientific) linker dissolved in DMSO 
(final volume 9:1 PBS1x: DMSO) and left at RT for 3 hours shield by light under shaking, then 
purified by serial centrifugal filtration (100 kDa). GBS PSII- Qꞵ(Ø)-EMCS was incubated at 0.6 
mg/mL with large excess of CpG-SH (1:7 w/w of Qꞵ:CpG) over night at rt and purified by serial 
centrifugal filtration (100 kDa) and analyzed via SE-HPLC using a Sepax SRT-C 2000 column. the 
quantity of CpG conjugated outside glycoconjugates VLPs was quantified by RiboGreen assay and 
via Dot-Blot to assess the correct conjugation on VLPs outside surface. 
 

3.4.7 RNA profiling via RP-HPLC and CE analysis 

30 µg of purified Qꞵ(hp) were lysed with 600 µL of Trizol at RT for 5 min and 600 µL of 
absolute ethanol were added to the solution. RNA was extracted by Pure link RNA Mini Kit 
according to the manufacturer’s instructions. 

RNA extracted from Qꞵ(hp), CpG A (1585 – Invivogen) and CpG B (1826-Invivogen) were 
diluted at 100 µg/mL in buffer 0.1 M TEAA and 5 µL were injected in DNAPac RP Column (2.1x50 
mm) and eluted in a gradient of 36% to 69% of buffer 0.1 M TEAA + 25% Acetonitrile in buffer 0.1 
M TEAA at flow rate 0.4 mL/min for 25 minutes of run using an Ultimate 3000 HPLC system 
(Thermo Scientific) equipped with a multiple-wavelength fluorescence detector.  

1 µL of CpG B (1826-Invivogen) at 200 µg/mL before and after the incubation at 37 degrees 
for 3 days were also analyzed in Agilent 2100 Bioanalyzer using Agilent RNA 6000 Nano Kit 
following manufacturer’s instructions for the preparation of the chip and loading of the samples. 
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3.4.8 ssRNA/ssDNA quantification via RiboGreen 

Total RNA or CpG was quantified by Quant-iT RiboGreen RNA Reagent (Thermo Scientific) 
using rRNA as standard or CpG A or B (ODN 1826 and 1585; Invivogen).  Qβ VLPs were denaturated 
by incubation with 8M urea for 30 min at 95 °C and diluted in TE buffer (10mM Tris-HCl, EDTA, 
pH 7.5). 100 µL of RiboGreen were added to 100 µL of sample. Fluorescence intensity 
(Excitation/Emission 485 nm/530 nm) was measured (Infinite 200, Tecan) and RNA total content was 
expressed as % RNA/Protein w/w. 

 

3.4.9 Quantification of protein content by mBCA colorimetry assay 

Protein concentration for each glycoconjugate nanoparticle produced was Protein 
concentration was determined by Pierce Micro BCA Protein Assay Kit (mBCA kit, Thermo Fisher 
Scientific) according to manufacturer’s instructions and using the provided Pierce Bovine Serum 
Albumin (BSA, Thermo Fisher Scientific) as standard. Each sample was diluted in duplicate 
preparing a 5-points calibration curve using a BSA starting solution of 20 µg/mL. Then, the three 
reagents of mBCA kit are properly mixed following the manufacturer’s instructions and added to 
the sample heated at 60 °C in bath of water for 1 hour. The samples are finally transferred to a plastic 
disposable cuvette and are read at the spectrophotometer at 562 nm (Evolution 260 Bio 
Spectrophotometer, Thermo Scientific, Thermo INSIGHT software). The final protein concentration 
(µg/mL) is quantified based on the BSA calibration curve.  

 

3.4.10 Saccharide quantification via HPAEC-PAD 

Saccharide quantification in the conjugates was performed by high-performance anion-
exchange chromatography with pulsed amperometric detection (HPAEC-PAD). GBS PSII standard 
samples at five increasing concentrations ranging between 0.5 and 10 µg/mL, were prepared to build 
the calibration curve. Test samples were diluted targeting the calibration curve midpoint, while free 
saccharide samples were analyzed undiluted after separation by solid-phase extraction (SPE) 
cartridges. The reference and conjugate samples were prepared in 4M trifluoroacetic acid (Supelco), 
incubated at 100 °C for 3 h, dried under vacuum (SpeedVac Thermo), suspended in water, and 
filtered with 0.45 µm Phenex-NY (Phenomenex) filters. HPAEC-PAD analysis was performed with 
a Dionex ICS-6000 equipped with a CarboPac PA1 column (4 × 250 mm; Dionex) coupled with a PA1 
guard to column (4 × 50 mm; Dionex). Samples were run at 1 mL/min, using an isocratic elution with 
14mM NaOH, followed by a washing step with 500mM NaOH. The effluent was monitored using 
an electrochemical detector in the pulse amperometric mode, with a gold working electrode and an 
Ag/AgCl reference electrode. A quadruple-potential waveform for carbohydrates was applied. The 
resulting chromatographic data were processed using Chromeleon software 7.2 (Thermo Dionex), 
and sample concentrations were determined based on galactose content. 
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3.4.11 TEM  

A volume of 5 µl of samples, diluted in PBS 1x at 20 ng/microliter, were loaded for 30 seconds 
onto a glow discharged copper 200 or 300-square mesh grids. Blotted the excess, the grid was 
negatively stained using NanoW for 30 seconds and let air dried. The samples were analyzed at 
UNISI using a Tecnai G2 spirit and the images were acquired using a Tvips TemCam-F216 (EM-
Menu 4 software). 

 

3.4.12 AF4-UV-dRI-MALS  

The asymmetric flow field-flow fractionation (AF4) system (AF2000 – Postnova, Landsberg 

am Lech, Germany) consisted of an isocratic LC pump (PN1130, Postnova analytics, Salt Lake City, 
UT, USA), autosampler (PN5300 series, Postnova analytics), column oven (PN4020, Postnova 
analytics), MALS detector (PN3621, Postnova analytics), UV-Vis detector (SPD-20A prominence, 
Postnova analytics), and refractive index (RI) instrument (PN3150, Postnova analytics). 
Microchannel with a 350 µm spacer and a 10 kDa regenerated cellulose membrane was used for all 
separation. The AF4 method used: Focus step in which 10 µL of sample are injected in the separation 
channel at 0.20 mL/min and subjected to a cross flow at 1 mL/min and focus pump at 1.30 mL/min 
for 3 minutes. Elution step in which focus flow decreases to 0 mL/min and sample is able to elute 
along the channel for 50 minutes subjected to cross flow that descreases in 40 minutes to 0.1 mL/min 
in parabolic manner. PBS1x filtered 0.1 µm was used as mobile phase, 10 µL of sample injected.  UV 
and dRI signals were integrated to calculate protein and RNA contribution in term of MW. For 
protein contribution were used an extinction factor of 0.427 [mL/(mg*cm)] calculated from Qꞵ 
sequence and dn/dc of 0.185; while for RNA contribution were used an extinction factor of 20 
[mL/(mg*cm)] and dn/dc of 0.17. The parameters were provided by Postnova and literature [369-
371].   
 

3.4.13 DLS analyses 

The effective CpG A aggregation and Qꞵ post RNAse treatment were analyzed via dynamic 
light scattering by measuring the time-dependent fluctuations in the intensity of scattered light that 
determine the diffusion coefficients of the particles converted into a size distribution expressed as 
hydrodynamic diameter (nm). Measurements were made at 25 °C using a Zetasizer Ultra (Malvern 
Panalytical Ltd., Malvern, UK) and all measurements were repeated tree times. The instrument 
settings were optimised automatically by means of the ZS XPLORER software (Malvern Panalytical 
Ltd., UK).  
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3.4.14 Dot-Blot 

10 µg of glycoconjugate nanoparticles were adsorbed on nitrocellulose thanks to a vacuum 
pump and the Bio-Dot Micro filtration apparatus. Then, the nitrocellulose quenched with a buffer 
of tPBS with 3% BSA and left on gently agitation for 1.5 h. Then the buffer was removed, and the 
layer washed three times with tween PBS 1x (0.05% v/v of Tween 20). Then it was incubated for 1 h 
with diluted 1:200 primary monoclonal antibody (0.5 µg mAb3868 anti DNA single stranded) in 
tPBS 1x. After 1 h, the nitrocellulose is washed three times with tPBS pH 7.2 and the secondary 
antibody added diluted 1:1000 (Anti-Mouse IgG (whole molecule)- alkaline phosphatase antibody 
produced in goat, SIGMA, A2064). After 30 minutes, the nitrocellulose is washed three times with 

tPBS and three times with water and developed with the kit “Alkaline Phosphatase Conjugate 
Substrate Kit” (BIORAD) according to provided instruction by Biorad. 

3.4.15 In vivo experiment  

Animal treatments were performed in compliance with the Italian Italian legislation (Dig 
26/2014), EU Directive 63/2010 and GSK Animal Welfare Policy and standards and approved by the 
institutional review board (Animal Ethical Committee) of GSK Vaccines Siena, Italy. Groups of 10 
CD-1 female mice, kept in an AAALAC-accredited facility, were immunized intramuscularly (IM) 
with one single dose or two doses three weeks apart of GBS PSII glycoconjugates nanoparticles 
produced (0.5 µg of PSII/dose). Two immunizations were performed at day 1 and day 22 with PSII-
CRM197 adjuvanted by aluminium hydroxide (2.0 mg/mL) used as controls. The sera were collected 
at day 42 and analyzed as single sera via Luminex and OPKA analyses as pooled sera. 
 

3.4.16 Biotin-PSII Immunoassay (Luminex analysis)  

The immune response to GBS PS conjugates was assessed by Luminex-based monoplex assay 
[432] using Biotin-PSII (1 µg/mL) conjugated to Radix High capacity (HC) Streptavidin magnetic 
beads ID 18. Eight steps of threefold dilutions of a standard serum (pool of sera from mice 
immunized with PSII-CRM197 used as reference) and samples were mixed with an equal volume of 
conjugated Biotin-PS beads (3000 beads/well) in 96-well Greiner (Millipore Corporation, Billerica, 
MA) and incubated for 60 min at RT in the dark on a plate shaker at 600 rpm. After incubation, the 
beads were washed three times with 200 µl PBS. Each well was then loaded with 50 µl of a 1/100 
dilution of PE-secondary anti-mouse IgG (Jackson Immunoresearch, 115-116-072) and the plates 
were incubated for 60 min with continued shaking. After washing, beads were suspended in 100 µL 
of PBS before the analysis with Bioplex 200. Data were acquired in real time by Bioplex Manager 
Software 6.2 (Bio-Rad Laboratories, Hercules, CA). The median fluorescence intensity (MFI) was 
converted to RLU/ mL by interpolation to the corresponding 5-PL Standard curve (8 dilution points). 
IgG concentrations (RLU/mL) were determined from the mean of two sample dilutions for which 
MFI signals were in the linear range of the standard curve. 
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3.4.17 Opsonophagocytic killing assay (OPKA)  

OPKA was conducted using differentiated HL-60 cells and the GBS strain DK21 (serotype 
II)65. OPK titers were expressed as the reciprocal serum dilution mediating 50% bacterial killing, 
estimated through piecewise linear interpolation of the dilution killing OPK data. A fluorescent 
OPKA was adapted from literature [433, 434] to increase the throughput capacity to 384-wells and 
to avoid CFU counting by introducing a fluorescent dye (Alamar Blue) that allow to measure the 
viability endpoint of bacteria through a plate reader. The fluorescent OPKA used the same assay 
components and titration method. The lower limit of detection was 1:30 dilution and the assay 
coefficient of variation was ~30% for both assay formats. 
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GENERAL CONCLUSIONS 

Nanoparticles (NPs) represent a powerful platform for the development of more effective 
vaccines because they promote multiple antigen presentation as well as potent and early responses, 
thanks to B cell receptor clustering and increased uptake by Antigen Presenting cells and (APC) and 
T cell engagement. Furthermore, a lot of nanoparticles-based vaccines have been licensed so far (e.g. 
HPV, HBV, Malaria and HEV vaccines) representing one of the most successful achievements in the 

vaccine field.  

Because of all these advantages we explored the use of protein nanoparticles as carriers for 
glycoconjugates vaccines to promote  more potent immune responses against saccharide antigens.  

For the design and development of effective NP glycoconjugates, multiple parameters must 
be considered beyond those critical for classical glycoconjugates, including size and shape of the NP 
carrier. Further, advanced analytical techniques are required to better explore all the peculiarities of 
this system. The ultimate goal is to guide the future design and selection of the best nanoparticles 
for the development of promising glycoconjugate candidates against the bacterial target mainly 
investigating:  i) if the size and the shape may play a critical role in immunogenicity of saccharide 
antigens; ii) the set-up of advanced analytical technology to characterize complexity of nanoparticles 
and glycoconjugate NP; iii) take advantages of the possible co-delivery of immune enhancer to 
potential develop one dose glycoconjugate vaccine.  

To investigate the effect of different size and shapes of carrier NPs, we decided to play with 

self-assembling NPs that could be manipulated in vitro and modelled as desired. The different NPs 
were conjugated to Neisseria meningitidis type W oligosaccharides as model antigen. We identified 
from literature two self-assembling proteins with equivalent MWs which spontaneously arrange 
into NPs at different shapes (ring-, rod- like and spherical particles) and sizes (from 9-10 nm to 60 
nm) that allow to investigate the effects of different geometry and the impact of carrier size on 
antigen immunogenicity.   

The obtained results highlighted the potential of self-assembling protein nanoparticles for 
glycoconjugates vaccine development and remarked the shape over size as a key factor for 
enhancing immune responses. Moreover, we presented the first example of a glycoconjugated H. 

Pylori ferritin as a carrier protein for efficient delivery of a bacterial saccharide antigen inducing a 
high bactericidal activity.  

Further, a panel of complementary techniques was set up to characterize VLPs, NPs and 
glycoconjugate NPs in terms of size and MW, structural information, saccharide content and 

particles payload including SDS-PAGE, TEM, HPLC, DLS and AF4 coupled to MALS, UV-vis and 
dRI detectors.  

An immune enhancer effect of E.coli RNA (TLR 7/8 agonist) naturally carried in 
glycoconjugate VLPs had been investigated by Carboni et al. [316] establishing the basis for the 
development of one single dose maternal vaccine against GBS disease. Here, we replaced E.coli RNA 
with CpG ODN, a TLR 9 agonist already known for its excellent adjuvant effect and safety profile. 
Moreover, we investigated the optimal CpG formulation by testing in mice GBS PSII-Qβ carrying 
CpG inside or conjugated outside or just co-formulated in a physical mixture. Our data 
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demonstrated that a single dose effect could be achieved when CpG was delivered within and 
protected by VLPs. We conclude that the designed multicomponent vaccine is a successful strategy 
for the development of single dose glycoconjugates vaccines that could improve responses to poorly 
immunogenic saccharide antigens.  
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