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6 Summary 

Summary  

Vaccines are complex multi-component products, in which an interdependent relationship 

among constituents exists: the concomitant inclusion of antigens, adjuvants, and excipients 

is essential to guarantee the efficacy of the final product. The selection of adjuvants and 

formulation criteria is a fundamental aspect, having implications towards efficacy, safety and 

stability of vaccines. In this field, the work was aimed at the design, formulation and 

characterization of novel vaccines suitable for intradermal delivery and able to induce earlier 

onset of immune response as well as more potent and longer lasting immune responses in 

comparison to conventional vaccines. With this purpose two different model antigens were 

used to evaluate the intradermal route as immunological target for vaccination: MenC-

CRM197 glycoconjugate and CRM197 protein (detoxified diphtheria toxin). Moreover 

different adjuvants were tested to potentiate and modulate the immune responses towards a 

desired quality profile. The impact of adjuvant-antigen conjugation on immune response 

against the antigen was investigated in comparison to the adjuvant/antigen co-delivery. For 

the first time, the intradermal delivery was evaluated as route for the administration of a 

MenC-CRM197 glycoconjugate vaccine. LT mutant (LTK63), MPL (TLR4a), Toll like 

receptor 7 agonist (TLR7a), αGalCer analog, Dectin-1 receptor agonist (β-(1-3)glucan 

hexasaccharide) and an oil in water (o/w) emulsion have been chosen to target the skin-

resident antigen-presenting cells and to enhance the immune response against the antigen. 

The in vivo evaluation of such novel formulations provided encouraging results with respect 

to quantity, quality and functionality of the induced immune responses. Notably, the 

intradermal delivery of MenC-CRM197 glycoconjugate showed superiority in term of 

immunogenicity and serum bactericidal titers compared to the intramuscular administration, 

highlighting the power of the intradermal route for glycoconjugate vaccine delivery. 

Moreover, the addition of LTK63, TLR4a, TLR7a, αGalCer analog adjuvants allowed the 

reduction of the number of doses administered and especially LTK63, TLR4a, TLR7a 

adjuvants were able to modulate the quality of the immune response towards a more 

beneficial, for the model antigen used, Th1 response. No adjuvant effect was observed when 

formulations were combined with (β-(1-3) glucan hexasaccharide. When MenC-

CRM197 +TLR4a formulation was intradermally delivered in combination with the o/w 
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emulsion adjuvant no additional improvements in immunogenicity were observed in 

comparison to the single adjuvant effect. The immune system activation was also 

investigated using a protein model antigen (CRM197) intradermally; however no 

improvements in term of immunogenity were observed in comparison to the intramuscular 

administration. This finding has specified the interest in selecting a glycoconjugate antigen 

to exploit the advantages of the intradermal route in terms of immunogenicity. To further 

investigate the role of adjuvant and to ensure codelivery of adjuvant/antigen, the 

conjugations of TLR7a to the glycoconjugate model antigen have been investigated. Two 

different approaches were developed: the conjugation of TLR7a to MenC polysaccharide 

and to CRM197 carrier protein. When the conjugation of TLR7a to CRM197 carrier protein 

was tested in vivo, results clearly showed that conjugation of the TLR7a enhances the anti-

carbohydrate response. This effect was less pronounced than after co-administration of a 

commercial glycoconjugate with a standard dose of TLR7a adsorbed on AlumOH. 

Conjugation of the small immunopotentiator molecule was particularly suited for 

vaccination via intradermal delivery, where insoluble salts of aluminum cannot be used 

because of their reactogenicity. These findings have opened the path to the rational design of 

improved adjuvanted glycoconjugate vaccines for intradermal routes. Regarding the 

conjugation of TLR7a to MenC polysaccharide tested in vivo, the obtained results have 

shown a negative impact of the conjugation to MenC polysaccharide receptor recognition 

and consequently a reduction of the anti-MenC carbohydrate response. In order to 

investigate the potential use of a short β-glucan chain as adjuvant for intradermal vaccination 

toward the CRM197 protein model antigen, in comparison to the previously presented 

glycoconjugate model antigen, the results obtained by the in vitro and in vivo evaluation of 

the β-glucan conjugation to the CRM197 protein were reported. The results have 

demonstrated that receptor activation was significantly impacted by the presentation of the 

glucan conjugated to the protein antigen. Considering that glycoconjugate vaccines are some 

of the safest and most effective vaccines for reducing, even eradicating, infectious diseases, 

the conjugation of well-defined synthetic glucans could represent a useful strategy for 

developing new glycoconjugate vaccines for intradermal delivery, with inherent adjuvant 

properties. The combination of antigens and adjuvants needs to be rationally defined to 

develop stable formulations and to give the safest and most efficient response with respect to 
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the considered pathogen and route of administration. In the present work, formulation 

science has been proposed as a key element of novel vaccine development suitable for 

intradermal delivery. 

 

Riassunto 

I vaccini sono prodotti complessi costituiti da più componenti, nei quali esiste un rapporto di 

interdipendenza tra i costituenti: la concomitante presenza di antigeni, adiuvanti, ed 

eccipienti è essenziale per garantire l'efficacia del prodotto finale. La selezione degli 

adiuvanti e i criteri di formulazione sono un aspetto fondamentale, avendo implicazioni su 

efficacia, sicurezza e stabilità dei vaccini. In questo ambito, il lavoro è stato finalizzato alla 

progettazione, formulazione e caratterizzazione di nuovi vaccini atti alla consegna per via 

intradermica e capaci di indurre uno sviluppo precoce, più intenso e più duraturo della 

risposta immunitaria rispetto ai vaccini convenzionali. Con questo scopo due diversi antigeni 

sono stati utilizzati come modello per valutare la via di somministrazione intradermica per la 

vaccinazione: il glicoconiugato MenC-CRM197 e la proteina CRM197  (tossina difterica 

detossificata). Inoltre diversi adiuvanti sono stati usati per potenziare e modulare le risposte 

immunitarie verso un profilo di qualità desiderata. In aggiunta è stato valutato l'impatto che 

la coniugazione dell’adiuvante all’antigene ha sulla risposta immunitaria contro l'antigene in 

confronto alla semplice miscelazione. La via di immunizzazione intradermica è stata 

valutata, per la prima volta, per la somministrazione del glicoconiugato MenC-CRM197. Per 

dirigere l’antigene verso le cellule APC presenti nella pelle e migliorare la risposta 

immunitaria verso l’antigene, sono stati testati diversi adiuvanti, quali la tossina enterica 

detossificata di Escherichia coli (LTK63), un agonista del recettore Toll Like 4 (TLR4a) il 

monofosfolipide A (MPL), un agonista del recettore Toll like 7 (TLR7a), un analogo 

dell’αGalCer, un agonista del recettore Dectin-1 (β- (1-3) hexasaccharide glucano) e 

l’emulsione olio/acqua (o/w). La valutazione in vivo di tali nuove formulazioni ha fornito 

alcuni risultati incoraggianti riguardanti la quantità e la qualità delle risposte immunitarie 

indotte. In particolare, i risultati immunologici ottenuti hanno dimostrato una netta 

superiorità della via di immunizzazione intradermica rispetto a quella intramuscolare quando 

è utilizzato il glicoconiugato MenC-CRM197. Inoltre, l'aggiunta degli adiuvanti LTK63, 
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TLR4a, TLR7a, l’analogo dell’αGalCer ha consentito la riduzione del numero di dosi 

somministrate e soprattutto le formulazioni adiuvantate con LTK63, TLR4a e TLR7a sono 

state in grado di modulare la qualità della risposta immunitaria verso una più vantaggiosa 

risposta Th1. Nessun effetto adiuvante è stato osservato utilizzando il glucano esasaccarico 

come adiuvante miscelato all’antigene. Il glicoconigato MenC-CRM197 adiuvantato con il 

TLR4a è stato consegnato per via intradermica anche in combinazione con l’emulsione o/w, 

ma non è stato osservato alcun effetto adiuvante aggiuntivo della miscela in confronto 

all’effetto dei singoli immunopotenziatori. In aggiunta è stata valutata l’immunogenicità 

della proteina CRM197 a seguito della consegna intradermica ma non è stato osservato alcun 

miglioramento in termini di immunogenicità in confronto alla somministrazione 

intramuscolare. Questo risultato ha messo in evidenza l'importanza dell’adeguata scelta 

dell’antigene per sfruttare i vantaggi della via di immunizzazione intradermica: un antigene 

glicoconiugato è preferibile ad un antigene proteico. Per meglio definire l’effetto adiuvante e 

garantire la concomitante somministrazione  di antigene e adiuvante, sono stati svilippati e 

studiati due approcci di coniugazione del TLR7a all'antigene modello MenC-CRM197: la 

coniugazione del TLR7a prima al polisaccaride MenC e poi alla proteina CRM197. I risultati 

ottenuti dai tests in vivo del coniugato TLR7a alla proteina CRM197  hanno dimostrato che la 

coniugazione del TLR7a migliora la risposta anti-MenC. L’effetto adiuvante del TLR7a 

coniugato si è rivelato meno pronunciato rispetto alla somministrazione di una dose standard 

di TLR7a adsorbito su AlumOH. Bisogna però sottolineare che il sale di alluminio non può 

essere consegnato per via intradermica, dato la sua reattogenicità, perciò ne risulta che la 

coniugazione del TLR7a alla proteina del glicoconiugato MenC-CRM197 può essere molto 

utile per la vaccinazione intradermica. I risultati ottenuti costituiscono la base per una 

razionale progettazione di vaccini glicoconiugati adiuvantati da somministrare per via 

intradermica. Per quanto riguarda l’approccio di coniugazione del TLR7a al MenC, i risultati 

ottenuti in vivo hanno portato alla luce un impatto negativo della coniugazione sul 

riconoscimento recettoriale del polisaccaride e di conseguenza una riduzione della risposta 

anti-MenC. Il glucano esasaccaridico è stato utilizzato per studiare il suo effetto adiuvante 

quando coniugato ad un antigene proteico a seguito di una somministrazione intradermica. I 

risultati ottenuti dalla sperimentazione in vitro ed in vivo dell’esasaccaride coniugato alla 

proteina CRM197 hanno dimostrato che l'attivazione del recettore Dectin-1 è 
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significativamente influenzata dalla presenza del glucano. Considerando che i vaccini 

glicoconiugati sono alcuni dei vaccini più sicuri e più efficaci per ridurre e sradicare le 

malattie infettive, la coniugazione di glucani sintetici potrebbe rappresentare una strategia 

utile per lo sviluppo di nuovi vaccini glicoconiugati adatti alla somministrazione 

intradermica, con intrinseche proprietà adiuvanti. La combinazione appropriata di antigeni e 

adiuvanti deve guidare la formulazione di vaccini stabili che forniscano una risposta più 

sicura ed efficace contro il patogeno desiderato mediante la via di somministrazione scelta. 

Nel presente lavoro, la scienza di formulazione è stata proposta come un elemento chiave 

dello sviluppo di nuovi vaccini adatti alla consegna intradermica. 
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12 Chapter 1 

Vaccines  

Vaccines represent one of the most important and effective public-health 

interventions to control infectious diseases. Impact of vaccination is clearly proven 

by the eradication of smallpox and the extraordinary reduction of the morbidity and 

mortality due to various diseases in the world (1-2). During the last three centuries 

vaccinology has enabled the development of numerous vaccines, and modern 

approaches appear promising for the selection and the design of novel protective 

antigens that will increase the number of preventable diseases in the future. 

 

 Vaccine formulations 

However vaccine formulations are complex biopharmaceutical products, in which 

the appropriate combination of antigen(s) and adjuvant(s) is a crucial aspect for the 

efficacy and safety. All these active components need to be stable in a wide range 

of storage conditions, so different techniques for vaccine formulation 

characterization are required in order to define their reproducibility and robustness. 

Different regulatory organizations clarify the requirements for vaccine development 

(3-4). The modern approach of vaccine formulation development to transform the 

discovery of an immunogen into a usable vaccine includes: 

- physical and chemical characterization of the antigenic component; 

- development of stability/potency indicating assays;  

- evaluation and optimization of the route of administration and adjuvants 

- appropriate formulation design to maximize the candidate vaccine's stability, 

shelf life, and immunogenic potential.  

In the setup process of vaccine formulations, stabilizers and protectors cover an 

important role for the stability in storage and transportation. In particular, vaccine 

development for developing countries must include consideration of the difficulty 

to ensure the maintenance of cold chain across the entire commercial distribution 

and storage infrastructure. The World Health Organization (WHO) and PATH have 

developed strategies to better implement improvements in vaccine stability and the 

vaccine cold chain worldwide (5-6). Some intradermal delivery devices such as 

microneedle patches are likely to occupy less volume than vials or prefilled 
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syringes, thereby reducing demands on cold-chain capacity. However the 

development of these new devices imply the development of new formulation 

dosages and compositions in order to deliver the same amount of antigen in a 

smaller volume per dose, while maintaining integrity and immunogenicity after 

assembly. The rational selection of vaccine components, route and device of 

delivery allows for choosing the best formulation strategy in order to obtain the 

desired immune response against the target-diseases.  

 

Intradermal immunization 

The skin is the most peripheral tissue that covers all of the body. One of its major 

functions is to protect the interior of the body from pathogens and chemical agents, 

but at the same time acts as a niche for commensal skin flora which is mainly 

composed of bacteria (7). The concept of ‘skin as immunological organ’ was 

launched in the 1980s, describing the prominent presence of immune cells and 

molecules in equilibrium with the systemic immune system (8). The skin is 

composed of three different layers (Figure 2) with specific functions:  

1. epidermis, consisting of stratified squamous epithelium; 

2. dermis, rich of blood capillaries, nerves, lymph vessels, fibroblasts, mast 

cells, macrophages, DCs, Langerhans cells (LCs), natural killer cell and 

natural killer T-cells;   

3. hypodermis, comprising connective tissue, blood vessels, nerve tissue, 

fibroblasts and macrophages (9-11).   

It is important to highlight the fundamental role of skin DCs for the efficacy of 

dermal vaccination, thanks to their essential activity in initiating the immunization, 

with the consequent activation of the immune system (12). The skin is an easily 

accessible organ with optimal connection to the regional lymphatic tissues. In fact, 

after intradermal immunization, besides the targeting of the DCs in the site of 

injection, the vaccine rapidly diffuses into the surrounding tissue and is drained via 

the lymph vessel, reaching the lymph nodes and targeting the lymph nodes resident 

DCs. For these reasons it is possible to deliver vaccines intradermally with superior 
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immune response in comparison to the classical intramuscular routes (12-13) or to 

deliver a smaller quantity of vaccine antigen while obtaining the equivalent immune 

response (14). It is still not known how long the vaccine persists in the site of 

injection after intradermal immunization but viscosity of the injected formulation 

and size of a particle-based vaccine can influence its drainage. To better reach DCs 

and facilitate antigens uptake it is possible to direct the vaccine to specific receptors 

present on the cell surface (15-16). Different C-type lectins, highly expressed, were 

investigated as candidate for antigen targeting to DCs, such as DEC-205, CLEC9A, 

CLEC4A and CLEC12 (16-18).  

 

Figure 2| Skin anatomy. Three different layers compose the skin: epidermis, dermis and 

hypodermis. Age, gender, body mass and body sites influence the hypodermis’s thickness.  (Adapted 

from Lambert PH, Laurent EP. Intradermal vaccine delivery: Will new delivery systems transform 

vaccine administration? Vaccine 2008;26:3197-208)(13). 

Several benefits of intradermal vaccine delivery can be counted, such as dose-

sparing, particularly important in resource-poor settings, by potentially reducing the 
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per-injection cost (including transport and storage) of vaccines because more doses 

might be obtained from the existing vaccine presentation. Dose-sparing might also 

be a solution for the availability of vaccines in cases where supply is limited by 

manufacturing capacity. It is also necessary to ensure adequate immunogenicity 

across the whole target population and potency, of the reduced dose, sufficient to 

induce protection at the end of the vaccine shelf life. The use of needle-free devices, 

such as for example microneedle patches, drives a reduction in the health-care costs 

resulting from self-administration, simplicity of use and small-packaged volumes. 

Moreover the use of needle-free disposable devices allows the reduction of needle 

stick injuries. However, some challenges need to be addressed regarding the 

vaccine manufacture, device development and approval by regulatory authorities 

for intradermal vaccination. For instance, smaller administration volumes are 

typically requested compared to other routes, thereby the antigen might need to be 

concentrated in order to ensure adequate amount of antigen delivery. Moreover, 

without the development of successful methods to coat sufficient antigen onto 

microneedles, or new devices, and controlling the reproducibility of antigen 

delivery, all the upstream research work becomes in vain (19). 

 

Vaccine adjuvants 

The discovery of the immune-enhancing effects of adding an adjuvant to a vaccine 

was an important milestone in the vaccine history. Most of the licensed vaccines are 

based on highly purified recombinant antigens or on subunits of pathogens, which 

significantly decrease the risk of vaccine toxicity but, as a consequence, reduce 

their immunostimulatory activity.  

The importance of combing such antigens with compounds able to potentiate, 

modulate and boost the antigen-specific immune response becomes clear. These 

immunostimulatory molecules are known as adjuvants (from the Latin word 

adiuvare meaning 'to help') (20) and play a key role in modern vaccines.  

Vaccine adjuvants can be classified according to their source (natural, synthetic or 

endogenous), mechanism of action, or physical or chemical properties. However, 
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due to their great diversity, an accurate separation is difficult to achieve. The most 

appropriate existing classification divides adjuvants in two main groups on the basis 

of their main mechanism(s) of action (21). The first considers adjuvants as 

“delivery systems”, according to the key function to target and localize antigens to 

antigen-presenting cells (APCs); the second takes into account the role of adjuvants 

as immunopotentiators. In the latter group molecules able to directly activate the 

cells of the innate immune system through specific receptors, contributing to the 

inflammatory context required for optimal immune responses are included. 

 

 Adjuvants impact on immune mechanisms 

- Help to make antigens more visible or reactive to the immune system 

- Creation of an antigen depot at the injection site 

- Improved antigen delivery and enhanced uptake by APCs 

- Direct activation of innate immune cells, including APCs 

-Mimic natural defensive molecules 

- Release of cytokines and chemokines 

- Potent stimulation of targeted adaptive immune responses 

 

 Expected benefits of adjuvants 

- Stronger immune priming 

- Faster immune response  

- Enhanced immune response 

- Broader and cross-protective immunity 

- Longer lasting immune response, fewer boosters needed 

 

- Enhanced and effective immune responses in specific low-responding 

populations (newborns, elderly, immunocompromised patients) 

 

- Antigen sparing (use of smaller amounts of the antigen) 

- Reduction of costs 

- Face pandemic events 

 

- Overcoming antigenic  competition in complex vaccine combinations 



 
17 Chapter 1 

 

 Adjuvants requisites 

- Easy manufacture 

- Stability 

- Acceptable safety  and tolerability profile 

 

 Adjuvants suitable for intradermal immunization 

Various adjuvants have been used for intradermal immunization and their selection 

could be based on whether a Th1 or Th2, or mixed Th1/Th2, immune response is 

preferred. A first group of adjuvants are represented by the bacterial adenosine 

diphosphate (ADP)-ribosylating exotoxins as Cholera toxin (CT), Escherichia coli 

heat labile toxin (LT), or subunits of these proteins have commonly been utilized to 

elicit or enhance the response toward a vaccine given via the cutaneous route (22-

25). It is not yet clear how bacterial ADP-ribosylating toxins influence the type of 

immune reaction but several studies report the induction of Th2-biased immunity 

(22) and CTL proliferation, indicating activation of epidermal LCs (26). A second 

group of adjuvants for intradermal immunization are specific ligands of toll-like 

receptors (TLR). These receptors play a major role in the detection of pathogens 

and are therefore an ideal target for enhancing the immune reaction (27). In table 1 

are reported a wide variety of adjuvants that have been utilized in cutaneous 

vaccination studies (28). A suitable experimental model to investigate immediate 

and long-term skin reactions after intradermal adjuvants injection remains to be 

developed. For example, adverse reactions were observed after aluminum 

hydroxide intradermal injection, in particular the development of persistent 

intradermal granulomas (29). Different studies have evaluated a-

Galactosylceramide (a-GalCer), a synthetic glycolipid, as a potential adjuvant, 

because it selectively and potently activates natural killer T (NKT) cells, which are 

among the most effective innate immune modulators for inducing activation and 

maturation of dendritic cells (DC) that in turn induce CD4 and CD8 T-cell mediated 

adaptive immune responses (30-32). This glycolipid seems to be suitable for 

intradermal vaccination due to the high presence of DCs in the skin layer.    
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Table 1|Overview of adjuvants and their effects on the immune response upon cutaneous 

vaccination compared to non-adjuvanted (w/o) studies. (Adapted from Engelke L, Winter G, Hook 

S, Engert J. Recent insights into cutaneous immunization: How to vaccinate via the skin. Vaccine 

2015;33:4663-74)(28).  
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Immune responses and vaccination 

The deliberate stimulation of an immune response by immunization was originated 

in 1796 with E. Jenner’s experiments, in which the cowpox virus was inoculated 

into the skin to render individuals resistant to the subsequent infection with lethal 

smallpox virus. This practice, called vaccination, takes advantage of the immune 

system’s capacity to develop an adaptive immune response after an exposure to a 

small sample of disease-causing microorganism - or to a part or portion of it (Figure 

1). The main actors of the adaptive immune response are antibodies secreted by B 

lymphocytes. These antibodies can act in different ways to protect against the 

pathogens: they can neutralize the pathogens by blocking their access to the binding 

sites on the host cell surface, a mode of action that is very important for protection 

against viruses; antibodies can coat the bacteria in order to make them attractive for 

phagocytes, which have receptors able to recognize the stems of the antibodies 

coating, also known as opsonization process; antibodies can manage the activation 

of the complement system once they have coated the pathogen surface, with the 

results of lysis and ingestion by phagocytes (33). Other important effectors of 

adaptive immune response are the CD8
+
 cytotoxic T lymphocytes (CTL) that have a 

role in the eradication of viruses and tumors. In effect, immunotherapies that 

promote antitumor CTL responses showed significant evidence of clinical success 

in the melanoma, renal and lung cancers treatments (34). The activation of B-cells 

to produce antibodies, their class switching and affinity is supported by growing 

factors and signals provided by CD4
+ 

T helper cells (Th). The protective efficacy of 

a vaccine is often conferred to the production of antigen-specific antibodies but this 

is not always sufficient. T-cells play an important role in developing an effective 

and long lasting immune response. The antigen-specific T-cell activation is driven 

by the specific antigen presenting cells (APC), of wich the dendritic cells (DC) are 

the most professional. They can perform uptake of microorganisms in different 

ways (phagocytosis, endocytosis and pinocytosis), with the consequent loading on 

MHC class II of processed molecules and secretion of specific cytokines. 
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Figure 1| Induction of adaptive immune responses. Pattern-recognition receptors (PRRs), 

expressed by dendritic cells (DCs), recognize and bind the pathogen-associated molecular patterns 

(PAMPs,) contained in vaccine formulation after the delivery. This connection leads to DC 

activation, maturation and migration to the lymph nodes. The activated DCs present antigens to 

naïve T-cells and stimulate their differentiation by specific cytokines secretion. (Adapted from 

Desmet CJ, Ishii KJ. Nucleic acid sensing at the interface between innate and adaptive immunity in 

vaccination. Nat Rev Immunol. 2012;12:479-49)(35).  

DCs, monocytes and neutrophils constitute the first line of defense against invading 

microbial pathogens and rely on a large family of pattern recognition receptors 

(PRRs), which detect distinct evolutionarily conserved structures on pathogens, 

termed pathogen-associated molecular patterns (PAMPs). The potential to activate 

DCs targeting their surface receptors can be a good strategy to manipulate the first 

line of defense against invading pathogens.   

http://www.nature.com/nri/journal/v12/n7/full/nri3247.html
http://www.nature.com/nri/journal/v12/n7/full/nri3247.html
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Outline of the thesis 

The PhD work was aimed at the design, formulation and characterization of a novel 

vaccine suitable for intradermal delivery and able to induce earlier onset of immune 

response as well as more potent and longer lasting immune responses compared to 

conventional vaccines. In this context adjuvants are used to potentiate the immune 

responses towards specific antigens and to modulate the immune response towards 

a desired quality profile. Conjugation of adjuvants to a model antigen is 

investigated for its potential to increase antigen immune response when compared 

to co-delivery of adjuvant and antigen by simple mixture in respective formulations. 

The thesis reports obtained results through the in vitro and in vivo testing of 

different adjuvants in physical mixture or conjugated to model antigens. 

 

 Chapter 2: Evaluation of receptors agonists as immunopotentiators for 

glycoconjugate vaccines – is focused on the hypothesis that by targeting the 

superficial receptors present on skin-resident antigen-presenting cells, using 

receptor agonists as adjuvants, it is possible to enhance the immune response 

against the model antigen. In particular, were investigated: 

- a small molecule as toll like receptor 7 agonist; 

- Monophosphoryl Lipid A (MPL) as toll like receptor 4 agonist; 

- the heat-labile enterotoxin from Escherichia coli (LT) mutant as GM1 

receptor agonist;  

- a short β-glucan as Dectin-1 (CLEC9A) receptor agonist; 

- a α-GalCer analog as CD-1d receptor agonists; 

The MPL immunopotentiator was also studied in combination with an oil-in-

water emulsion (o/w) adjuvant.  

This work finds its justification in the discovery of novel adjuvants suitable 

for intradermal vaccination since the classical adjuvant, aluminum salt, 

cannot be used for intradermal immunization due its local reactogenicity. 

This work is part of a broader vision of development of new devices for 

intradermal vaccination, such as microneedles patches, in which the 

optimized formulation can elicit an efficient and long lasting immune 

http://www.ncbi.nlm.nih.gov/books/NBK7284/
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response. The Meningococcal C glycoconjugate vaccine was used as a 

model antigen for intradermal and intramuscular investigations. 

 

 Chapter 3: The adjuvant effect and impact of conjugation of TLR7 

agonist in a tricomponent anti serogroup C meningococcal 

glycoconjugate vaccine – is focused on the TLR7 agonist adjuvanticity 

investigation after intramuscular delivery; where the TLR7 agonist is either 

co-delivered or conjugated to the Meningococcal C glycoconjugate vaccine. 

Two different approaches of agonist conjugation were investigated in vivo:  

- TLR7a conjugation to CRM197 carrier protein;   

- TLR7a conjugation to MenC polysaccharide; 

The in vitro receptor activation and in vivo immunological evaluations were 

reported. The TLR7a adjuvanticity was compared to the classical aluminum 

salts adjuvant suitable for intramuscular vaccine delivery.  

 

 Chapter 4: Conjugation of a short β-glucan chain, as Dectin-1 agonist, to 

the detoxified diphtheria toxin (𝐂𝐑𝐌𝟏𝟗𝟕) as model antigen, to enhance 

the immune response after intradermal vaccination – describes the 

conjugation of a β-glucan hexasaccharide to the CRM197 model antigen as 

strategy to enhance the immune response toward a protein antigen. 
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Evaluation of receptors agonists as 

immunopotentiators for glycoconjugate vaccines 
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Selection of the model antigen  

The Meningococcal C glycoconjugate was used as a model vaccine for the 

investigation of intradermal vaccine delivery as an alternative to the intramuscular 

route. The recommended vaccination schedule of the licensed group C 

meningococcal vaccines is composed by a first intramuscular dose in infancy 

followed by a boost in the adolescence or a single intramuscular dose at 11 years. 

Therefore, the possible elimination of pain at the injection site and the easier 

administration with the possibility of self-administration might increase the vaccine 

acceptance and the numbers of vaccinated people especially in adolescents, which 

often are reluctant to vaccination.  

 

Neisseria meningitidis: disease and vaccines  

Meningococcal meningitis and sepsis are devastating diseases which still affect 

people with an incidence varying between 0.5 and 1000 cases/100 000 depending 

on the epidemiological areas (36). N. meningitidis is a gram-negative β-

proteobacterium and member of the bacterial family Neisseriaceae (Figure 1) (37). 

There are 13 serogroups of N. meningitidis based on different capsular 

polysaccharide structures, but only six serogroups (A, B, C, W-135, X, and Y) 

cause most life-threatening disease (38). Meningococci of serogroups B, C, Y, and 

W-135 express capsules composed entirely of polysialic acid or sialic acid linked to 

glucose or galactose (39), while the capsule of group A N. meningitidis is composed 

of N-acetyl mannosamine-1-phosphate (39). Complement-dependent bactericidal 

activity is an established correlate of protection against meningococcal disease. 

Studies by Goldschneider and colleagues firmly established the role of Ab in 

protection against invasive meningococcal infection (40). Over the past several 

years, much attention has been focused on the role of membrane proteins in 

complement evasion, in particular the interactions between factor H (FH), an 

inhibitor of the alternative pathway of complement, and meningococcal factor H 

binding protein (41-43). Other meningococcal surface molecules that inhibit the 

alternative pathway include Neisseria surface protein A (NspA) and PorB2, which 
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directly bind to FH. Meningococcal infection is a global but not uniform problem 

occurring as sporadic, hyper-sporadic, and epidemic disease. Disease patterns vary 

widely over time and between geographical areas, age groups, and bacterial 

serogroups. Of the five common serogroups (A, B, C, Y and W135) responsible for 

about 90% of infections caused by N. meningitides, serogroups A, B, and C account 

for most cases of meningococcal disease throughout the world, with serogroups B 

and C responsible for the majority of cases in Europe and the Americas and 

serogroups A and C predominating throughout Asia and Africa (44-46). Israel and 

Sweden are the only countries, other than the United States, that have reported an 

increase in serogroup Y disease (47). 

Figure 1| Neisseria meningitidis. Cross-sectional view of the meningococcal cell membrane. 

(Adapted from Rouphael NG, Stephan DS. Neisseria meningitidis: Biology, Microbiology, and 

Epidemiology. Methods Mol Biol. 2012; 799: 1–20 (48)). 

 

http://www.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&retmode=ref&cmd=prlinks&id=21993636
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Table 1| Licensed Meningococcal conjugate vaccine products with used schedules (Adapted from 

Ali A, Zehra Jafri R, Messonnier N, Tevi-Benissan C, Durrheim D, Eskola J et al. Global practices 

of meningococcal vaccine use and impact on invasive disease. Pathogens and Global Health 

2014;108:11-20 (49)). 

 

 

Different vaccines were developed against the meningococcal A, C, W, and Y 

serogroups, including polysaccharide vaccines and polysaccharide–protein 

conjugate vaccines based on the meningococcal capsule. For serogroup B, vaccine 

development has included protein vaccines based on meningococcal outer 

membrane vesicle (OMV) and, more recently, a range of conserved proteins 

including Factor H Binding Protein (fHBP), Neisseria Adhesin A (nadA), and 

Vaccine Manufacturer Serogroups Protein 

Conjugate 

Licensed schedule 

Menveo
TM

 Novartis Vaccines A, C, Y, W Diphtheria 

cross 

In US, one dose at the age 

of 2 years. 2nd dose 2 

months after 1st dose in 

high-risk children aged 2–5 

years 

Reactive 

material 197 

(CRM197) 

In Europe, approved for use 

from 2 months of age 

Menactra
TM

 Sanofi Pasteur A, C, Y, W Diphtheria 

toxoid 

1st dose in children aged 9–

23 months. 2nd dose after 3 

months in the age 2–55 

years. 

Meningitec
TM

 Neuron Biotech C CRM197 4 doses for children <1 year 

at 2, 4, 6, and 12 months. 

One dose for children over 

12 months, teenagers and 

adults 

Menjugate® Novartis Vaccines C CRM197 Age 2–4 months – 3 doses 

8 weeks apart, 4–11 months 

– 2 doses 8 weeks apart, 

≧12 months – 1 dose 

NeisVac-C
TM

 Baxter Bioscience C Tetanus toxoid Age 2–12 months – 2 doses 

2 months apart. ≥12 months 

– 1 dose 

Menitorix
TM

 GlaxoSmithKline C Tetanus toxoid Age 2–12 months – 3 

doses, 1 month apart. 

Booster from 12 months – 

2 years 

MenAfriVac
TM

 Serum Institute of 

India 

A Tetanus toxoid To be defined 

MenHibrix
TM

 GlaxoSmithKline C & Y Tetanus toxoid Age 2–15 months – four 

doses 
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Neisseria Heparin Binding Antigen (NHba) have been used as vaccine components. 

The major disadvantage of polysaccharide vaccines is their inability to produce 

memory cells leading to poor response to boosters and short duration of protection. 

For this reason Meningococcal conjugate vaccines were introduced in 1999 and 

since then, conjugate quadrivalent (A, C, Y, W) and monovalent MenA and MenC 

vaccines (Table 1) have been licensed in various countries. Conjugate vaccines use 

a carrier protein to present the polysaccharide antigen to the immune system, in a 

manner that induces a T-cell immune response.  

 

Selection of adjuvants   

As previously stated, different immunopotentiators were tested in vivo in order to 

investigate their ability to target the superficial skin-resident antigen-presenting 

cells receptors. This strategy was based on the idea that the use of receptors agonists 

can better direct the antigen toward the APCs and enhance the immune response 

against the antigen.  

1. Toll-like receptors and their agonists  

Toll-like receptors (TLRs), named pattern recognition receptors (PRRs), are 

expressed in dendritic cells and macrophages, the sentinel cells of the innate 

immunity, and recognize highly conserved structural pathogen components (50).  

It is well known that the TLRs are able to stimulate the innate immune system and 

guide the magnitude and quality of an adaptive response (51). For this reason 

different molecules were selected in order to mimic the natural TLRs ligands and 

act as vaccine adjuvants (52). In the current study, Monophosphoryl Lipid A 

(MPLA) (53), a TLR4 agonist (TLR4a), and a synthetic compound, as TLR7 

agonist (TLR7a), were evaluated for a Meningococcal C glycoconjugate vaccine. 

These agonists were also formulated, and in vivo evaluated, with an o/w emulsion 

adjuvant. MPLA is a derivative of the lipid A portion of Salmonella Minnesota 

Re595 lipopolysaccharide (LPS) which retains the immuno-stimulatory properties, 

while lacking in toxicity. The TLR7a compound belongs to the 

imidazoquinolinamines class (54), generically known as SMIPs (small molecule 

http://en.wikipedia.org/wiki/Dendritic_cells
http://en.wikipedia.org/wiki/Macrophages


 

 
 

28 Chapter 2 

immune-potentiators), since they are able to modulate the immune response through 

immunoglobulin production (55), interferon and cytokine synthesis (56). 

2. Heat-labile enterotoxin from Escherichia coli (LT) mutant 

as GM1 receptor agonist 

Bacterial adenosine diphosphate (ADP)-ribosylating exotoxins are a group of 

adjuvants able to elicit or enhance the response toward a vaccine given via the 

cutaneous route (22-25). In particular, the heat-labile enterotoxin from Escherichia 

coli (LT) mutant, LTK63, is composed of two subunits coded by an operon; subunit 

A (LTA) is a 28-kDa enzyme and subunit B (LTB) is a 60-kDa protein, composed 

of five identical polypeptides (11.6 kDa) (57). 

The B pentamer structure contains the cellular receptor binding function. The 

principal receptor for LTB is the ganglioside GM1, a glycosphingolipid found 

ubiquitously on the cell surface of mammalian cells. The receptor binding activity 

of LTB is required for the uptake and internalization of the AB5 complex by host 

cells. The A subunit is the toxic portion of LT and is internalized and subsequently 

stimulates the cellular adenylate cyclase-cyclic AMP system, leading to dramatic 

and unregulated elevation of intracellular cAMP. In intoxicated gut epithelial cells, 

cAMP elevation results in massive secretion of electrolytes and water into the gut 

lumen, clinically manifesting as diarrhea. Therefore, the A subunit, responsible for 

the toxicity of LT, was modified in the active site, (serine-to-lysine substitution at 

position 63) and lacks total ADP-ribosylating activity, generating the LTK63 

mutant. This molecule has been reported to retain the potent adjuvant properties of 

LT (58). In particular, immunomodulatory effects of LTK63 appear to vary with 

vaccination route. For example, subcutaneous administration of LTK63 with a 

meningococcal serogroup C polysaccharide conjugate induced a dominant Th1 

response whereas intranasal administration induced a mixed Th1/Th2 response (58). 

Regarding intranasal and intramuscular delivery, LTK63 has reportedly enhanced 

APC activation and maturation, increased the proportion and total number of B-

cells as well as CD4
+
 and CD8

+
 T-cells, and both stimulated and enhanced both 

Th1-type cytokine responses (including IFN-γ and TNF-α) as well as Th2 responses 
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(59). In the current study the LTK63 was evaluated for a Meningococcal C 

glycoconjugate vaccine. 

3. β-glucan hexasaccharide as Dectin-1 receptor agonist  

β-(1-3)-glucans, which are the most abundant components of the fungal surface, are 

known to activate the innate immune response by interaction with the C-type lectin-

like Dectin-1 receptor (60-61). β-(1-3)-glucans binding to Dectin-1 induces the 

phosphorylation of a tyrosine of the immunoreceptor tyrosine-based activation 

motif (ITAM) in the cytoplasmic tail that elicits the secretion of inflammatory 

cytokines, such as tumor-necrosis factor (TNF) and IL-12 (62). β-glucans activated-

DCs are able to stimulate antigen specific CD8+ T-cell responses, inducing 

enhancement of antigen presentation, priming and expansion of antigen specific 

CD8+ T-cells (63-65). The interaction of β-(1-3)-glucans, which are triplic helix 

forming polysaccharides, with Dectin-1 has been detailed by diverse studies (66-

69). Linear structures have been found to bind best to the receptor in comparison to 

branched ones (70).
 
The minimal length required for interaction is 6-7 repeating 

units, although the binding becomes tighter as the length increases (69-70). In the 

current study the β-glucans hexasaccharide was evaluated for a Meningococcal C 

glycoconjugate vaccine. 

4.  α-GalCer analog as CD-1d receptor agonists  

α-GalactosylCeramide (α-GalCer), a potent lipidic agonist, found in the marine 

sponge Agelas mauritianus (71), strongly activates the invariant natural killer T 

(iNKT) cells, binding the lysosomal CD1d molecules. Upon activation, iNKT-cells 

modulate the activity of CD1d-expressing cells, such as DC and B-cells, via the 

costimulatory molecule CD40 ligand, and induce IFN-γ-dependent activation of NK 

cells, ultimately enhancing adaptive immune responses (72-73).  By influencing the 

activation state of an APC, α-GalCer plays an important role in the control of 

bacterial, parasitic, viral infections, as well as natural immunosurveillance, 

contributing to the regulation of a variety of processes, such as self-tolerance, tumor 

surveillance, and antimicrobial responses. It has been also observed that α-GalCer 

triggers enhanced antibody production in mice lacking MHC II, suggesting that 
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iNKT-cells can substitute for conventional CD4
+
 T-cells and provide assistance for 

maximal activation of B-cells (74). A α-GalCer analog was evaluated, in the current 

study, as agonist in co-delivery with the Meningococcal C glycoconjugate vaccine. 

5. Oil-in-water emulsion (o/w) adjuvant  

The oil-in-water nanoemulsion (o/w) adjuvant used in the present work is based on 

squalene droplets dispersed in an aqueous phase containing two non-ionic 

surfactants, Tween 80 and Span 85 (75). A similar nanoemulsion adjuvants namely 

the MF59 was the second adjuvant to be licensed in Europe for seasonal and 

pandemic influenza adjuvanted vaccines, demonstrating superior immunogenicity 

in comparison to aluminum salts (76-78) and excellent safety and tolerability (79) 

even after intradermal administration (80). The adjuvant effect of such 

nanoemulsion adjuvants was shown to be closely dependent on its formulation since 

none of the individual components induced comparable adjuvanticity (81). In the 

current study the nanoemulsion was tested in combination with the Meningococcal 

C glycoconjugate vaccine and further adjuvanted with the MPL immunopotentiator 

mentioned before, in order to improve the vaccine immunogenicity and evaluate the 

quality of the immune response.  
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Abstract 

Intradermal vaccine delivery is a promising alternative to the conventional 

intramuscular route. The skin layer is immunologically supported by a densely 

connected network of antigen presenting cells (APCs), while the skeletal muscle is 

loaded with a relatively sparse population of APCs. Thanks to this immunological 

machinery intradermal delivery induced a higher immunogenicity and a prolonged 

persistence of immune response for several antigens when compared to the 

intramuscular route. Moreover reduced pain, the potential for self-administration, 

speedier vaccine delivery and the prospective for the elimination of the “cold chain” 

increase the interest in intradermal vaccination. The scope of this study is to 

evaluate for the first time intradermal delivery as the route for the administration of 

the MenC glycoconjugate vaccine. A vaccine formulation suitable for intradermal 

delivery was prepared and its immunogenicity with or without adjuvants was tested 

in comparison to the classical intramuscular route. As adjuvants several Toll like 

receptor agonists, an LT mutant, a α-GalactosylCeramide analog and an oil in water 

emulsion were investigated in order to target skin-resident antigen-presenting cells. 

The intradermal delivery of MenC glycoconjugate vaccine showed superiority in 

terms of immunogenicity and serum bactericidal titers compared to the 

intramuscular administration even in absence of adjuvant. Importantly, the use of 

adjuvants allowed to reduce the number of doses administered and to modulate the 

quality of the immune response towards a more beneficial Th1 response. This 

approach has the potential to be extended to other meningococcal serogroups 

representing a promising strategy for the development of dermally administered 

multivalent glycoconjugate vaccines. 
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Introduction 

The dermal skin layer, that lies beneath the stratum corneum, is characterized by a 

densely network of immune modulating antigen presenting cells (APCs). While in 

the epidermis and dermis APCs are most significantly represented by Langerhans 

cells and dermal dendritic cells, the skeletal muscle is only loaded with a relatively 

sparse population of APCs. Importantly for several antigens intradermal delivery 

demonstrated an induction of a higher immunity and a prolonged persistence of 

immune response compared to the intramuscular route (82-89). Recently, enhanced 

anti-PCV immunogenicity was demonstrated, for a licensed pneumococcal-

conjugate vaccine when delivered with a skin patch and compared to the 

intramuscular injection of the same vaccine (90). Intradermal delivery might also be 

explored in order to increase patient compliance and so the volume of people 

vaccinated, increasing the reduction of the disease (91). Moreover certain 

formulations of intradermal vaccine delivery, such as patches, may abolish the 

necessity of the “cold chain,” which should decrease the cost of vaccine delivery 

and increase and facilitate distribution in developing countries (92). To further 

increase the benefits induced by intradermal delivery, adjuvants could be included 

in respective vaccine formulations. Commonly used adjuvants for transcutaneous 

immunization are the bacterial ADP-ribosylating exotoxins, including the heat-

labile enterotoxin from Escherichia coli (LT), and its mutant LTK63 (22-25, 58). In 

addition several Toll like receptor agonists (52), the oil in water emulsion (76-79, 

80) and a α-GalactosylCeramide analog (72-73) were evaluated in order to target 

skin-resident antigen-presenting cells (93-94) and enhance the immune response. 

Moreover the adjuvants might allow for the reduction of the number of doses 

administered and the modulation of the quality of the immune response (95). For all 

these reasons the purpose of this study was to evaluate intradermal delivery as a 

route for the administration of a MenC glycoconjugate vaccine. The capsular 

polysaccharides of the five meningococcal serogroups, A, B, C, W135, and Y, 

represent the major antigen for the conjugate vaccines (96-98). All the licensed 

meningococcal vaccines are administered by intramuscular injection. For MenC and 
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multivalent Men A, C, W135, and Y a first dose is recommended in infancy 

followed by a boost in adolescence or a single dose at the age of 11 years. The 

reduction of pain at the injection site and the ease of administration with the 

possibility of self-administration might increase the acceptance and the numbers of 

vaccinated people, especially adolescents, which for the first time must receive the 

meningococcus vaccines and have been generally reluctant to vaccination.  

To achieve our goal the MenC glycoconjugate vaccine was used as a model with 

the intent of extending this approach to further glycoconjugate vaccines. A 

formulation suitable for intradermal delivery was prepared and its immunogenicity 

with or without adjuvants was tested and compared to the classical intramuscular 

route.  

 

Materials and methods 

Tangential Flow Filtration (TFF) 

The MenC-CRM197 conjugate (component of Menveo®, Menjugate® vaccines) was 

concentrated by tangential flow filtration (Tandem Model 1082 - Sartorius) with a 

30 kDa MW cut-off, 200 cm
2
 membrane (Hydrosart Sartocon Slice 200 - Sartorius). 

The collected concentrate materials were then characterized for protein and 

polysaccharide content. 

High Performance Liquid Chromatography-Size Exclusion Chromatography 

(HPLC-SEC) 

The chromatographic method was performed as previously described (99). Data 

was processed using Chromeleon
TM

 6.7 software. Protein and conjugate peaks were 

detected at 214 and 280 nm and by fluorescence (emission spectrum at 336 nm, 

with excitation wavelength at 280 nm). 

High performance anion exchange chromatography with pulsed amperometric 

detection (HPAEC-PAD)  

The total saccharide content of MenC-CRM197 conjugate was determined by 

HPAEC-PAD as previously described (99). All chromatographic data was 

integrated and processed using Chromeleon
TM

 6.8 software. 
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Determination of 𝑪𝑹𝑴𝟏𝟗𝟕 protein content by BCA assay 

The CRM197 protein content in the sample was determined by colorimetric 

estimation using bicinchoninic acid (BCA) (Pierce™ BCA Protein Assay Kit) 

reagent with a bovine serum albumin (BSA) standard. The light absorbance at 562 

nm was measured using the Gen5
TM

 software and a tunable micro plate reader 

(BioTek). 

Production and size characterization of self-emulsifying oil-in-water emulsion 

adjuvant  

The oil-in-water (o/w) emulsion adjuvant was manufactured as previously described 

(75). The droplet size was measured on Malver Zetasizer (Malvern Instruments, 

Malvern, UK) by dynamic light after filtration through membrane filters.  

Immunogenicity testing in mice  

Protocols were approved by the Italian Ministry of Health. All mice were housed 

under specific pathogen-free conditions at the Novartis Vaccines Animal Resource 

Center. Groups of eight 6-week-old female BALB/c mice were immunized twice, 

four weeks apart, intramuscularly (i.m.)/intradermally (i.d.). The MenC-CRM197 

conjugate (1 μg/mouse of MenC) adjuvanted with alum hydroxide (AlumOH – 

internal compound) (0.2 mg/mouse) and delivered intramuscularly was used as a 

positive control. For i.m. immunization, 100 µl of CRM197 alone (2 μg/mouse) and 

MenC-CRM197 (1 μg/mouse of MenC) alone or co-delivered with 5 μg/mouse of the 

TLR4 agonist (TLR4a) Monophosphoryl lipid A (MPL - Avanti Polar), 25 

μg/mouse of a TLR7 agonist (TLR7a) (internal compound), 5 μg/mouse of heat 

labile enterotoxin (LTK63) and 5 μg/mouse of α-GalactosylCeramide analog (α-

GalAnalog) were injected. The same antigen/adjuvant dose was delivered 

intradermally in a 20 µL formulation using a 0.3 mL BD Micro-Fine syringe 

(30Gx8mm) inserted at a 45 degree angle. The vaccinations were dispensed in the 

back after shaving. In addition MPL adjuvant was tested in combination with 50% 

v/v o/w emulsion for the intradermal delivery. The appearance of nodules, 

erosion/scab, erythema and redness at the site of administration was monitored. 
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Serum samples were collected on days 14 and 42 and stored at -20 °C before 

analysis. 

Determination of MenC-specific antibody titers by ELISA  

Determination of anti-MenC specific total IgG and subclasses IgG1 and IgG2a titers 

was performed by ELISA using individual serum samples. Maxisorp plates (Nunc) 

were coated overnight at +4°C with 0.5 μg/well of MenC polysaccharide in PBS pH 

8,2 and blocked for 1 h at 37°C with 200 μL of 1% BSA (Sigma), in PBS. Serum 

samples were initially diluted in PBS, 0.1% BSA and 0.05% Tween-20 (Sigma), 

and serially diluted into coated and blocked plates. Bound MenC-specific IgG, IgG1 

and IgG2a were detected with alkaline phosphatase-conjugated goat anti-mouse IgG 

subclasses respectively (SouthernBiotech). Antibody titers, normalized with respect 

to the reference serum assayed in parallel, were obtained using IrisLab software. 

GraphPad Prism v.6.04 (GraphPad Software, La Jolla, CA) was used to graph and 

analyze data for statistical significance. Intergroup comparison was analyzed using 

the Mann-Whitney test.  

Determination of functional antibodies titers against Neisseria meningitidis 

Functional antibodies induced by vaccine immunization were analyzed by 

measuring the complement-mediated lysis of Neisseria meningitidis with an in vitro 

bactericidal assay using commercial pooled baby rabbit serum as a complement 

source (rSBA) (41). 

𝑪𝑹𝑴𝟏𝟗𝟕-specific T-cell intracellular cytokine responses  

Spleens were taken two weeks after the second immunization. Single cell 

suspensions were obtained from spleen grinding through a 70 μm nylon mesh (BD 

Falcon). Red blood cells were lysed and cells cultured in complete medium as 

previously described (100) For T-cell cytokine responses, 2 x 10
6
 cells/well were 

stimulated, overnight (ON) at 37°C, in the presence of anti-CD28/anti-CD49 Abs (4 

μg/mL each) (Pharmingen/eBioscience) and CRM197 (10 μg/mL), or with anti-

CD28/anti-CD49 alone (4 μg/mL each, unstimulated), or with anti-CD28/anti-CD49 

(4 μg/mL each) plus anti-CD3 (0.1 μg/mL) (Pharmingen). After stimulation 

overnight, 5 μg/mL Brefeldin A (Sigma Aldrich) was added and for an additional 4 
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h incubated at 37°C. Cells were washed with 1x PBS (Gibco), and stained with 

LIVE/DEAD Fixable Near-IR Dead Cell Stain Kit for 635 nm excitation (Life 

Technologies). Cells were fixed, permeabilized with Cytofix/Cytoperm (BD 

Biosciences), and stained with the following mAbs: anti-TNFα (BD Pharmingen), 

anti-IFN-γ (BioLegend), anti-IL-2 (BioLegend), anti-IL-4 (eBioscience), anti-IL-13 

(eBioscience) and anti-IL-17 (eBioscience). Stained cells were acquired using an 

LSR II special order system (Becton-Dickinson) and analyzed using FlowJo 

software (Tree Star).  

 

Results 

MenC-𝑪𝑹𝑴𝟏𝟗𝟕 glycoconjugate retains its integrity after the concentration 

process  

To obtain an appropriate MenC-CRM197 concentration, for the delivery of the 

established antigen dose in 20 µL of formulation volume, required for the 

intradermal immunization, the glycoconjugate was concentrated using the TFF 

process. The obtained material was characterized in order to define the total 

saccharide content of MenC-CRM197 conjugate by HPAEC-PAD (Table 2). The 

yield of the process, approximately total, is an indication of the optimal 

applicability of the process to the MenC-CRM197 glycoconjugate. To prove the 

absence of material degradation after the concentration process, the glycoconjugate 

was analyzed through HPLC-SEC (Figure 2a) and SDS-Page (Figure 2b). The 

chromatographic profile was comparable with the untreated material. Around 20 

fold more concentrated material was obtained and no impact on glycoconjugate 

integrity was evidenced by the weight ratio between MenC and CRM197 before and 

after the concentration process.   
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a 

1. MenC-CRM
197

 

2. MenC-CRM
197 

concentrated 

1       2 CRM
197

 MW 

198 - 

  

110 - 

72   - 

44   - 

b 

Table 2| Total saccharide content of MenC-𝑪𝑹𝑴𝟏𝟗𝟕 concentrated glycoconjugate 

 

Figure 2| Concentrated material characterization. (a) HPLC-SEC chromatographic profiles and 

(b) SDS page gel electrophoresis of respectively Neisseria meningitides capsular polysaccharides 

serogroup C and A, conjugated to the 𝐶𝑅𝑀197 carrier protein, before and after the concentration 

processes. Void volume 10.97 min, bed volume 24.79 min. 

  

 

Sample Total 

saccharide 

mg/mL
a 

Protein 

mg/mL
b 

Saccharide/Protein  

w/w
c 

Free 

Saccharide 

%
d 

Process yield 

%
e 

MenC-CRM
197

 0.69 1.21 0.57 < 4.4 - 
MenC-CRM

197
 

concentrated 
10.81 19.35 0.56 < 4,5 97 

MenA-CRM
197

 2.09 3.54 0.59 4.6 - 

MenA-CRM
197

 
concentrated 

7.82 15.39 0.51 3.9 98 

a: Recovered conjugate saccharide as determined by HPAED-PAD. 

b: Recovered protein as determined by microBCA. 

c: Weight ratio between MenC/MenA and CRM197  in the glycoconjugate. 

d: Recovered free saccharide as determined by HPAED-PAD. 

e: Yield obtained on protein content before and after concentration process as determined by microBCA.  
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MenC-𝑪𝑹𝑴𝟏𝟗𝟕 glycoconjugate shows superiority after intradermal immunization 

when compared to the intramuscular route  

In order to evaluate intradermal delivery as an alternative route for the 

administration of meningococcal vaccine an in vivo study was designed (Figure 3). 

Non-adjuvanted MenC-CRM197 was administered either intramuscularly or 

intradermally; whereas the glycoconjugate adjuvanted with AlumOH was used as a 

positive control for intramuscular administration only, given that AlumOH should 

not be used for intradermal delivery (29). Interestingly only the vaccine delivered 

intradermally and the AlumOH adjuvanted vaccine given intramuscular were able 

to elicit an anti-MenC immune response after the first immunization. For the non-

adjuvanted vaccine given intramuscularly two vaccine administrations were 

required to induce detectable antibody titers; moreover these titers were not superior 

to titers induced after a single injection with the vaccine given intradermally or the 

AlumOH adjuvanted vaccine given intramuscular. As seen after the first 

immunization also total IgG titers in sera from mice immunized with two doses of 

MenC-CRM197 intradermally showed comparable antibody titers to AlumOH 

adjuvanted vaccines given by the intramuscular route (Figure 3a). These data 

clearly show the superiority of the intradermal route when compared to the 

intramuscular administration and confirm the ability of a quicker onset of immune 

responses by either using a different route of administration or the use of adjuvants.  

For the protein alone anti-CRM197 IgG titers elicited after intradermal delivery 

resulted significant higher than that of the respective intramuscular titer, although 

the interquartile range bar associated with the intradermal response is very high 

(Figure 3b). While when comparing anti-CRM197 antibody titers induced by the 

MenC-CRM197 glycoconjugate vaccine the immune response was higher after 

intradermal delivery. Thus it seems that the presence of the polysaccharide 

component in respective glycoconjugate has an adjuvant effect versus the protein 

when intradermally administered. Importantly the elicited CRM197 specific IgG 

titers resulted in lower values than the AlumOH adjuvanted formulation given 

intramuscular. No adverse reactions such as nodules, erosion/scab, erythema or 

redness at the site of administration after intradermal immunization, were detected. 
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Figure 3| Systemic humoral responses to i.m. and i.d. administration of MenC-𝑪𝑹𝑴𝟏𝟗𝟕 alone, 

adjuvanted with alum hydroxide (AlumOH) and 𝑪𝑹𝑴𝟏𝟗𝟕. (a) MenC-specific and (b) 𝐶𝑅𝑀197-

specific IgG titers were analyzed after each immunization. Intergroup comparisons were analyzed 

using the Mann-Whitney statistical assay. Medians of MenC/𝐶𝑅𝑀197-specific IgG titers for i.m. and 

i.d. immunizations are reported.   
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Table 3| pValues (a) associated to groups in figure 3a (b) associated to groups in figure 3b. 

 

Oil in water emulsion and TLR4a increase the immunogenicity meningococcal 

glycoconjugate vaccine   

To evaluate if immunogenicity induced after intradermal immunization can be 

increased by the use of adjuvants two different adjuvants, an oil in water emulsion 

and a TLR4a, were evaluated either alone or in combination (Figure 4a). After a 

single immunization all adjuvanted groups induced antibody titers comparable or 

superior to titers induced by two immunizations with the non-adjuvanted vaccine 

given intramuscular. After two immunizations both adjuvants resulted in significant 

enhancement of the immune response against MenC polysaccharide in comparison 

with the glycoconjugate alone delivered i.d. and the AlumOH adjuvanted group 

given i.m. In order to evaluate if the immune response against MenC can be further 

maximized after intradermal vaccination, the TLR4a adjuvant was co-delivered 

with the oil in water emulsion; and significantly improved immune response was 

detected in comparison to the o/w adjuvanted formulations however no improved 

immunogenicity compared to the TLR4a single adjuvanted formulation was 

observed. With respect to anti-carrier immune responses all adjuvanted groups 

induced higher titers than the MenC-CRM197 alone, however comparable to the 

AlumOH adjuvanted formulation intramuscular delivered. No differences for anti-

CRM197 IgG titers were observed for the double adjuvanted formulation in 

comparison to both single adjuvanted formulations (Figure 4b).  

 

  

Groups pValue

MenC- i.m. vs MenC- i.d. 0,03

Groups pValue

i.m. vs i.d. 0,0093

MenC- +AlumOH i.m. vs MenC- i.d. 0,0019

i.d. vs MenC- i.d. 0,0017

a 

b 
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Figure 4| Systemic humoral responses to i.m. and i.d. administration of MenC-𝑪𝑹𝑴𝟏𝟗𝟕 alone, 

adjuvanted with oil in water emulsion (o/w) and TLR4 agonist (TLR4a) and 𝑪𝑹𝑴𝟏𝟗𝟕. (a) MenC-

specific and (b) 𝐶𝑅𝑀197-specific IgG titers were analyzed after each immunization. Intergroup 

comparison was analyzed using the Mann-Whitney statistical assay. Medians of MenC-specific and 

𝐶𝑅𝑀197-specific IgG titers for i.m. and i.d. immunizations are reported.  
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Table 4| pValues (a) associated to groups in figure 4a (b) associated to groups in figure 4b.  

 

Bactericidal titers correlate with the obtained ELISA titers  

The functionality of the elicited antibody titers post 2 was assessed by rabbit 

complement serum bactericidal assay (rSBA) (Table 4), a model that is considered a 

surrogate of protection for meningococcal antigens (101-102). In agreement with 

the total IgG titers the MenC-CRM197 associated rSBA titer after intradermal 

delivery was comparable to the AlumOH adjuvanted after intramuscular injection 

(Table 3); and a significant increase of rSBA titer was measured when TLR4a 

and/or emulsion adjuvanted formulations were delivered intradermally and 

compared to the respective titers elicited by non-adjuvanted CRM197 and MenC-

CRM197 formulations. As expected no bactericidal activity was elicited by the 

CRM197 for both immunization routes.  

Groups pValue

MenC- i.d. vs MenC- +o/w i.d. 0,0104

MenC- i.d. vs MenC- +TLR4a i.d. 0,0006

MenC- +AlumOH i.m. vs MenC- i.d. 0,0019

Groups pValue

MenC- i.d. vs MenC- +o/w i.d. 0,0002

MenC- i.d. vs MenC- +TLR4a i.d. 0,0002

MenC- +o/w i.d. vs MenC- +o/w+TLR4a i.d. 0,0002

MenC- +o/w i.d. vs MenC- +AlumOH i.m. 0,0021

MenC- +TLR4a i.d. vs MenC- +AlumOH i.m. 0,0003

b 

a 
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Table 5| Bactericidal titers for mice sera post 2 analyzed by measuring the complement-mediated 

lysis of Neisseria meningitidis. 

 

Immunopotentiators for intradermal delivery MenC-𝑪𝑹𝑴𝟏𝟗𝟕 glycoconjugate 

vaccine  

In addition to the tested TLR4a and the o/w emulsion adjuvant, MenC-CRM197 

glycoconjugate vaccine was adjuvanted with three alternative adjuvants: TLR7a, 

LTK63 and αGalAnalog, in order to evaluate novel adjuvants able to target skin-

resident antigen-presenting cells. Intramuscular and intradermal routes were 

investigated (Figure 5). Data obtained confirmed that in absence of adjuvant 

immunogenicity of MenC glycoconjugate vaccine when delivered intradermally not 

only showed a quicker on-set but was also significant higher in comparison to 

respective intramuscular administration. For both immunization routes, -intradermal 

and intramuscular - and after both - the first and the second - immunizations, total 

IgG titers induced in presence of immunopotentiators were higher than the titer of 

the non-adjuvanted formulation. Interestingly for the intramuscular route the 

presence of adjuvants seem to be mandatory in order to elicit an immune response 

after a single immunization only; whereas non-adjuvanted vaccine given 

intradermally is able to induce already detectable immune response after the first 

immunization. Moreover the MenC-specific IgG titers, obtained in sera post1, 

associated to all adjuvants tested and delivered intradermally are comparable to the 

titer of the antigen alone delivered intramuscularly after two immunizations.  

Vaccine

rSBA titer

MenC - C11strain

i.m. i.d.

+

- <16 <16

MenC-

- 128 8192

AlumOH 8192 -

o/w

/

32768

TLR4a 131072

o/w+TLR4a 65536
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Figure 5| Systemic humoral responses to i.m. and i.d. administration of MenC-𝑪𝑹𝑴𝟏𝟗𝟕 alone and 

adjuvanted with TLR4/TLR7 agonists (TLR7a – TLR4a), LTK63 and αGalAnalog. MenC-specific 

IgG titers were analyzed after the first and the second immunization. Intergroup comparison was 

analyzed using the Mann-Whitney statistical assay. Medians of MenC-specific IgG titers for i.m. and 

i.d. immunizations are reported.  

Table 6| pValues  associated to groups in figure 5 

 

 Bactericidal titers correlate with the obtained ELISA titers  

In agreement with the total IgG titers a significant increase of bactericidal activity 

was measured when MenC-CRM197 glycoconjugate was intradermally administered 

and compared to the intramuscular route. For both immunization routes all the 

adjuvants tested increased serum bactericidal titers and TLR4a and LTK63 

adjuvanted formulations seem to induce higher titers when delivered intradermally 

in comparison to the two respective formulations given through the intramuscular 
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route. Whereas no differences were observed between the two immunization routes 

in presence of the TLR7a and αGalAnalog adjuvanted formulations. 

 

Table 7| Bactericidal titers for mice sera post 2 analyzed by measuring the complement-mediated 

lysis of Neisseria meningitidis. 

 

Immunopotentiators induces a Th1 shift  

To determine the quality of the immune response, post 2 mice sera were analyzed 

for anti-MenC-specific IgG1 and IgG2a titers (Figure 6). The presence of TLR4a 

and TLR7a elicited higher IgG2a antibody titers than the LTK63 adjuvanted 

vaccine formulations and the Th1 isotype shift was induced for both i.m. and i.d. 

immunization routes. On the contrary, the αGalAnalog adjuvant enhances the Th2 

isotype antibody response. Remarkably LTK63 induced a Th1 shift in a more 

predominant way after intradermal delivery, confirming previously reported data 

obtained after the mucosal administration of Influenza vaccine (100), where it 

seems that the ability of the LTK63 adjuvant to shift immune responses to a more 

dominant Th1 profile is immunization route dependent. This result was also 

confirmed by the CRM197-specific T-cell responses in spleens evaluated by 

intracellular staining and flow cytometry. The percentage of CD4
+
 CD44

high
 T-cells 

producing IL-2, IL-4/IL-13, IL-17, IFN-ɣ and TNFα were analyzed (Figure 7). 

CRM197 -specific T-cell responses in spleens, after LTK63 administration, showed 

that IFN-ɣ production was elicited only after intradermal delivery and higher TNFα 

and IL-2 cytokines production occurred after intradermal delivery in comparison to 

Vaccine

rSBA titer

MenC - C11strain

i.m. i.d.

MenC- +

- 256 4096

TLR4a 65536 131072

TLR7a 16384 16384

LTK63 32768 65536

αGalAnalog 16384 16384
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the intramuscular route. No particular differences were observed for the other 

presented cytokines between i.m. and i.d. delivery (data not shown). 

Figure 6| Systemic humoral responses to i.m. and i.d. administration of MenC-𝐶𝑅𝑀197 (Ag) alone 

and adjuvanted with TLR7/TLR4 agonist (TLR7a/TLR4a), LTK63 and αGalAnalog are reported. 

MenC-specific IgG1/IgG2a titers ratio of mice sera post 2 are reported. 

Figure 7| Intramuscular and intradermal immunizations elicited 𝐶𝑅𝑀197 -specific T-cell responses. 

Mice were vaccinated i.m. or i.d. with MenC-𝐶𝑅𝑀197 (Ag) alone or in combination with LTK63. 

CD4
+
 T-cell cytokine responses to 𝐶𝑅𝑀197 were evaluated in spleen two weeks after the second 

immunization. T-cell responses were calculated by subtracting fluorescence percentages of 

untreated samples from the 𝐶𝑅𝑀197-stimulated samples. Untreated mice (naïve) were used as 

negative controls  
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Discussion 

In the present study it has been shown that by using Tangential Flow Filtration 

(TFF), a scalable and robust process, it is possible to prepare highly concentrated 

MenC glycoconjugate vaccines for subsequent intradermal delivery. Importantly, it 

was demonstrated that the process does not affect the integrity and the 

immunogenicity of the antigen. The characterization data generated, along with the 

systemic immune response in mice, clearly establish TFF as a suitable process for 

the concentration of MenC glycoconjugate vaccine. Moreover this scalable 

technique might help to process large batches of MenC glycoconjugate vaccine and 

could be easily adapted to further glycoconjugate vaccines as have already been 

tested for MenA-CRM197 glycoconjugate (data not shown). The concentrated 

material was used to evaluate the administration of the MenC glycoconjugate 

vaccine through the intradermal route in comparison to intramuscular delivery. 

Superiority, in term of immunogenicity and protection, of the intradermal delivery 

was demonstrated. Considering that the non-adjuvanted vaccine given intradermally 

is able to induce a detectable immune response after the first immunization and that 

comparable antibody titers to AlumOH adjuvanted formulations injected 

intramuscularly, after one and two doses, are achieved the intradermal route has the 

potential to allow the elimination of AlumOH from the vaccine formulation.  

The good intradermal immunogenicity of the MenC glycoconjugate vaccine might 

be explained by the presence of several receptors on the surface of Langerhans 

cells, the primary antigen presenting cell in the skin, which allow a better cell 

targeting and activation and consequently, a more efficient antigen presentation 

than other dendritic cell subpopulations. Whereas conventional intramuscular route 

of vaccine administration may limit the magnitude and the quality of the immune 

response by targeting and activating less immunologically active sites.  

It was demonstrated that the use of immunopotentiators can further enhance the 

immunogenicity and increase bactericidal activity after intradermal delivery; 

depending on the adjuvant used an evident shift in the quality of the immune 

response is observed. For meningococcus, there are indications that the induction of 
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the IgG2a subclass is highly protective (103). Interestingly the TLR4 agonist and 

TLR7 agonist induced increased IgG2a antibody  titers – thus a Th1 shift - 

independently from the route of immunization, while LTK63 induced the shift 

toward a Th1 response in a more predominant way after intradermal delivery, 

therefore confirm results obtained after mucosal delivery and published elsewhere 

(100). Moreover LTK63 induced INFɣ production from CD4+ T-cells after 

intradermal but not after intramuscular delivery confirming respective evidence. 

Regarding the αGalCer analog, the enhanced IgG1 antibody production indicates 

this adjuvant as more convenient to be used to treat diseases that need a 

predominant Th2 response. It also has been demonstrated that the oil in water 

emulsion adjuvant can be used for the intradermal administration of a 

glycoconjugate vaccine, increasing its immunogenicity. In the present studies the 

pre-clinical observation revealed that the tested adjuvants were well-tolerated, and 

that any evident local reaction was evidenced. A more in depth analysis is required 

to better investigate the safety profile of these compounds after intradermal 

delivery.  

In the context of anti-carrier immunity, the administration of the CRM197 protein 

alone did not show a good immune response against the protein for both routes of 

immunization; at the same time the elicited CRM197 –specific IgG titers after 

MenC-CRM197 intradermal administration resulted in higher levels than the same 

formulation administered intramuscularly. In previous studies (18, 104-105) it was 

demonstrated how polysaccharides that are weak receptor binders can be turned into 

more potent agonists by their multivalent presentation through conjugation to a 

protein core. In that case the MenC, as saccharide, might have acquired an immune 

stimulant role for skin dendritic cell after its conjugation to the CRM197 carrier 

protein. Nevertheless anti-CRM induced antibody titers after intradermal vaccine 

delivery remained significant lower when compared to anti-CRM titers induced 

with the Alum adjuvanted formulation given intramuscular. Results published by 

Pecetta et al indicate that anti-CRM immunity might even improve the anti-

saccharide response for corresponding glycoconjugates vaccines (106). Therefore 

enhanced CRM197 –specific IgG titers after intradermal delivery of MenC-CRM197 
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should not negatively impact the anti-saccharide response of a subsequent 

CRM197 glycoconjugate vaccination. 

All the above findings demonstrate that the modulation of vaccine formulation 

through careful selection of antigen, adjuvants and the route of administration, is an 

important approach for the development of effective vaccines. Thus promising 

adjuvants combined into new vaccine formulations and devises as for example 

microneedle technologies might lead to the development of multivalent 

meningococcal glycoconjugate vaccines given by the dermal route. Importantly, 

recent studies among volunteers have demonstrated a clear preference for 

intradermal route of vaccine delivery over the conventional i.m. route (107). 

Several factors might contribute to this preference, such as needle phobia, lack of 

pain, and the potential for self-administration.  
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Supplementary data  

 β-glucan hexasaccharide as adjuvant: co-delivered and  

conjugated to MenC-𝑪𝑹𝑴𝟏𝟗𝟕 glycoconjugate  

 

Introduction 

To better evaluate the β-(1-3) hexasaccharide as adjuvant for MenC-CRM197, in 

addition to the previous tested adjuvants, it was delivered in physical mix as well as 

conjugated to CRM197 carrier protein and in vivo evaluated after intramuscular, 

intradermal and subcutaneous vaccinations. As already reported, β-(1-3)-glucans 

and are able to activate innate immunity by the interaction with the Dectin-1 

receptor (66-69). In chapter 4 the conjugation of β-glucan hexasaccharide to the 

CRM197 model antigen is proposed as strategy to test the capability to enhance the 

immune response toward a protein model antigen in comparison to the here 

presented glycoconjugate model antigen. 

 

Materials and methods 

Immunogenicity testing in mice  

Protocols were approved by the Italian Ministry of Health. All mice were housed 

under specific pathogen-free conditions at the Novartis Vaccines Animal Resource 

Center. For intramuscular (i.m.) and intradermal (i.d.) vaccinations, groups of eight 

6-week-old female BALB/c mice were immunized twice, four weeks apart. 100 µl 

of MenC-CRM197 (1 μg/mouse of MenC) alone or co-delivered with 25 μg/mouse 

of β-glucan hexasaccharide were injected intramuscularly. The same 

antigen/adjuvant dose was delivered intradermally in a 20 µL formulation using a 

0.3 mL BD Micro-Fine syringe (30Gx8mm) inserted at 45 degree angle. The 

vaccinations were dispensed in the back after shaving. The appearance of nodules, 

erosion/scab, erythema, redness at the site of administration was monitored. Serum 

samples were collected on days 14 and 42 and stored at -20 °C before analysis. For 

subcutaneous (s.c.). vaccination, groups of eight 6-week-old female BALB/c mice 

were immunized three times, three weeks apart. 200 µl of MenC-CRM197 (1 
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μg/mouse of MenC) and MenC-CRM197-hexa (1 μg/mouse of MenC, 0,25 

μg/mouse of hexasaccharide) were injected. Serum samples were collected on days 

20, 35 and 56 and stored at -20 °C before analysis 

Determination of MenC-specific antibody titers by ELISA  

See manuscript above. 

 

Results and conclusions 

 β-glucan hexasaccharide co-delivered with MenC- 𝑪𝑹𝑴𝟏𝟗𝟕  

glycoconjugate doesn’t increase the immune response to MenC 

polysaccharide 

After two immunizations, β-glucan hexasaccharide co-delivered with the antigen 

didn’t show an adjuvant effect as revealed by the absence of a statistical 

significance between the adjuvanted and non-adjuvanted formulations for both 

immunization routes (Figure 8). In the presented study we showed the lack of β-(1-

3)-glucan hexasaccharide adjuvant effect when co-delivered with the antigen.  

Figure 8| Systemic humoral responses to i.m. and i.d. administration of MenC-𝑪𝑹𝑴𝟏𝟗𝟕 alone and 

adjuvanted with β-glucan hexasaccharide (Hexa). MenC-specific IgG titers were analyzed after the 

second immunization. Intergroup comparison was analyzed using the Mann-Whitney statistical 

assay. Medians of MenC-specific IgG titers for i.m. and i.d. immunizations are reported.  
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 Conjugation of hexasaccharide to 𝑪𝑹𝑴𝟏𝟗𝟕 carrier doesn’t increase the 

immune response to MenC polysaccharide 

After three immunizations, total IgG titer induced by MenC-CRM197-hexa 

conjugate is comparable to the MenC-CRM197 control after subcutaneous 

immunization. Β-glucan hexasaccharide conjugated with the antigen didn’t show an 

adjuvant effect as revealed by the absence of a statistical significance between the 

two tested formulations (Figure 9). This result can be explained by the steric 

conformation of the conjugate. The long MenC polysaccharide chain eventually 

interfered with the accessibility of the short hexasaccharide chain to the Dectin-1 

receptor and consequently no adjuvant effect was observed. 

Figure 9| (a) Systemic humoral responses to s.c. administration of MenC-𝑪𝑹𝑴𝟏𝟗𝟕 alone and 

conjugated with β-glucan hexasaccharide (MenC-𝑪𝑹𝑴𝟏𝟗𝟕-hexa). MenC-specific IgG titers 

were analyzed after the second and third immunization. Intergroup comparison was analyzed using 

the Mann-Whitney statistical assay. Medians of MenC-specific IgG titers for s.c. immunizations are 

reported. (b) Graphic representation of MenC-𝑪𝑹𝑴𝟏𝟗𝟕-hexa compound.
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Two different approaches of agonist conjugation  

As previously stated in chapter 2, agonists of Toll like receptor 7 (TLR7a) can 

activate innate immunity and initiate a cascade of immune responses that can 

impact the magnitude and the persistence of the immune response. These features 

render TLR7a a very attractive class of small molecules for the development of 

adjuvants for vaccination (108-109). Recently, Vecchi et al has proven that 

conjugation of TLR7a to an anti-Streptococcus pneumoniae protein antigen 

increases the immunogenicity and reduced the vaccine dose required to elicit 

protective immunity (125). In this chapter the conjugation of TLR7a to the antigen 

is proposed as a viable strategy to ensure codelivery of TLR7a/antigen and to 

transport the ligand to the receptor, to promote its intracellular accumulation and to 

favor the receptor activation. Two different approaches of TLR7 agonist 

conjugation to MenC-CRM197 glycoconjugate vaccine were investigated in vivo:  

1. TLR7a conjugation to CRM197 carrier protein (Figure 1a); 

2. TLR7a conjugation to MenC polysaccharide (Figure 1b); 

The obtained findings for the TLR7a conjugation to CRM197 carrier protein 

approach were reported in a manuscript submitted to the European Journal of 

Pharmaceutics and Biopharmaceutics, instead the results obtained for the TLR7a 

conjugation to MenC polysaccharide approach were organized as supplementary 

data.    

Figure 1| Graphic representation of the two different approaches of TLR7 agonist 

conjugation to MenC-𝑪𝑹𝑴𝟏𝟗𝟕 glycoconjugate vaccine.  
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Abstract 

Agonists of Toll like receptor 7 (TLR7a) have emerged as important targets to 

develop novel adjuvants for vaccination. Conjugation of a small immunopotentiator 

molecule has been proposed to vehicle the ligand to the receptor, localize its action 

and reduce toxicity. However, the effect of conjugation on the immunogenicity of 

carbohydrate-based vaccines is unknown. In this study we synthesized a 

tricomponent anti-Neisseria meningitidis serogroup C (MenC) glycoconjugate 

vaccine composed of MenC oligosaccharide antigens covalently linked to the 

carrier protein CRM197, to which a TLR7a has been in turn conjugated. The 

tricomponent vaccine demonstrated in vitro to activate the TLR7 comparably to the 

unconjugated ligand. The impact of the adjuvant conjugation in the anti-

carbohydrate immune response was evaluated in mice by comparing the 

tricomponent vaccine to a MenC-CRM197 conjugate, prepared through the same 

conjugation chemistry and co-administered with the unconjugated TLR7a. A 

commercialized anti-MenC glycoconjugate was used as further control to determine 

the influence of the coupling approach and level of carbohydrate incorporation on 

the anti-MenC immune response. The possible additive effect of co-administration 

with Alum hydroxide (AlumOH) was also examined. Results clearly showed that 

conjugation of the TLR7a enhances the anti-carbohydrate response. This effect was 

less pronounced than the co-administration of a commercial glycoconjugate with a 

standard dose of TLR7a-phosphonate adsorbed on AlumOH. The reduction of sugar 

incorporation which is needed for the conjugation of the TLR7a lessens the anti-

carbohydrate response, and is therefore a parameter which counteracts the 

enhancement of the immune response produced by the adjuvant conjugation. While 

absorption on AlumOH offers more flexibility in the administered dose of TLR7a, 

conjugation of the small immunopotentiator molecule could be particularly suited 

for vaccination via skin delivery, where insoluble salts of aluminum cannot be used 

because of their reactogenicity. These findings pave the ground for the rational 

design of improved adjuvanted glycoconjugate vaccines and for establishing novel 

and safer vaccination routes. 
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Introduction 

Agonists of Toll like receptor 7 (TLR7a) can activate innate immunity and initiate a 

cascade of immune responses that can impact the magnitude and the persistence of 

the immune response. These features render TLR7a a very attractive class of small 

molecules for the development of adjuvants for vaccination (108-109). Different 

potent synthetic ligands for TLR7, based a variety of chemical scaffolds (8-

oxoguanosines, 8-oxo-3-deazapurines, 6-amino-9-benzyladenine, 

imidazoquinolinamines and benzonaphtyridine), have been reported (110-115). 

Initial studies have proven the adjuvant effect of the imidazoquilinone imiquimod 

formulated as cream for dermal application (Aldara®) (116), and administered 

locally in mice after subcutaneous immunization with ovalbumin (OVA). Likewise, 

topical treatment with Aldara®, following to subcutaneous immunization of mice 

with Plasmodium falciparum circumsporozoite peptides, enhanced the anti-peptide 

response (117). The rapid production of cytokines induced by TLR7a is responsible 

for a proinflammatory response which besides the desired adjuvant effect can lead 

to toxicity (118). For instance, both oral and topical preparations of imiquimod and 

resiquimod and other small-molecule TLR7/8 agonists can exhibit serious side 

effects, including emesis and liver disfunction (119). Reduction of toxicity can be 

achieved by lower doses of administered TLR7a. Conjugations to lipids (113) or to 

polysaccharides (120) have been proposed to improve immunostimulatory potency 

and pharmacodynamics, while reducing the administered dose. Localization of the 

small molecules in the administration site appears as an important prerequisite to 

modulate the inflammatory effect and reduce possible toxicity in the use of TLR7a. 

In addition, pH-dependent concentration of the TLR7a in the MHC class II loading 

compartment (MHCII) has been proven important for activation of dendritic cells 

(121). Therefore co-localization of antigen and TLR7a create a favorable synergy in 

the activation of the immune system. Different strategies have been pursued for co-

administration of peptide or protein antigens while achieving temporal and spatial 

restriction of TLR7a induced inflammation. Encapsulation of resiquimod (R-848) 

into liposomes showed to increase the anti-OVA antibody response more 
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effectively than the simple administration of OVA and R-848 (119). Wu et al 

showed that absorption onto AlumOH of TLR7a phosphonates can remarkably 

enhance the immune response (antibody titers and functional activity) of a 

recombinant protein antigen directed to Neisseria meningitidis serogroup B and of 

the anti-B. Anthracis recombinant protective antigen (115). Conjugation of TLR7a 

to the antigen has been proposed as a viable strategy to ensure codelivery of TLR7a 

and antigen.  The protein mouse serum albumin (MSA) was tested as delivery 

system for intranasal or intratracheal administration to increase the potency of the 

small molecule, while reducing the systemic cytokine syndrome (114). Covalent 

linkage of the TLR7/8a to the HIV-1 gag protein was demonstrated crucial to 

generate CD4+ and CD8+ T-cell responses in both mouse and non-human primates 

(122-123). This would result from robust accumulation of DCs in regional lymph 

nodes, compared to administration of unconjugated TLR7 ligand (124). 

Recently, Vecchi et al has proven that conjugation of TLR7a to an anti-

Streptococcus pneumoniae protein antigen increases the immunogenicity and 

reduced the vaccine dose required to elicit protective immunity (125). In the present 

study we exploited the conjugation of TLR7 to an anti-meningococcal serogroup C 

glycoconjugate vaccine as a strategy to enhance the anti-carbohydrate immune 

response. Different glycoconjugates are currently used in the prevention of different 

microbial infections, including meningitis and pneumonia (126). The capability of 

carbohydrates, which are per se T-cell independent antigens, to engage a T-cell 

memory response is strictly dependent to the covalent bond with a protein carrier 

(127). This linkage ensures uptake of the glycoconjugate by antigen processing 

cells and re-exposition of the generated peptides or glycopeptides in complex with 

the MHCII. We anticipated that the covalent linkage of the TLR7a to the 

glycoconjugate could vehicle the ligand to the receptor, promote its intracellular 

accumulation and favor the receptor activation. To test this hypothesis we 

conjugated the TLR7a to the protein component of a glycoconjugate composed of 

the MenC oligosaccharide andCRM197. This serogroup causes one third of 

meningococcal cases reported with US, with a significant high case fatality ratio 

(14.6%) (128). Outbreaks of meningococcal disease related to serogroup C have 
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been identified also in Brazil and Australia (129-130). Monovalent and multivalent 

vaccines are currently available for the prevention of this infection (131), therefore 

an anti-MenC conjugate appeared an attractive target for comparison of the immune 

response towards the novel constructs with an existing vaccine. After developing a 

synthetic approach for the preparation of the tricomponent MenC-CRM197-TRL7a 

conjugate (1), composed of the MenC (B-cell epitope), CRM197 as (T-cell epitope) 

and the small immunopotentiator molecule, the construct was first evaluated in vitro 

to ascertain the effective ligand-receptor binding. Then the impact of the adjuvant 

conjugation in the anti-carbohydrate immune response was evaluated in vivo by 

comparison to the MenC-CRM197 conjugate (2), prepared through the same 

conjugation chemistry and co-administered with the unconjugated TLR7a. A 

commercialized anti-MenC glycoconjugate (3) (component of Menveo®, 

Menjugate® vaccines) was used as further control to determine the influence of the 

coupling approach and level of carbohydrate incorporation on the anti-MenC 

immune response. The possible additive effect of co-administration with AlumOH 

was also examined. In the animal studies, co-administration of MenC 

glycoconjugate (3) and a small molecule-phosphonate adsorbed on AlumOH, 

previously reported to confer a strong adjuvant  effect towards protein antigens, was 

used a benchmark. Evaluation of antibody levels and bactericidal activity of the 

elicited sera enabled to ascertain the adjuvant effect of the TLR7a covalently linked 

to MenC-CRM197 conjugate. 

 

Materials and methods 

Preparation of CRMemcs (4) 

The protein was modified as previously described (132). Briefly, 1.52 mg of EMCS 

linker (Pierce, Thermo) were dissolved in 50 µl of DMSO, and 44 µl of the 

prepared mixture (10 equiv.) were added to a solution of CRM197 (obtained from 

Novartis Vaccines Manufacturing) (1 ml of 32.5 mg/ml stock solution) in 400 µl of 

100 mM NaPi, 1 mM EDTA pH 8.1. The solution was stirred for 3 h. CRMemcs     

was purified by 30 kDa Vivaspin filter, dialyzing against 10 mM NaPi, 1 mM EDTA 
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pH 7.2 (x 5  dialysis cycles), and its content was quantified by colorimetric assay 

(MicroBCA assay, Pierce, Thermo). The linker/protein molar ratio was determined 

by MALDI-TOF mass spectrometry analysis run in an UltraFlex III MALDI-

TOF/TOF instrument, (Bruker Daltonics) in linear mode and with positive ion 

detection. The samples for analysis were prepared by mixing 2.5 μl of product and 

2.5 μl of sinapinic acid matrix (Sigma); 2.5 μl of each mixture was deposited on a 

samples plate, dried at room temperature for 10 min, and subjected to the 

spectrometer. An average of 6.5 linkers was introduced.  

 

Conjugation of TLR7a to CRMemcs (4) 

TLR7a (5 mg, 0.085 µmol, 500 μ of a 8.75 mg/ml stock solution) was diluted with 

500 μl of 350 mM NaPi, then TLR7a was added (20 equiv. dissolved in 20 μl of 

DMSO). After dialyzing against 150 mM NaCl, 10 mM NaPi pH 7, the protein was 

recovered in 10 mM NaPi and the protein content was estimated by microBCA 

(Pierce, Thermo). Conjugate  5  was recovered in 90% yield. 

 

Preparation of MenC-SH (8) 

MenCcysteamine oligomer  7  was first obtained by reaction of MenCsidea  6  

oligosaccharide with average degree of polymerization (avDP) of 20 and 2-

Mercaptoethylamine-2'-thiopyridine disulfide (prepared as reported in literature 

(133)) (5 equiv) at 20 mg/ml concentration in 1:9 H2O:DMSO (5 ml) containing 

10% v/v of triethylamine. After stirring for 3 h at room temperature, the 

oligosaccharide was precipitated by addition of 9 volumes of ethyl acetate. The 

solid was purified on a G15 Sephadex column (GE Healthcare), eluting with 20 

mM NaCl. Fractions containing the oligomer  7  were combined and concentrated 

to obtain a concentration (sialic acid based) of 20 mg/ml in 10 mM sodium 

phosphate (NaPi) pH 7.2. To release the free thiol groups, compound  7  was treated 

with 3 equiv. of 0.5 M TCEP and stirred for 3 h. After purification on a G15 

Sephadex column (GE Healthcare), the thiol groups of MenC-SH  8  were 

estimated before conjugation. 
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Conjugation of MenC-SH (8) to CRMemcs-TRL7a (5) and CRMemcs (4) 

Glycoconjugate  1  was prepared by incubating MenC-SH  8  with CRMemcs-

TLR7a  5  (30:1 mol saccharide/protein) in 10 mM NaPi pH 7.2, 1 mM EDTA.  

The control MenC-CRMemcs 2 was prepared as previously reported (133). For 

purification, the crude mixtures were precipitated from aqueous ammonium sulfate, 

reconstituted in 3 M NaCl and purified on a High Trap Phenyl sepharose column 

(GE Healthcare) with a gradient 3 M NaCl to remove the unconjugated oligomers. 

Fractions containing the glycoconjugate were pooled and concentrated on a 30 kDa 

Vivaspin filter (Sartorius) to be reconstituted with 10 mM NaPi pH 7.2. The protein 

content of final glycoconjugates was determined by colorimetric assay micro-BCA, 

while the saccharide content and free saccharide % by HPAEC-PAD analysis (100). 

Endotoxin levels were measured for all the prepared glycoconjugates and resulted 

below 4 EU/µg. 

 

NF-κB Luciferase Reporter Assay  

TLR-specific activation assays were performed using human embryonic kidney 293 

(HEK293) cells expressing luciferase under control of the NF-κB promoter and 

stably transfected with human TLR7. HEK293-transfected cells were maintained in 

DMEM complemented with 4.5 g/l glucose and HEPES (Invitrogen), 10% fetal 

bovine serum (FBS), 1% penicillin/streptomycin solution (Invitrogen), puromycin 

(5 μg/ml), and blasticidin (5 μg/ml). 

For the NF-κB luciferase assay, 25000 cells/well were seeded in 90 μl of complete 

DMEM without antibiotics in 96-well μClear® luciferase plates (PBI International) 

and incubated for 24 h at 37 °C. 10 μl of serial 5-fold dilutions of TLR7a in 

PBS+10% DMSO (0.0001–10 µM in 1% DMSO final concentration in the assay) 

were added. All compound concentrations were tested in duplicate. After incubation 

for 6 h at 37 °C, supernatants were discarded from each well, and cells were lysed 

for 20 min at room temperature using 20 μl/well of 1:5 diluted ’passive lysis buffer‘ 

(Promega). Luciferase assay reagent (100 μl/well) (Promega) was added, and 

emitted light was immediately quantified using a luminometer Lmax II384 

(Molecular Devices). NF-κB activation of cells stimulated with TLR7a is expressed 
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as fold-increase of emitted light over the average result of PBS+1% DMSO-

stimulated control cells. 

 

Immunization studies 

Protocols were approved by the Italian Ministry of Health. All mice were housed 

under specific pathogen-free conditions at the GSK Vaccines Animal Resource 

Center. For both in vivo studies, groups of ten 6-week-old female BALB/c mice 

were immunized by intramuscular injection (i.m.) of 0.5 μg/mouse carbohydrate-

based dose of glycoconjugates on days 1 and 14. TLR7a was used as 

immunopotentiator at a dose of 0.5 μg/mouse, either conjugated or co-delivered 

with compound    . Coadministration of glycoconjugate  3  and SMIP7,10 (5 μg) 

adsorbed on AlumOH was the positive control. For i.m. immunization with 

AlumOH, a dose of 200 μg/mouse physically mixed with the conjugates was used 

(134). PBS and AlumOH were the negative controls. Serum samples were collected 

on days 0, 14 and 28 and analyzed by ELISA for their anti-MenC IgG levels. 

 

Determination of anti-MenC antibody titers by ELISA 

Determination of anti-MenC specific total IgG and subclasses IgG1 and IgG2a titers 

was performed by ELISA using individual serum samples. Maxisorp plates (Nunc) 

were coated overnight at +4°C with 5 μg/well of MenC polysaccharide solution in 

pH 8.2 PBS buffer, and blocked for 1 h at 37°C with 200 μl of 1% BSA (Sigma), in 

PBS. For the IgG ELISA assay, serum samples were initially diluted in PBS (1:25 

for pre immune, 1:200 for a reference serum, 1:50–1:100 for test sera), 0.1% BSA 

and 0.05% Tween-20 (Sigma), transferred into coated and blocked plates and 

serially diluted. Bound MenC-specific IgG, IgG1 and IgG2a were detected with 

alkaline phosphatase-conjugated goat anti-mouse IgG, IgG1 and IgG2a respectively 

(SouthernBiotech). Antibody titers, normalized respect to the reference serum 

assayed in parallel, were obtained using IrisLab software. GraphPad Prism v.6.04 

(GraphPad Software, La Jolla, CA) was used to graph and analyze data for 

statistical significance. Intergroup comparison was analyzed using the Mann-

Whitney test.  
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Rabbit serum bactericidal assay (rSBA) 

Functional antibodies of pooled sera induced by vaccine immunization were 

analyzed by measuring the complement-mediated lysis of N. meningitidis with an in 

vitro bactericidal assay described in the literature (135). SBA titers were 

conventionally assigned when two successive sera dilutions lead to at least to 90% 

bacteria killing and were expressed as the reciprocal serum dilution which results in 

50% of bacteria killing. MenC11 was used as reference strain. 

 

Results and Discussion 

Glycoconjugate assembly 

MenC CPSs consists of  (29)-linked polysialic acids partially acetylated at 7- or 

8-OH, respectively (Figure 2) (136). A well-established strategy to produce an anti-

MenC glycoconjugate vaccine consists of the hydrolysis of the native 

polysaccharide, followed by sizing of medium length oligomers (136) and reductive 

amination to provide the terminal amine group for final conjugation with the lysine 

residues of the protein via active ester chemistry (100).  

Figure 2| Glycoconjugates prepared for evaluating the effect of covalently linked TLR7a to 

CRM197; emcs = N-(ε-maleimido) caproyl group. 
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TLR7a are typically based on a guanidine, purine, imidazoquinolines or 

benzonapthyridine scaffolds (Scheme 1) (110-115). In our studies we employed a 

guanidine analogue bearing a spacer with an N-hydroxysuccinimidyl ester for 

conjugation to the protein. This requested the development of a coupling strategy 

for the meningococcal antigen that would preserve the amine group of the TLR7a, 

which is fundamental for the activity of the small molecule. We have recently 

shown that two different carbohydrate haptens can be conjugated to the same 

molecule of carrier protein by means of active ester chemistry and thiol-maleimide 

addition as orthogonal reactions (132). CRM197 was used as protein carrier, since it 

is the component of a number of approved glycoconjugate vaccines (131). This 

protein possesses 39 lysine residues, of which 19 are known to be sufficiently 

available conjugation and 6 are highly exposed on the protein surface (100,134-

137). 

Scheme 1| Conjugation of TLR7a to CRMemcs. 

 

To apply a similar strategy we first inserted maleimide groups onto CRM197 by 

reaction of the protein with the commercial EMCS linker. An incorporation of 6.5 

maleimides was found by MALDI TOF MS analysis of the modified protein. After 

a second condensation with the NHS ester of the TLR7a, the small molecule was 

inserted into the protein at a level of 6.6 mol/mol of protein, as estimated by MS 

analysis (Scheme 1). It is worth of note that, due to the lipophilic nature of the 

TLR7a we employed, insertion of higher loadings was not achievable due to protein 
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aggregation. In addition this would imply insertion of a lower number of 

maleimides, rendering more challenging the incorporation of the MenC ligand. The 

meningococcal oligomers for condensation with CRMemcs-TLR7a conjugate were 

prepared by reaction of the known MenCsidea (sidea = di-N-hydroxysuccinimidyl) 

active ester  6  with 2-Mercaptoethylamine-2'-thiopyridine to give the oligomer  7  

(Scheme 2) (109). After removal of thiopyridone by treatment with TCEP, the sugar 

hapten  8  bearing the sulfhydryl groups was incubated with CRMemcs-TLR7a  5  

to give addition to the maleimides exposed onto the protein surface. 

 

Scheme 2| Reactions to modify MenC antigens for coupling to the protein. 

 

SDS-page electrophoresis and MALDI TOF MS clearly showed conjugation of the 

MenC antigen to the modified protein (Figure 3a and Figure 3b). An average ratio 

of ten TLR7a molecules was incorporated for each MenC chain in the final product. 

A MenC-CRMemcs conjugate (2), needed as control for the in vivo studies, was 

prepared as control by direct reaction of CRMemcs with MenC-SH, as previously 

reported. A second control (3) was prepared by reaction of MenCsidea with 

CRM197 to compare our novel construct to a well-known glycoconjugate vaccine. 

The characteristics of the conjugate in comparison to the controls are summarized 

in Table 1. 
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Table 1| Physicochemical characteristics of conjugate (1) and controls.  

Glycoconjugate 

Saccharide

/protein 

(w/w) 

MenC/CRMemcs 

(mol/mol) 

Saccharide/TLR7a/protein 

(w/w/w) 

MenC/TLR7a 

(mol/mol) 

MenC-CRMemcs-TLR7a (1) 0.06 0.6 1:1.1:35 1:10 

MenC-CRMemcs  (2) 0.18 1.8 - - 

MenC-CRMsidea  (3)   0.57 5.6 - - 

a. The sugar content was estimated by HPAEC-PAD;  

b. The number of conjugated small molecules was determined by MALDI TOF MS. 

 

 

Figure 3| Characterization of the formed MenC-CRMemcs-TLR7a conjugate. (a) SDS-page 

electrophoresis of synthetic intermediates and final glycoconjugate in comparison to MenC-

CRMemcs and MenC-CRMsidea; (b) MALDI TOF MS analysis of incorporation of TLR7a (MW of 

TLR7a = 534 Da) on CRMemcs, prepared as reported in ref (132). 

 

In vitro testing  

The capacity of the tricomponent glycoconjugate to engage TLR7 receptor was first 

evaluated in vitro, using human embryonic kidney 293 (HEK293) cells expressing 

luciferase under control of the NF-κB promoter and stably transfected with human 

TLR7 (Figure 4). In this assay, NF-κB activation is measured by monitoring the 

levels of luciferase expression following stimulation of cells with serial dilutions of 
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TLR7 agonists. Resiquimod (R-848) was used as control. The conjugated TLR7a 

showed activation of the receptor comparable to that induced by the unconjugated 

form. Furthermore, the small molecule was an agonist ligand as good as the 

SMIP7,10-phosphonate that was recently shown to behave as excellent adjuvant for 

vaccine formulation when adsorbed on AlumOH (115). This experiment indicated 

that conjugation was not impacting the activity of the TLR7a molecule when 

covalently linked to CRM197 in presence of the carbohydrate hapten. 

 

Figure 4| Activation of TLR7 reporter cell line by different MenC-TLR7a constructs. 25000 TLR7-

HEK293 cells/well were stimulated with 0.0001–10 µM (5-fold steps) of TLR7 agonists. After 6 h, 

luciferase expression was measured and expressed as fold-induction compared to cells incubated 

with PBS+1% DMSO and plotted as averages of duplicates with standard deviations.  

 

In vivo immunological evaluation  

The effect of conjugation of TLR7a to MenC-CRM197 was evaluated by i.m. 

immunization of groups of ten BALB/c mice with two 0.5 µg carbohydrate-based 

doses of vaccine, 2 weeks apart, corresponding to the administration of 0.5 µg of 

TLR7a. The constructs was compared to the conjugate MenC-CRMemcs prepared 

with the same conjugation chemistry and a low saccharide/protein molar ratio, co-

delivered with the same amount of TLR7a. The MenC-CRMsidea, prepared by the 

active ester chemistry and with a higher saccharide/protein molar ratio, was used as 
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control to study the effect of the conjugation chemistry and different level of sugar 

incorporation compared to MenC-CRMemcs. Co-administration of MenC-

CRMsidea with a standard dose (5 µg) of SMIP7,10 adsorbed onto AlumOH was 

the benchmark (115). PBS was the negative control. While anti carbohydrate IgG 

titers measured after the first dose were very low, high levels of anti MenC IgG 

were measured following the boost (Figure 5a). The MenC-CRMemcs-TLR7a 

conjugate elicited IgG titers significantly higher that MenC-CRMemcs or its 

physical mixture with the unconjugated form. The immune response induced by the 

tricomponent vaccine was also higher than the one given by the MenC-CRMsidea 

control. The adjuvant effect imparted by the conjugated TLR7a was remarkably 

lower than that achieved by co-administration of MenC-CRMemcs and a ten-fold 

higher dose (5 µg) of SMIP7,10/AlumOH. This suggests that a threshold level of 

TLR7a accumulation is needed to observe an optimal adjuvant effect. 

When a commonly used dose of AlumOH (200 μg) was mixed to the formulation of 

MenC-CRMemcs-TLR7a conjugate no additive effect was observed in the anti 

MenC IgG levels (Figure 5b). The anti-carbohydrate IgG titers were increased for 

the groups immunized with MenC-CRMemcs alone or with TLR7a, and with 

MenC-CRMsidea, indicating that the adjuvant effect of the TLR7a was 

overwhelmed by the presence of AlumOH. The additive effect of the small 

molecule and AlumOH was only detectable in the group immunized with 5 µg of 

SMIP7,10/AlumOH (Figure 5b), further proving that absorption of the 

phosphonate-small molecule onto AlumOH is needed to enhance of the adjuvant 

activity of the TLR7a.  
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Figure 5| (a) Systemic humoral responses to i.m. administration of MenC-CRMemcs alone, 

conjugated or physically mixed with TLR7a. MenC-CRMsidea+SMIP7,10/AlumOH were the 

controls. MenC-specific IgG titers were analyzed after the second immunization. Intergroup 

comparison was assessed using the Mann-Whitney statistical assay. Medians of MenC-specific IgG 

titers for i.m. immunizations are reported. pValues: MenC-CRMemcs vs. MenC-CRMsidea (p 0.14), 

MenC-CRMemcs+TLR7a vs. MenC-CRMemcs-TLR7a (p 0.003), MenC-CRMemcs-TLR7a vs. MenC-

CRMsidea (p 0.002), MenC-CRMsidea vs. MenC-CRMsidea+SMIP7,10/AlumOH (p 0.0002).  

(b) Systemic humoral responses to i.m. administration of same samples reported in Fig. 4a in 

mixture with AlumOH. MenC-specific IgG titers were analyzed after the second immunization. 

Intergroup comparison was assessed using the Mann-Whitney statistical assay. Medians of MenC-

specific IgG titers for i.m. immunizations are reported. pValues: MenC-CRMemcs+AlumOH vs. 

MenC-CRMsidea+AlumOH (p 0.002), MenC-CRMsidea+TLR7a+AlumOH vs. MenC-CRMemcs-

TLR7a+AlumOH (p 0.065), MenC-CRMemcs-TLR7a+ AlumOH vs. MenC-CRMsidea+ AlumOH  (p 

0.19),  MenC-CRMsidea+ AlumOH  vs. MenC-CRMsidea+ SMIP7,10/AlumOH  (p 0.0002). 
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The predominance of Th1 and Th2 T helper cell subsets is known to result in 

distinct patterns of cytokine secretion, and therefore response to bacterial infections. 

TLR ligands can shift this balance to a higher IgG2a production (138). An increase 

of this isotype levels with Th1-biased response has been associated to the protection 

conferred by different vaccines (139-140). To determine the impact of the 

conjugated TLR7 ligand on the Th1/Th2 balance, the levels of antibody subclasses 

were analyzed by ELISA (Table 2). The co-administration of TRL7 ligand resulted 

in augmented amount of both IgG1 and IgG2a levels, with a stronger effect on the 

latter isotype. The highest level of IgG isotypes were measured for the group 

immunized with MenC-CRMsidea in mixture with SMIP7,10/AlumOH. 

Importantly, the level of the IgG2a was more remarkably increased when TLR7a 

was conjugated to MenC-CRMemcs, as it can be seen from the IgG1/IgG2a ratio in 

Figure 6. This suggests that covalent linkage of the TLR7a is important to 

determine a shift to a Th1 type response. By contrast, when AlumOH was used in 

the formulations, the response was characterized by a prevalence of IgG1 with 

respect to IgG2a also for the tricomponent MenC-CRMemcs-TLR7a vaccine, 

indicating a Th2 driven response which is typical of AlumOH formulated antigens 

(141). 

 

Table 2| Anti-MenC IgG1 and IgG2a median titers  

a.     Medians with interquartile range (IQR); 

b. pValues: IgG1 MenC-CRMemcs-TLR7a vs MenC-CRMsidea + SMIP7,10 p = 0.0002, IgG2a: 

MenC-CRMemcs-TLR7a vs MenC-CRMsidea + SMIP7,10 p = 0.0002. 

 

 
IgG1 

Median (IQR)
a 

IgG2a 

Median (IQR)
a 

MenC-CRMemcs 2 (2-14) 2 (2-2) 

MenC-CRMemcs + TLR7a 27 (2-175) 2 (2-49) 

MenC-CRMemcs-TLR7a
 

188 (144-228) 280 (254-356) 

MenC-CRMsidea 24 (2-119) 31 (2-67) 

MenC-CRMsidea + SMIP7,10
b
 2110 64-2326) 983 (81-1063) 
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Figure 6| IgG1/IgG2a ratio of anti MenC IgG titers (shown in Table 2) elicited by i.m. 

administration of MenC-CRMemcs alone, conjugated or physically mixed with TLR7a, after the first 

boost. MenC-CRMsidea alone and adjuvanted with SMIP7,10/AlumOH was used as control.  

 

The functionality of the elicited murine sera in the first immunization schedule 

(Figure 5a) was assessed by rabbit complement serum bactericidal (rSBA), a model 

that is considered a surrogate of protection for meningococcal antigens (Table 3) 

(104-105). In agreement with the total IgG titers and the increment of IgG2a 

subclass production, a significant increase of bactericidal activity was measured 

when the TLR7a was conjugated to MenC-CRMemcs in comparison to the use of 

the plain MenC-CRMemcs conjugate or its physical mixture with the TLR7a.  

Murine sera from the control MenC-CRMsidea were endowed with higher 

bactericidal activity than MenC-CRMemcs, likely, as result of the higher 

saccharide/protein ratio. This is a parameter which is known to affect the 

immunological activity of glycoconjugate vaccines. The reduced saccharide/protein 

ratio in the tricomponent vaccine, therefore, acts in opposition to the adjuvant effect 

of the TLR7a. The adjuvant effect achieved by conjugation of the small molecule 

was 8-fold inferior to the administration of MenC-CRMsidea and a standard dose of 

SMIP7,10 adsorbed on AlumOH. This is due to the combination of the higher level 

of carbohydrate incorporation of MenC-CRMsidea in combination with the use of a 
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10-fold higher dose of small immunopotentiating molecule/AlumOH in respect to 

conjugation to MenC-CRMemcs. 

Table 3| rSBA titers (MenC C11 strain) measured after the boost  

 

Va  ine 
rSBA titer 

MenC - C11strain 

PBS <16 

MenC-CRMemcs 256 

MenC-CRMemcs +  TLR7a 512 

MenC-CRMemcs-TLR7a 8192 

MenC-CRMsidea 2048 

MenC-CRMsidea + SMIP7,10/AlumOH >65536 

 

 

Conclusions 

TLR7as have emerged as important targets to develop novel adjuvants for 

vaccination. Conjugation of a small immunopotentiator molecule could vehicle the 

ligand to the receptor, localize its action and reduce toxicity. We designed a 

tricomponent anti serogroup C Neisseria meningitidis glycoconjugate vaccine 

composed of MenC oligosaccharide antigens covalently linked to the carrier protein 

CRM197, to which a TLR7a has been in turn conjugated. The assembly of this 

complex construct required the development of a synthetic strategy for orthogonal 

coupling of two different ligands to the same protein molecule. The construct was 

first evaluated in vitro demonstrating that the presence of the oligosaccharides was 

not impairing the interaction of the TLR7a with the receptor. Next, the 

tricomponent vaccine was used to immunize mice in order to determine the effect of 

the adjuvant conjugation in comparison to the co-administration of the conjugate 

and the TLR7a. The influence of the conjugation chemistry and 

carbohydrate/protein molar ratio in the controls was taken into consideration. Co-

administration of a small molecule-phosphonate adsorbed on AlumOH, previously 

reported to confer a strong adjuvant effect towards protein antigens, was used a 

benchmark. Our results unambiguously indicated that conjugation of the TLR7a 

increased the anti-carbohydrate response. This effect was less pronounced than the 
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co-administration of a commercial glycoconjugate with a standard dose of SMIP-

phosphonate adsorbed on AlumOH. The reduction of sugar incorporation which is 

needed for the conjugation of the TLR7a lessens the anti-carbohydrate response, 

and is therefore a parameter which counteracts the enhancement of the immune 

response produced by the adjuvant conjugation. An additive effect of the 

conjugable form of TLR7a and AlumOH was not achieved when the small 

molecule was administered either coupled or physically mixed with the 

glyconjugate. On the contrary, it was manifested when a 10-fold higher dose of 

TLR7a was adsorbed onto the inorganic salt via a phosphonate group. This 

indicated that a threshold amount of TLR7a adsorbed onto AlumOH was necessary 

to further potentiate its adjuvant effect. Absorption on AlumOH offers a greater 

flexibility in the administered dose of TLR7a when compared to the adjuvant 

conjugation to the vaccine antigen. However, insoluble salts of aluminum such as 

AlumOH are known to be reactogenic and not usable for transdermal routes (29). 

The skin is an attractive route for delivery of vaccines since it contains a number of 

immunocompetent cells and is accessible without the use of needles and syringes 

(142). Transcutaneous delivery of small-molecule drugs and skin-permeable 

vaccine adjuvants, for example through microneedle patches, has been shown the 

key to modulate the duration and of the type of immunogenic response to vaccine 

antigens administered by this alternative route (143).  Hence, conjugation of the 

small immunopotentiator molecules to glycoconjugates could be particularly 

beneficial for the development of vaccination via skin delivery. We expect that our 

findings will pave the ground for the rational design of improved adjuvanted 

glycoconjugate vaccines and aid establishing novel and safer vaccination routes. 
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Supplementary data  

 TLR7a conjugation to MenC polysaccharide 

Introduction 

Here are reported the results obtained for the conjugation of TLR7 agonist to the 

polysaccharide chain of anti-meningococcal serogroup C glycoconjugate vaccine as 

a strategy to enhance the anti-carbohydrate immune response. This covalent linkage 

could transport the ligand to the receptor, promote its intracellular accumulation and 

favor the receptor activation following the same receptor targeting concept already 

discussed before. 

 

 

 

 

 

 

 

 

Figure 7| Glycoconjugates prepared for evaluating the effect of covalently linked TLR7a to 

MenC; emcs = N-(ε-maleimido)caproyl group. 

 

After developing a synthetic approach for the preparation of the tricomponent 

TLR7a-MenC-CRMemcs conjugate (9), the construct was evaluated in vivo for the 

impact of the adjuvant conjugation in the anti-carbohydrate immune response by 

comparison to the MenC-CRMemcs conjugate (2), prepared through the same 

conjugation chemistry and co-administered with the unconjugated TLR7a. A 

commercialized anti-MenC glycoconjugate (3) was used as a further control to 

determine the influence of the coupling approach and level of carbohydrate 

incorporation on the anti-MenC immune response. In the animal studies, co-

TLR7a-MenC-CRMemcs (9) 
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administration of MenC glycoconjugate (3) and a small molecule-phosphonate 

adsorbed on AlumOH, was used a benchmark.  

 

Materials and Methods 

Conjugation of TLR7a to MenC 

The oligosaccharide (7) was oxidized with NaIO4 (3 equiv) in 10 mM NaPi pH 7 at 

10 mg/ml sugar based concentration. After stirring at ambient temperature for 3 h, 

the mixture was purified using a G25 Sephadex column. Fractions containing the 

sugar were combined and concentrated. The sugar content was estimated by sialic 

acid assay. The oligomer (10 mmol) was dissolved in 500 ul of NaOAc 100 mM 

containing 3.3 mg of NH4OAc and then 0.5 mg of NaCNBH3 was added. After 

incubation for 48 h at 37°C, the crude mixture was purified using a G25 Sephadex 

column, eluting with 20 mM NaCl. Combined fractions containing the oligomer 

were quantified by sialic acid assay and concentrated. The residues were dissolved 

in DMSO-H20 9:1, then TLR7a (5 equiv) and trimethylamine (20 equiv) were 

added. The mixture was stirred overnight at room temperature, then again purified 

by size exclusion chromatography. Conjugation was carried out after treatment with 

TCEP as described for compound (8). 

Immunization study 

For in vivo study, groups of ten 6-week-old female BALB/c mice were immunized 

by intramuscular injection (i.m.) of 0.5 μg/mouse carbohydrate-based dose of 

glycoconjugates on days 1 and 28. TLR7a was used as immunopotentiator at a dose 

of 0.05 μg/mouse, either conjugated or co-delivered with compound    . 

Coadministration of glycoconjugate  3  and SMIP7,10 (5 μg) adsorbed on AlumOH 

was the positive control. Serum samples were collected on days 0, 14 and 42 and 

analyzed by ELISA for their anti-MenC IgG levels. 

Determination of anti-MenC antibody titers by ELISA 

See above manuscript 

  

 



 
79 Chapter 3 

Results and Discussion 

In vivo immunological evaluation  

The effect of conjugation of TLR7a to MenC-CRM197 was evaluated by i.m. 

immunization of groups of 10 BALB/c mice with two 0.5 µg carbohydrate-based 

doses of vaccine, 2 weeks apart, corresponding to the administration of 0.05 µg of 

TLR7a. The constructs were compared to the conjugate MenC-CRMemcs prepared 

with the same conjugation chemistry and a low saccharide/protein molar ratio, co-

delivered with the same amount of TLR7a. The MenC-CRMsidea, prepared by the 

active ester chemistry and with a higher saccharide/protein molar ratio, was used as 

a control to study the effect of the conjugation chemistry and different levels of 

sugar incorporation compared to MenC-CRMemcs. Co-administration of MenC-

CRMsidea with a standard dose (5 µg) of SMIP7,10 adsorbed onto AlumOH was 

the benchmark (115). PBS was the negative control. While the MenC-CRMemcs-

TLR7a conjugate elicited IgG titers significantly higher than MenC-CRMemcs or 

its physical mixture with the unconjugated form as previously described, no 

adjuvant effect is shown when TLR7a is conjugated to the polysaccharide in the 

MenC-CRM197 glycoconjugate (Figure 8). The immune response induced by the 

tricomponent vaccine was also lower than the one given by the MenC-CRMsidea 

and MenC-CRMemcs controls. These results are probably the consequence of the 

very low amount of TLR7a that can be delivered when conjugated to MenC 

polysaccharide, approximately ten-fold lower than the TLR7a amount delivered 

when conjugated to CRM197 carrier. The adjuvant effect imparted by the conjugated 

TLR7a was remarkably lower than that achieved by the co-administration of MenC-

CRMemcs with a hundred time higher dose (5 µg) of SMIP7,10/AlumOH.   
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Figure 8| Systemic humoral responses to i.m. administration of MenC-CRMemcs alone, conjugated 

or physically mixed with TLR7a. MenC-CRMsidea+SMIP7,10/AlumOH was the control. MenC-

specific IgG titers were analyzed after the second immunization. Intergroup comparison was 

assessed using the Mann-Whitney statistical assay. Medians of MenC-specific IgG titers for i.m. 

immunizations are reported. pValues: MenC-CRMemcs vs. MenC-CRMsidea (p 0,2239), MenC-

CRMemcs+TLR7a vs. MenC-CRMemcs-TLR7a (p 0,0002), MenC-CRMemcs vs MenC-CRMemcs-

TLR7a (p 0,0002), MenC-CRMsidea vs. MenC-CRMsidea+SMIP7,10/AlumOH (p 0,0002).  

 

Conclusions 

A tricomponent anti serogroup C Neisseria meningitidis glycoconjugate vaccine, 

composed of TLR7a conjugated to MenC oligosaccharide antigen covalently linked 

to the carrier protein CRM197, was designed. The tricomponent vaccine was used to 

immunize mice in order to determine the effect of the adjuvant conjugation in 

comparison to the co-administration of the TLR7a. Co-administration of a small 

molecule-phosphonate adsorbed on AlumOH was used as benchmark. The obtained 

results indicate that conjugation of TLR7a to MenC polysaccharide has a negative 

impact on the recognition of MenC polysaccharide antigen and consequently a 

reduction of the anti-carbohydrate response is observed. Moreover the TLR7a 
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amount conjugated to MenC polysaccharide, with this chemical approach, is too 

low to appreciate an adjuvant effect in comparison with the dose of small molecule 

adsorbed onto the inorganic salt via a phosphonate group. The same formulations 

were also tested in combination with AlumOH (200 μg/dose) but no differences 

were observed across the groups indicating that the presence of AlumOH obscures 

all others immune responses. 
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Chapter 4 

Conjugation of a short β-glucan chain, as Dectin-

1 agonist, to the detoxified diphtheria toxin, 

(CRM197), as model antigen, to enhance the 

immune response after intradermal vaccination 
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Conjugation vs physical mixture     

As previously stated, β-(1-3)-glucans are good activators of the innate immune 

response by interaction with the C-type lectin-like Dectin-1 receptor (60-61). In 

chapter 2 it was shown that the absence of adjuvant effect when the β-glucan 

hexasaccharide was delivered in physical mixture or conjugated with the 

Meningococcal C glycoconjugate vaccine. In this study the conjugation of β-glucan 

hexasaccharide to the CRM197 model antigen is proposed as strategy to test the 

capability to enhance the immune response toward a protein model antigen in 

comparison to the previously presented glycoconjugate model antigen. The 

obtained findings are organized in the following manuscript published on Molecular 

Pharmaceutics. 

 

 

Graphical abstract  
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Abstract 

The potential benefits of skin delivery of vaccines derive from the presence of a 

densely connected network of antigen presenting cells in the skin layer, most 

significantly represented by Langerhans cells and dermal dendritic cells. Targeting 

these cells by adjuvant conjugated to an antigen should result in enhanced 

immunogenicity of a vaccine. Since one of the most widely used adjuvants is an 

insoluble salt of aluminium (aluminum hydroxide) which cannot be used for skin 

delivery due to reactogenicity, we focused our attention on agonists of receptors 

present on skin dendritic cells, including the Dectin-1 receptor. β-(1-3)-glucans, 

which are the most abundant components of the fungal surface, are known to 

activate the innate immune response by interaction with the C-type lectin-like 

Dectin-1 receptor. In this work we identified by rational design a well-defined 

synthetic β-(1-3) glucan hexasaccharide as a Dectin-1 agonist and chemically 

conjugated it to the genetically detoxified diphtheria toxin (CRM197) protein 

antigen, as a means to increase the binding to Dectin-1 receptor and to target to skin 

dendritic cells. We demonstrated that the in vitro activation of the receptor was 

significantly impacted by the presentation of the glucan on the protein carrier. In 

vivo results in mice showed that the conjugation of the synthetic β-(1-3) glucan 

when delivered intradermally resulted in higher antibody titers in comparison to 

intramuscular (i.m.) immunization, and was not different from subcutaneous (s.c.) 

delivery. These findings suggest that weak receptor binders can be turned into more 

potent agonists by the multivalent presentation of many ligands covalently 

conjugated to the protein core. Moreover, this approach is particularly valuable to 

increase the immunogenicity of antigens administered via skin delivery. 

 

Keywords: β-glucans, Dectin-1 targeting, glycoconjugates, adjuvant conjugation, 

Skin delivery  
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Introduction 

There are many potential benefits of vaccine skin delivery, which result from the 

presence of a densely connected network of antigen presenting cells (APCs) in the 

skin layer that lies beneath the stratum corneum. This cellular population is most 

significantly represented by Langerhans cells and dermal dendritic cells in the 

epidermis and dermis of the skin (92,144). Using conventional intramuscular 

immunization a large dose of antigen is required to induce a significant immune 

response, due to the relatively sparse population of APCs present in the muscle. 

Hence skin delivery for vaccination offers a promising alternative potentially 

allowing immunization with a lower amount of antigens (145-148). The advantages 

of skin immunization predicted from animal studies have stimulated sufficient 

interest to initiate a numbers of clinical trials (149-152). To further increase the 

systemic and mucosal immune response after skin vaccination a number of 

additional approaches might be used (153). Because the cornified outer layer and 

tight junctions limit vaccine penetration of skin, different devices such as 

microneedles have been used to disrupt the stratum corneum and deposit vaccine in 

the epidermal/dermal space (154). The most promising systems combine barrier 

disruption with the addition of an adjuvant that further increases the vaccine 

potency (75). Adjuvants represent an important component of many modern 

vaccines as they increase the immunogenicity of co-administered antigens such as 

purified, soluble recombinant proteins, which are less immunogenic than whole, 

split, killed or attenuated pathogens. Very few adjuvants are included in licensed 

human vaccines, for example aluminum salts (alum) have been widely used for 

more than 70 years and until recently represented the only adjuvant approved in the 

United States (155). Unfortunately, alum is not useable for skin immunization due 

to the formation of persistent intradermal granulomas at the injection-site (29). 

Adjuvants can enhance the immune responses by “targeting” antigens to receptors 

on dendritic cells. Moreover the physical linking of adjuvant to antigen potentially 

enhances antigen uptake and targets the immunopotentiator properties of adjuvant 

to the antigen-presenting cell (156). Starting from this basic concept, we identified 
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the C-type lectin-like Dectin-1 as an uptake receptor widely expressed by a variety 

of cells present in the skin layers, including monocytes, macrophage, neutrophils, 

Langerhans and dermal dendritic cells, both in humans and the mouse (63,157). 

Hence, the idea was to use a dectin-1 agonists as an adjuvant suitable for 

administration into the skin. The capability of β-(1-3)-glucans, which are the most 

abundant component of the fungal surface, to activate the innate immune response 

by interaction with the Dectin-1 receptor is well documented (61-62). The β-(1-3)-

glucans binding to Dectin-1 induces the phosphorylation of a tyrosine of the 

immunoreceptor tyrosine-based activation motif (ITAM) in the cytoplasmic tail, 

that elicits the secretion of inflammatory cytokines, such as tumor-necrosis factor 

(TNF) and IL-12 (63).  β-glucans activated-DCs are able to stimulate antigen 

specific CD8+ T-cell responses, inducing enhancement of antigen presentation, 

priming and expansion of antigen specific CD8+ T-cells (64-65). To increase the 

adjuvanticity and to better target the dermal dendritic cells, the chemical 

conjugation of β-glucans to the antigen was investigated. Recently it has been 

demonstrated that the covalent linkage of Laminarin (Fig. 1) to a β-mannan-Tetanus 

Toxoid conjugate enhanced the immune response against the mannan antigen in a 

tricomponent vaccine against Candida albicans (66).  The interaction of β-(1-3)-

glucans, which are triplic helix forming polysaccharides, with Dectin-1 has been 

detailed by diverse studies (67-69,158). Linear structures have been found to bind 

best to the receptor in comparison to branched ones (70).
 
The minimal length 

required for interaction is 6-7 repeating units, although the binding becomes tighter 

as the length increases (69-70). Therefore, we were interested in understanding 

whether conjugation of glucan hexamer, which can be synthesized as a well-defined 

pure molecule, to the well-known protein antigen genetically detoxified diphtheria 

toxin (CRM197) could increase the immune response against the protein antigen 

compared to its administered in unconjugated form. CRM197 is widely used as 

protein carrier in many glycoconjugate vaccines
 
(71) and detailed knowledge of the 

chemistry of its conjugation to polysaccharides facilitated its use as an antigen for 

co-administration with the glucan hexamer. The linear and long chain naturally 

extracted Curdlan polysaccharide, considered a potent agonist of Dectin-1 receptor, 
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was used as positive control for comparison. To determine in vitro the optimal 

sugar amount to be loaded onto CRM197, we synthesized a set of β-(1-3) glucan 

hexasaccharides conjugated to CRM197 at different carbohydrate/protein ratios to be 

assayed for Dectin-1 receptor activation. It is known that the binding of weak 

ligands, such as carbohydrates, to specific receptors can be increased by their 

multivalent presentation as glycoclusters or glycodentrimers (159). Also in the case 

of Dectin-1, an important pre-requisite for its signaling has been identified in the 

presentation mode of the β-glucans. For example, an immobilized form of β-(1-3)-

glucans, on the surface of a phagocytosable particle, such as a yeast cell, would 

favor the binding to the receptor (160). These previous findings strengthen our 

choice to conjugate the β-(1-3) glucan hexasaccharide to antigen to better present β-

glucans to the receptor surface.  Next, the properties of the molecule as an adjuvant 

after administration by skin delivery were compared to the intramuscular route 

following in vivo by immunization of mice. Antigen-specific (anti-CRM197,) 

antibody titers induced in the presence of β-glucan, either conjugated or co-

delivered with the antigen, were analyzed and the capability of the short well-

defined β-glucan oligosaccharide as an effective adjuvant for skin delivery was 

evaluated. 

 

 

 

 

 

 

 

Figure 1| Chemical structures of the polysaccharides employed in the study: Curdlan, Laminarin 

and Meningococcal serogroup A (MenA) capsular polysaccharide (71,143,159-163). 
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Materials and methods 

Synthesis of glycoconjugates  

Activated hexasaccharide (2), prepared as previously reported (161) was incubated 

with CRM197 at a molar ratio of 20:1, 30:1 or 50:1, respectively (moles of active 

ester per moles of protein), in 100 mM phosphate buffer at pH 7.0. CRM197 contains 

40 lysine residues, of which 19 are available for glycoconjugation (162). After 

overnight reaction at RT, the conjugate was purified by ammonium sulfate 

precipitation (500 mg/ml). The pellet was dissolved in 10 mM phosphate buffer at 

pH 7.0 and again precipitated with ammonium sulfate (500 mg/ml). After repeating 

this operation twice, the solid was washed twice with a solution of ammonium 

sulfate (500 mg/ml) in 10 mM phosphate buffer at pH 7.0, and finally reconstituted 

with 10 mM phosphate buffer at pH 7.0. The amount of carbohydrate covalently 

linked to the protein was estimated by MALDI TOF MS, using an UltraFlex III 

MALDI-TOF/TOF instrument (Bruker Daltonics) in linear mode and with positive 

ion detection. The samples for analysis were prepared by mixing 2.5 μl of product 

and 2.5 μl of sinapinic acid matrix; 2.5 μl of each mixture was deposited on a 

samples plate, dried at RT for 10 min, and subjected to the spectrometer. The 

formation of glycoconjugates was monitored by SDS-page: samples (5 μg) were 

electrophoresed on a 7% Tris Acetate gel or 4-12% Bis-Tris gel (NuPage, 

Invitrogen) and stained with Coomassie blue. Curdlan polysaccharide, with an 

average polymerization degree (aDP) of 25 repeating units which is typically 

considered agonist of Dectin-1 receptor (positive control), was conjugated to 

CRM197, at an average loading of 9.4 carbohydrate moieties, using a procedure 

reported in literature (143) CRM197-Curdlan conjugate was prepared from 

hydrolyzed Curdlan aDP 25 (143).
 

 

Determination of β-glucan - receptor binding in vitro  

An ELISA assay was performed to test the direct binding of different agonists to 

Dectin-1 receptor. Maxisorp plates (Nunc) were coated overnight at 4°C with 0.2 

μg/well of CRM197-Curdlan (normalized for CRM197 content) in phosphate buffered 

saline (PBS), and blocked for 1 h at 37°C with 200 μl of 1% bovine serum albumin, 
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BSA (Sigma), in PBS. Three different Fc-mDectin-1 (soluble murine Dectin-1 

receptor fused to the C-terminus of human IgG1 Fc domain, InvivoGen) 

concentrations, 1 µg/ml - 0.1 µg/ml - 0.01 µg/ml, were diluted in PBS, 0.1% BSA 

and 0.05% Tween-20 (Sigma) and incubated with 2 μg/ml (sugar content) of each 

analyzed agonist for 10 minutes at RT. 100 µl/well of each mixture (Fc-mDectin-1 

at different concentration plus agonists) were consequently added to the blocked 

ELISA plates and incubated for 2 h at 37°C. The specific binding of agonist to Fc-

mDectin-1 and consequent decrease of coated Curdlan recognition was detected 

with alkaline phosphatase-conjugated goat anti-human IgG (ɣ chain specific, 

SouthernBiotech). The different Fc-mDectin-1 concentrations not pre-incubated 

with agonists were used as negative control of the assay. The optical density was 

read at 405 nm using an ELISA reader.  

 

Cell culture 

RAW-Blue™ cells (InvivoGen), derived from RAW 264.7 macrophages, were used 

as a Dectin-1 reporter cell line as they express high levels of endogenous Dectin-1.  

RAW-Blue™ cells were grown in T-75 culture flasks (Iwaki) in Dulbecco's 

Modified Eagle Medium, DMEM (Gibco), 4.5 g/l glucose, 10% heat-inactivated 

Fetal Bovine Serum, FBS (Gibco) (30 min at 56°C), 100 mg/ml Normocin™ 

(InvivoGen), 2 mM L-glutamine (Gibco), 200 mg/ml Zeocin™ (InvivoGen) 

incubated at 37°C in presence of 0.5% CO2.  

 

Dectin-1 receptor activation: QUANTI-Blue™ assay  

The QUANTI-Blue™ assay allows detection of NF-kB/AP-1 activation, consequent 

to the Dectin-1 agonist binding, by measuring secreted embryonic alkaline 

phosphatase (SEAP) production, using QUANTI-Blue™ (InvivoGen), SEAP 

detection medium. A cell suspension at ~550,000 cells/ml of growth medium was 

prepared. 180 µl of cell suspension plus 20 µl of different Dectin-1 agonists, 

positive (CRM197-Curdlan) and negative controls (CRM197 and CRM197-MenA 

(71,163)) were distributed in a flat-bottom 96-well plate (Corning). The plate was 

incubated at 37°C in a 5% CO2 incubator for 18 h. Subsequently 150 µl of 
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suspended QUANTI-Blue™ plus 50 µl of induced RAW-Blue™ cells supernatant 

were added per well and the plate was incubated at 37°C for 30 min to 6 h. SEAP 

(secreted embryonic alkaline phosphatase) levels were revealed at 620-655 nm 

using a spectrophotometer.  

 

Immunogenicity testing in mice 

Protocols were approved by the Italian Ministry of Health. All mice were housed 

under specific pathogen-free conditions at the Novartis Vaccines Animal Resource 

Center. For both in vivo studies, groups of eight 6-week-old female BALB/c mice 

were immunized. Subcutaneous (s.c.)/intradermal (i.d.) immunization on days 1, 21 

and 35 for the first in vivo study and intramuscular (i.m.)/intradermal (i.d.) 

immunization on days 1 and 21 for the second were conducted. For s.c. 

immunization, 100 µl of CRM197 (4 μg/mouse) conjugated or co-delivered with β-

glucan hexasaccharide (1 μg/mouse) and Curdlan (2,7 μg/mouse) were injected. 

The same antigen/adjuvant dose was delivered intradermally in a 20 µl formulation. 

S.c. immunization with alum hydroxide adjuvanted formulation (0.2 mg/mouse) 

was used as a positive control. Alum hydroxide is an adjuvant widely used for 

carbohydrate-based vaccines (164-165). For i.m. immunization, 100 µl of CRM197 

(50 µl for each muscle - 4 μg/mouse) conjugated or physically mixed with β-glucan 

hexasaccharide (1 μg/mouse) was injected. The same antigen/adjuvant doses were 

delivered intradermally in 20 µl formulations. I.m. immunization with alum 

hydroxide adjuvanted formulation (0.2 mg/mouse) was used as positive control. 

Serum samples were collected on days 20, 34 and 49 for the first in vivo experiment 

and on days 20 and 34 for the second study and analyzed by ELISA for their anti-

CRM197 IgG levels. 

 

Determination of 𝑪𝑹𝑴𝟏𝟗𝟕-specific antibody titers by ELISA 

Determination of anti-CRM197 specific total IgG and subclasses IgG1 and IgG2a 

titers was performed by ELISA using individual serum samples. Maxisorp plates 

(Nunc) were coated overnight at +4°C with 0.2 μg/well of CRM197 in PBS, and 

blocked for 1 h at 37°C with 200 μl of 1% BSA (Sigma), in PBS. For the IgG 
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ELISA assay, serum samples were initially diluted in PBS, 0.1% BSA and 0.05% 

Tween-20 (Sigma), transferred into coated and blocked plates and serially diluted. 

Bound CRM197-specific IgG, IgG1 and IgG2a were detected with alkaline 

phosphatase-conjugated goat anti-mouse IgG, IgG1 and IgG2a respectively 

(SouthernBiotech). Antibody titers, normalized respect to the reference serum 

assayed in parallel, were obtained using IrisLab software. GraphPad Prism v.6.04 

(GraphPad Software, La Jolla, CA) was used to graph and analyze data for 

statistical significance. Intergroup comparison was analyzed using the Mann-

Whitney test.  

 

Results 

Synthesis of glycoconjugates with different degrees of glycosylation 

CRM197-Hexasaccharide (CRM197-Hexa) (3), (4), and (5) at different carbohydrate 

loading were prepared as described in Scheme 1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1| Preparation of the 𝑪𝑹𝑴𝟏𝟗𝟕-Hexa glycoconjugate at different carbohydrate loading 

(161). 
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As described above three conjugates with carbohydrate: protein ratios of 8.2, 18.2 

and 28.3, respectively, were obtained. The amount of carbohydrates covalently 

linked to the protein was estimated by MALDI TOF MS (Fig. 2 and Table 1).  

 

 

 

 

Figure 2| SDS page gel electrophoresis and MALDI TOF MS spectra of the glucan hexamer 

conjugated to the model protein𝑪𝑹𝑴𝟏𝟗𝟕. 

 

 

Table 1| Characteristics of protein-adjuvant conjugates. 

Compound MW Sugar loading Yield %
d Conjugation 

efficiency %
e 

CRM197-hexa 3 68864 8.2
a 

89 41 

CRM197-hexa 4 80577 18.2
a 

94 62 

CRM197-hexa 5 98662 28.3
a 

81 56 

CRM197-Curdlan nd
 

9.4
b
 nd 31 

CRM197-MenA
c 

nd
 

5.2
b
 nd 20 

a. The sugar loading was determined by MALDI TOF MS. 

b. The amount of conjugated carbohydrate was determined as described in literature (143). 

c. This conjugate was prepared as reported in literature (71,163) 

d. Recovered protein after purification as determined by microBCA. 

e. Mol of linker sugar/mol reacted sugar. 
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Conjugation of Hexasaccharide improves Dectin-1 receptor activation 

A preliminary study was performed to evaluate the in vitro binding of different 

agonists to Dectin1 receptor. First, the specificity of the binding of the constructs 

presenting the β-(1-3) glucans for the Dectin-1 receptor was assessed (Fig. 3A). To 

this end, by a competitive ELISA, the capability of the different biomolecules to 

compete with the binding of the receptor pre-incubated with CRM197-Curdlan to the 

same conjugate coated on the plate was measured. The receptor, either pre-

incubated or not pre-incubated with the conjugated CRM197-Curdlan, was used as 

control. As additional negative control, we used the CRM197 conjugate of 

Meningococcal serogroup A capsular polysaccharide (MenA), that is known not to 

be a Dectin-1 receptor agonist. As expected, CRM197-MenA conjugate did not 

interact with Dectin-1, indicating that β-(1-3) glucans exhibited specific binding to 

the receptor (Fig. 3A). The unconjugated Curdlan was a weaker competitor in 

comparison to the conjugates, while the hexasaccharide showed almost no binding 

to the receptor, similarly to CRM197-MenA.  

 

 

 

Figure 3| Dectin-1 receptor activation. (A) Competition for Dectin-1 receptor between conjugated 

and not conjugated β-glucans pre-incubated with 𝐶𝑅𝑀197-Curdlan on plate coated with the same 

conjugate. The not pre-incubation of the receptor was used as blank test of assay. (B) RAW-Blue™ 

cells treated with the three different 𝐶𝑅𝑀197-Hexa glycoconjugates (3)(4)(5) with different loaded 

sugar chains. 𝐶𝑅𝑀197-Curdlan was the positive control and Hexa (1), 𝐶𝑅𝑀197 and 𝐶𝑅𝑀197-MenA 

were the negative controls. The experiments were run in duplicates. 
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Having ascertained that the conjugated glucans were recognizing the Dectin-1 

receptor specifically, an in vitro test was performed to evaluate the ability of the 

different CRM197-Hexa glycoconjugates (3)(4)(5) to bind Dectin-1 in cells which 

highly express the receptor and activate the intracellular pathway (Fig. 3B). In order 

to test the effect of the different numbers of sugar chains present in each 

glycoconjugate, all biomolecules were analyzed at the same amount of sugar in 

work solution. CRM197 alone and CRM197-MenA glycoconjugate were used as 

negative controls. CRM197-Curdlan, with an average loading of 9.4 carbohydrate 

moieties, was the positive control. As it appeared from the absorbance values at 630 

nm depicted in Fig. 3B, all the glucan conjugates exhibited activation of the Dectin-

1 pathway, while almost no absorbance was associated to the negative controls, 

CRM197 and CRM197-MenA, respectively. This result suggested that conjugated β-

(1-3) glucans are better agonists than the unconjugated counterparts. Therefore, the 

multivalent exposition of the carbohydrate moieties linked to the protein core in 

form of glycoclusters appeared to potentiate the binding to the receptor (159,166) 

The Dectin-1 activation was found to be influenced by two interconnected 

parameters, which are the number of attached sugar moieties and the relative 

distance onto the protein core. When the number of sugar moieties on the protein 

was similar, as in the Curdlan and hexasaccharide conjugates at loading 9.4 and 8.2 

respectively, the product with the longest sugar chain resulted in a better activation. 

On the other hand, the conjugates (4) and (5) with highest sugar density increased 

the SEAP production in comparison to (3), indicating that this was another 

important feature for the receptor activation. Unexpectedly, conjugate (4) resulted 

in a higher SEAP production than (5), suggesting that a too dense distribution of the 

sugars around the core might not be beneficial for the Dectin-1 stimulation. This 

could be due to the irregular distribution of the glycans around the protein core in 

comparison to the use of synthetically defined clusters (167), however this aspect 

was not further explored. Following the main purpose of this work, to investigate 

the adjuvant effect of the conjugated hexasaccharide compared to its unconjugated 

form for skin delivery, CRM197-Hexa conjugate (4) was selected for the in vivo 

studies.  
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Conjugation of the glucan hexasaccharide to the antigen is essential for adjuvant 

effect in vivo 

To evaluate the effect of conjugation of the synthetic β-(1-3) glucan hexamer on its 

ability to adjuvant the anti-protein response, a set of in vivo experiments was 

designed. In the first in vivo study, immune responses induced by conjugated and 

unconjugated hexasaccharide and Curdlan against the protein CRM197 through 

subcutaneously route (s.c.) and intradermal immunization (i.d.) were investigated 

(Figure 4A and 4B). CRM197 adjuvanted with AlumOH was used as positive control 

for the subcutaneous administration only, since this adjuvant cannot be used for 

intradermal delivery
 
(29), and CRM197 alone was the benchmark. Importantly, 

CRM197-Hexa 18.2 and CRM197-Curdlan conjugates induced anti-CRM197 IgG titers 

significantly higher than the CRM197 alone and corresponding formulations of 

CRM197 physically co-delivered with hexamer or Curdlan, independently of the 

route of administration. Thus the conjugation was essential to induce an adjuvant 

effect (Fig. 4B and Table 2). When the subcutaneous route was evaluated (Fig. 4A), 

anti-CRM197 IgGs titers of sera from mice immunized with two doses of CRM197-

Hexa 18.2 or CRM197-Curdlan were comparable to the sera from mice immunized 

with the positive control - AlumOH adjuvanted formulation. After the third 

dose CRM197-Hexa 18.2 was able to further increase anti-CRM197 IgGs titers while 

CRM197 adjuvanted with CRM197-Curdlan and AlumOH seemed to plateau. Thus 

conjugation of the synthetic hexamer induces a higher immune response compared 

to Curdlan.  In contrast, anti-CRM197 IgGs titers of mice immunized with 

unconjugated saccharide mixed with the protein showed no increase in titers 

compared to CRM197 alone (Fig. 4A).  
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Figure 4| Systemic humoral responses to s.c. and i.d. administration of Hexa and Curdlan 

conjugated to or physical mixture with 𝑪𝑹𝑴𝟏𝟗𝟕 protein. 𝐶𝑅𝑀197-specific IgG titers were analyzed 

after first, second and third immunization. Intergroup comparison was analyzed using the Mann-

Whitney statistical assay. Statistically significant differences are summarized in Table 2. (A) 

Medians of 𝐶𝑅𝑀197-specific IgG titers for s.c. immunizations are reported. (B) Medians of 𝐶𝑅𝑀197-

specific IgG titers for i.d. immunizations are reported. 
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Table 2| Comparison of IgG levels, expressed as medians with interquartile range (IQR), of 

groups showing statistically significant differences (p value) in Figure 4. 

a. p values are indicated as follows: * 0.05 ≤  p < 0.01, ** 0.01 ≤ p < 0.001, and *** p < 0.001; ns = 

not significant. 

 

 

Immunization 

Groups 

Post 1 Post 2 Post 3 

median (IQR) pa median (IQR) pa median (IQR) pa 

𝐂𝐑𝐌𝟏𝟗𝟕+Curdlan 

SC 

vs 

𝐂𝐑𝐌𝟏𝟗𝟕-Curdlan 

SC 

2 (2-33) 

vs 

695 (281-1100) 

*** 

57.5 (43-1158) 

vs 

9198 (7517-

26174) 

*** 

1349 (856-8724) 

vs 

7794 (6846-21323) 

* 

𝐂𝐑𝐌𝟏𝟗𝟕+Hexa 18.2 

SC 

vs 

𝐂𝐑𝐌𝟏𝟗𝟕- Hexa 18.2 

SC 

28 (2-28) 

vs 

695 (339-1753) 

*** 

75 (37-108) 

vs 

23037(13055-

47355) 

*** 

1288 (528-2104) 

vs 

74055 (52153-

154580) 

*** 

𝐂𝐑𝐌𝟏𝟗𝟕+Curdlan 

ID 

vs 

𝐂𝐑𝐌𝟏𝟗𝟕-Curdlan 

ID 

2 (2-2) 

vs 

635 (381-1355) 

*** 

2 (2-105) 

vs 

13643 (10212-

16484) 

*** 

2813 (1043-4569) 

vs 

11624 (10476-

12764) 

*** 

𝐂𝐑𝐌𝟏𝟗𝟕+Hexa 18.2 

ID 

vs 

𝐂𝐑𝐌𝟏𝟗𝟕- Hexa 18.2 

ID 

44 (2-92.75) 

vs 

732 (470-1777) 

*** 

2 (2-51.5) 

vs 

15488 (8342-

24319) 

*** 

1068 (483-1456) 

vs 

34832 (24604-

59682) 

*** 

𝐂𝐑𝐌𝟏𝟗𝟕-Curdlan 

SC 

vs 

𝐂𝐑𝐌𝟏𝟗𝟕+ AlumOH 

SC 

695 (281-1100) 

vs 

2446 (1419-

3997) 

* 

9198 (7517-

26174) 

vs 

21680 (17907-

31449) 

ns 

7794 (6846-21323) 

vs 

43195 (29770-

46856) 

*** 

𝐂𝐑𝐌𝟏𝟗𝟕- Hexa 18.2 

SC 

vs 

𝐂𝐑𝐌𝟏𝟗𝟕+ AlumOH 

SC 

695(339-1753) 

vs 

2446 (1419-

3997) 

* 

23037(13055-

47355) 

vs 

21680 (17907-

31449) 

ns 

74055 (52153-

154580) 

vs 

43195 (29770-

46856) 

* 

𝐂𝐑𝐌𝟏𝟗𝟕-Curdlan 

ID 

vs 

𝐂𝐑𝐌𝟏𝟗𝟕+ AlumOH 

SC 

635 (380.5-

1355) 

vs 

2446 (1419-

3997) 

** 

13643 (10212-

16484) 

vs 

21680 (17907-

31449) 

*** 

11624 (10476-

12764) 

vs 

43195 (29770-

46856) 

*** 

𝐂𝐑𝐌𝟏𝟗𝟕- Hexa 18.2 

ID 

vs 

𝐂𝐑𝐌𝟏𝟗𝟕+ AlumOH 

SC 

732 (470-1777) 

vs 

2446 (1419-

3997) 

* 

15488 (8342-

24319) 

vs 

21680 (17907-

31449) 

ns 

34832 (24604-

59682) 

vs 

43195 (29770-

46856) 

ns 

𝐂𝐑𝐌𝟏𝟗𝟕-Hexa 18.2 

SC 

vs 

𝐂𝐑𝐌𝟏𝟗𝟕- Hexa 18.2 

ID 

695 (339-1753) 

vs 

732 (470-1777) 

ns 

23037 (13055-

47355) 

vs 

15488 (8342-

24319) 

ns 

74055 (52153-

154580) 

vs 

34832 (24604-

59682) 

** 
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Following intradermal delivery, the anti-CRM197 IgG titer elicited by CRM197-Hexa 

18.2 was comparable to the positive control (CRM197+AlumOH by s.c. route, Fig. 

4B and Table 2), whereas sera from the CRM197-Curdlan conjugate exhibited anti-

CRM197 IgG titers significantly lower than the positive control (CRM197+AlumOH 

by s.c. route, Fig. 4B and Table 2). This indicated that conjugation of the synthetic 

hexamer, but not Curdlan, provided an adjuvant effect comparable with that of 

AlumOH (subcutaneously administered) for intradermal immunization. This effect 

was in agreement with the in vitro Dectin1 receptor activation assay, which showed 

CRM197-Hexa 18.2 as a stronger activator than CRM197-Curdlan. We can, therefore, 

assume that the Dectin-1 recognition was better affected by the sugar exposition 

around the protein core rather the repetition along the polysaccharide chain. 

Notably, for both the immunization routes (s.c. and i.d.), antibody titers detected 

after the first immunization using a conjugated form of the antigen highlighted a 

quicker on-set of immune response compared to antigen administered alone that 

was not able to induce any response. Moreover independently from the routes of 

immunization, antibody titers detected after two doses using the conjugated forms 

were higher than titers induced after three immunizations using non-adjuvanted 

formulations or physical mixtures of protein-adjuvant (Fig. 4A and Fig. 4B, Table 

2). This result confirmed the capability of the hexamer (1), when conjugated to the 

protein, to exert an adjuvant effect. To further assess this effect and compare the 

intradermal versus the intramuscular route, a second in vivo experiment was 

conducted. CRM197 co-delivered either with the unconjugated hexamer or AlOH 

was used as control. In the first study no relevant increase in the anti-CRM197 

responses could be observed after the second boost with CRM197-Hexa 18.2.  

Therefore, in the second in vivo study, only two immunizations were evaluated. As 

depicted in Figure 5A and 5B, ELISA titers of sera from first and second 

vaccination confirmed that the conjugation of the sugar to the antigen was crucial to 

achieve an adjuvant effect. 
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Figure 5| Systemic humoral responses to i.m. and i.d. administration of Hexa conjugated to or 

physical mixture with 𝑪𝑹𝑴𝟏𝟗𝟕 protein. 𝐶𝑅𝑀197-specific IgG titers were analyzed after first and 

second immunization. Intergroup comparison was analyzed using the Mann-Whitney statistical 

assay. Statistically significant differences are summarized in Table 3. (A) Medians of 𝐶𝑅𝑀197-

specific IgG titers for i.m. immunizations are reported. (B) Medians of 𝐶𝑅𝑀197-specific IgG titers 

for i.d. immunizations are reported.  
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After the first immunization respective titers were comparable to the AlumOH 

adjuvanted formulation (Table 3, p for post 1 sera). After the second immunization, 

anti-CRM197 IgG titers of sera of CRM197-Hexa 18.2 immunized mice both i.m. and 

i.d. were lower in comparison to the AlOH formulated control (Table 3, p post 2 

sera). Interestingly   CRM197-Hexa 18.2 conjugate delivered by i.d. induced 

significantly higher antibody titers when compared to the i.m. route both after the 

first and second immunization. This result confirmed the potential benefit of using 

the synthetic β-(1-3) glucan hexamer as adjuvant for skin delivery.  

 

 

Table 3| Comparison of IgG levels, expressed as medians with interquartile range (IQR), of 

groups showing statistically significant differences in Figure 5. 

a. p values are indicated as follows: * 0.05 ≤  p < 0.01, ** 0.01 ≤  p < 0.001, and *** p < 0.001; ns = not 

significant. 

 

 

Dectin-1 agonist elicits the same IgG subclass 𝑪𝑹𝑴𝟏𝟗𝟕-specific response as Alum 

hydroxide 

To characterize the quality of the immune response, serum samples of the second in 

vivo study were analyzed for anti-CRM197-specific IgG1 and IgG2a titers (168). 

Alum is known to induce a Th2 response, which results in the predominant 

segregation of IgG1 subclass (144). Conjugation of the β-(1-3)-(1-6) glucan 

Laminarin to OVA peptide has also been reported to result in a prominent 

production of IgG1 antibodies (147).  No difference between AlumOH adjuvanted 

formulation and CRM197-Hexa 18.2 was found for either IgG1 or IgG2a subclasses, 

independently of the route of administration (Fig. 6). Interestingly, a prevailing 

Immunization Groups 
Post 1 Post 2 

Median (IQR) pa median (IQR) pa 

𝐂𝐑𝐌𝟏𝟗𝟕- Hexa 18.2 IM 

vs 

𝐂𝐑𝐌𝟏𝟗𝟕+ AlumOH IM 

155 (106-201) 

vs 

609 (113-1610) 

ns 

1804 (752-2246) 

vs 

21069 (15326-24496) 

*** 

𝐂𝐑𝐌𝟏𝟗𝟕- Hexa 18.2 ID 

vs 

𝐂𝐑𝐌𝟏𝟗𝟕+ AlumOH IM 

526 (258-717) 

vs 

609 (112.3-1610) 
ns 

10861 (3365-15576) 

vs 

21069 (15326-24496) 
* 

𝐂𝐑𝐌𝟏𝟗𝟕- Hexa 18.2 IM 

vs 

𝐂𝐑𝐌𝟏𝟗𝟕-Hexa 18.2 ID 

155 (105.8-200.5) 

vs 

526 (258-717) 

** 

1804 (752-2246) 

vs 

10861 (3365-15576) 

** 
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IgG1 production was found both for Alum and the conjugated glucan hexamer, in 

agreement with what observed for peptide-bound Laminarin (147). Therefore, 

conjugation of the Dectin-1 agonist appeared to enhance the immune response in 

terms of raised IgG levels, while no shift in the Th1/Th2 balance was observed. 

Unconjugated Curdlan-like polysaccharides have been demonstrated to be capable 

of inducing Th17 activity (169).
 
Whether this type of immune response could be 

also evoked by conjugated Curdlan was not explored in the present study, however 

this point may merit further investigation. 

 

 

 

 

 

 

 

 

 

 

Figure 6| CRM197-Hexa 18.2 glycoconjugate elicits both IgG1 and IgG2a. Post 2 CRM197-specific 

IgG1 and IgG2a titers of mice sera reported in figure 5 are reported. Mean titers with standard 

deviations bars are reported. 

 

Discussion 

Different routes for administration of vaccine antigens have been proposed on many 

occasions (170).
 

Intranasal administration, for example, has been shown to 

represent a viable alternative to classic administration routes, particularly when 

mucosal immunity needs to be stimulated (171). However, safety concerns have 

been reported for some intranasal vaccines, possibly as a consequence of the 

redirection of antigens and/or adjuvants to the central nervous system through the 

olfactory epithelium (172-173). In the present study, Dectin-1 agonists were 

investigated as potent adjuvants for skin delivery of protein antigens.  Since 
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Langerhans cells highly express the Dectin-1 receptor on their surfaces, skin 

delivery should benefit more than the classical routes of administration of the effect 

of β-glucans as immunopotentiators.  By comparison of  three different 

administration routes (s.c., i.d. and i.m.), we observed that conjugation of the 

synthetic β-(1-3) glucan in combination with intradermal delivery resulted in higher 

antibody titers compared to intramuscular and subcutaneous delivery. Our finding 

highlights that covalent linkage of the synthetic agonist to proteins is an approach 

particularly suited for increasing the immunogenicity of antigens administered 

intradermally. This is a relevant benefit since classical alum based adjuvants are not 

suitable for administration by this route (29). Analysis of CRM197-specific IgG 

subclasses indicated that conjugation of the glucan hexamer resulted in a prevailing 

IgG1 production. This outcome is in agreement with recent publications, in which 

cooperation between Dectin-1 and TLR4 induces mainly IgG1 production by mouse 

B-cells (174-175). AlumOH used for intramuscular immunization elicited IgG1 and 

IgG2a subclasses in the same ratio as the conjugated glucan hexamer administered 

intradermally. These results were achieved due to a rational study design that 

allowed us to identify a well-defined synthetic β-(1-3) glucan hexasaccharide as a 

suitable Dectin-1 agonist, that was chemically conjugation to a protein antigen to 

increase binding to the Dectin-1 receptor and targeting to the Dendritic cells (DCs).  

It was previously reported that Laminarin, a heterogeneous and variable 

polysaccharide from algae could be used in a tricomponent glycoconjugate vaccine 

to enhance the immune response against a β-mannan antigen (158). The structural 

requirements of β-glucans for Dectin-1 binding have been thoroughly explored. 

Measurements of competition between oligosaccharides for binding a soluble form 

of Dectin-1 revealed that both branched and linear hexadecasaccharides are capable 

of Dectin-1 receptor binding (158). This finding suggests that linear portions of the 

glucans are recognized by the receptor (158).  In particular, it has been shown using 

a glycan-array that 9 to 10 β-(1-3) repeating units are the minimal requirement for 

efficient receptor binding (67). Glycan-arrays are usually affected by the exposition 

of the sugar on the chip surface. Analysis by titration NMR techniques of a set of 

short β-(1-3)-glucans and Laminarin has revealed that binding to the receptor takes 
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place starting from six repeating units and becomes stronger for longer glucans 

(70). Moreover, it has been observed that short β-(1-3)-glucan oligomers, although 

they are not able to adopt any helical arrangements, are able to increase the ratio of 

granulocytes in peripheral blood, potentiation of phagocytosis and production of 

interleukin-2 after intra-peritoneal injection in murine models (62). Using in vitro 

assays we demonstrated that whilst the short hexamer was unable to efficiently bind 

to the receptor, conjugation dramatically increased binding. This result confirmed 

that the mode of presentation is important for activation of the receptor
 
(160) and, 

most importantly, highlighted that receptor binding  of weak ligands of short length 

can be increased by multivalent presentation. Binding to receptor was found to 

increase for longer and more densely distributed sugars around a protein core. 

However, above a certain threshold, further increases in density had no beneficial 

effect. The optimal carbohydrate-protein ratio to achieve the Dectin-1 activation 

was determined and the selected CRM197 conjugate was utilized in in vivo studies. 

Following immunization of mice, sera were tested to detect CRM197-specific 

antibody titers. Notably, conjugation of the synthetic β-(1-3) glucan hexasaccharide 

to CRM197 exhibited an adjuvant effect, comparable to AlumOH adjuvanted 

formulations, thereby demonstrating that conjugation is fundamental for use of the 

hexasaccharide as an adjuvant. This finding was confirmed by the negligible or very 

limited antibody titers elicited by the hexamer administered in physical mixture 

with the antigen. Importantly, after two doses of the hexasaccharide conjugate, the 

anti-protein immune response was higher than that seen after three doses of the 

antigen-hexasaccharide physical mixture.  Thus, adjuvant-antigen conjugation 

facilitates vaccine dose sparing. Besides Dectin-1, other lectins like the murine 

leukocyte CR3 (CD11b/CD18) have been shown to function as a receptor for β-

glucans, promoting activation of cytotoxic responses against tumor cells. Within the 

scope of the present study, interaction of the conjugated hexamer with other β-

glucan receptors cannot be excluded (176). CRM197 conjugated to Laminarin
 
(177) 

or to synthetic or natural linear β-(1-3) glucans has also been reported to confer 

protection against C. albicans infections (143,177). Specific anti β-glucans 

antibodies have been also found to recognize glycan structures on the surface of 
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Aspergillus fumigatus (178). In the present study we ascertained the induction of 

anti β-glucan IgGs (see SI, Figure 7). Therefore, the short synthetic glucan hexamer 

could behave simultaneously as both antigen and adjuvant to target C. albicans and 

A. fumigatus infections. Considering that glycoconjugate vaccines are some of the 

safest and most effective vaccines for reducing, even eradicating, infectious 

diseases (179), conjugation of well-defined synthetic glucans could represent a 

useful strategy for developing new glycoconjugate vaccines for skin delivery, with 

inherent adjuvant properties. We expect that our findings will open new 

perspectives in the use of well-defined carbohydrates as vaccine adjuvants for 

targeted delivery of protein or polysaccharide antigens to dendritic cells helping to 

establish intradermal delivery as a safe vaccination route.  
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Supplementary data 

 Hexa-specific IgG titers 

Introduction 

In the present study the induction of anti β-glucan IgGs were considered in order to 

evaluate the immunogenity against the hexasaccharide. 

Materials and Methods 

Immunization study 

See above manuscript 

Determination of anti-MenC antibody titers by ELISA 

See above manuscript 

Results and conclusions 

Anti β-glucan IgGs were detected after each immunization for the conjugated 

hexasaccharide. A simultaneous behavior as both antigen and adjuvant can be 

associated to the hexasaccharide. For more details see above manuscript. 

Figure 7| Systemic humoral responses to s.c. and i.d. administration of Hexa conjugated to 

𝑪𝑹𝑴𝟏𝟗𝟕 protein. The immunization dose was based on protein content (4 µg). Hexa-specific IgG 

titers were analyzed after first, second and third immunization. Medians of Hexa-specific IgG titers 

for s.c. and i.d. immunizations are reported. Unconjugated glucan hexamer was used as coating 

reagent. 
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Conclusions  

The current work is aimed at the design, formulation and characterization of novel 

vaccines suitable for intradermal delivery and able to induce earlier onset of 

immune response as well as more potent and longer lasting immune responses 

compared to conventional vaccines. With this purpose, two different model antigens 

were used to evaluate the intradermal route as immunological target for vaccination: 

MenC-CRM197 glycoconjugate and CRM197 protein. Moreover different adjuvants 

were used to potentiate the immune responses to antigens and to modulate the 

immune response towards a desired quality profile. Conjugation of adjuvants to 

model antigens was investigated for potential to increase antigen immune response 

when compared to co-delivery of adjuvants and antigens by simple mixture in 

respective formulations. Chapter 2 described the evaluation of the intradermal 

delivery route for the administration of a glycoconjugate vaccine and the use of 

immunopotentiators to further enhance the immunogenicity and to increase 

bactericidal activity after intradermal delivery. Notably, the intradermal delivery of 

MenC-CRM197 glycoconjugate showed superiority in term of immunogenicity and 

bactericidal titer compared to the intramuscular administration, highlighting the 

power of intradermal route for glycoconjugate vaccine delivery. Moreover, the 

addition of adjuvants, in particular TLR4a, LTK63 and TLR7a, allowed for a 

reduced number of doses administered and to modulate the quality of the immune 

response towards a more beneficial, for the model antigen used, Th1 response. The 

improvement of immunogenicity was not appreciable when CRM197 carrier protein 

was intradermally administered. This finding has specified the rational of choosing 

a glycoconjugate antigen to exploit the intradermal route advantages in term of 

immunogenicity. 

To further investigate the role of adjuvant and to ensure codelivery of 

adjuvant/antigen, the conjugation of TLR7a to the glycoconjugate model antigen 

has been investigated in chapter 3. Of the two different conjugation approaches 

developed, the conjugation of TLR7a to CRM197 carrier protein rresulted the only 

one able to enhance the anti-carbohydrate response. In fact, the conjugation of 
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TLR7a to MenC polysaccharide, has showed a negative impact on MenC 

polysaccharide receptor recognition and consequently a reduction of the anti-

carbohydrate response. These findings have opened the path to the rational design 

of improved adjuvanted glycoconjugate vaccines for intradermal route. 

In order to enhance the immune response toward a protein model antigen in 

comparison to the glycoconjugate model antigen, as described in chapter 2, the 

conjugation of β-glucan hexasaccharide to the CRM197 model antigen was presented 

in chapter 4. The results have demonstrated that receptor activation was 

significantly impacted by the presentation of the glucan conjugated to the protein 

carrier. Considering that glycoconjugate vaccines are some of the safest and most 

effective vaccines for reducing, even eradicating, infectious diseases, the 

conjugation of well-defined synthetic glucans could represent a useful strategy for 

developing new glycoconjugate vaccines for intradermal delivery, with inherent 

adjuvant properties.  

The entire picture of reported findings highligthed the importance of the rational 

combination of antigens and adjuvants to develop stable formulations and efficient 

immune responses considering the pathogen and the route of administration. For 

this reason, the formulation science has been proposed as key element of novel 

vaccine development suitable for intradermal delivery. 

 

 

 

  



 

 
 

112 Chapter 5 

 

  



 
113 References 

  

 

References 

 



 

 
 

114 References 

References 

1. Schlipköter U and Flahault A. Communicable diseases: achievements and challenges for public 

health. Public Health Rev. 2010;32:90-119. 

2. Brenzel L, Wolfson LJ, Fox-Rushby J, Miller M, Halsey NA. Vaccine-preventable diseases. 

Disease control priorities in developing countries. 2006;2:389-412. 

3. Guideline on adjuvants in vaccines for human use 2005; Available from: 

http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2009/09/WC500

003809.pdf. 

4. Sesardic D, Dobbelaer R. European Union regulatory developments for new vaccine adjuvants 

and delivery systems. Vaccine 2004;22:2452-6. 

5. Kristensen D, Chen D, Cummings R. Vaccine stabilization: Research, commercialization, and 

potential impact. Vaccine 2011;29:7122-4. 

6. Chen D, Zehrung D. Desirable attributes of vaccines for deployment in low-resource settings. J. 

Pharm. Sci. 2013;102:29-33. 

7. Teunissen MBM, Haniffa M, Collin MP. Insight into the Immunobiology of Human Skin and 

Functional Specialization of Skin Dendritic Cell Subsets to Innovate Intradermal Vaccination 

Design. In: Teunissen MBM editor.  Intradermal Immunization. Heidelberg: Springer; 2012. 

p.25-76. 

8. Streilein JW. Skin-associated lymphoid tissues (SALT): origins and functions.  Invest Dermatol. 

1983; 80;S:12s-16s. 

9. Fuchs S, Raghavan S. Getting under the skin of epidermal morphogenesis. Nature reviews 

2002;3:199-209. 

10. Segre JA. Epidermal barrier formation and recovery in skin disorders. J Clin Invest 

2006;116:1150-8. 

11. Proksch E, Brandner JM, Jensen JM. The skin: an indispensable barrier. Exp Dermatol. 

2008;17;1063-72. 

12. Nicolas JF, Guy B. Intradermal, epidermal and transcutaneous vaccination: from immunology to 

clinical practice. Expert Rev Vaccines 2008;7:1201-14. 

13. Lambert PH, Laurent EP. Intradermal vaccine delivery: Will new delivery systems transform 

vaccine administration? Vaccine 2008;26:3197-208. 

14. PATH (2009). Intradermal Delivery of Vaccines: a review of the literature and the potential for 

development for use in low- and middle income countries. PATH/WHO. 

http://www.path.org/publications/files/TS_opt_idd_review.pdf. 

15. Romani N, Thurnher M, Idoyaga J, Steinman RM, Flacher V. Targeting of antigens to skin 

dendritic cells: possibilities to enhance vaccine efficacy. Immunol Cell Biol 2010;88:424-30. 

16. Flacher V, Tripp CH, Stoitzner P, Haid B, Ebner S, Koch F, et al. Proteins deposited in the 

dermis are rapidly captured and presented by epidermal Langerhans cells. J Invest Dermatol. 

2010;130:755-62. 

17. Caminschi I, Lahoud MH, Shortman K. Enhancing immune responses by targeting antigen to 

DC. Eur J Immunol 2009;39:931-38. 

18. Donadei A, Gallorini S, Berti F, O'Hagan DT, Adamo R, Baudner BC. Rational Design of 

Adjuvant for Skin Delivery: Conjugation of Synthetic beta-Glucan Dectin-1 Agonist to Protein 

Antigen. Mol Pharm. 2015;12:1662-72. 

19. Hickling JK, Jones KR, Friede M, Zehrung D, Chen D, Kristensen D. Intradermal delivery of 

vaccines: potential benefits and current challenges. Bulletin of the World Health Organization. 

2011;3;161-240. 

20. Mbow ML, De Gregorio E, Valiante NM, Rappuoli R. New adjuvants for human vaccines. Curr 

Opin Immunol. 2010;22:411-6.  

21. O'Hagan DT, Valiante NM, Recent advances in the discovery and delivery of vaccine adjuvants. 

Nat Rev Drug Discov. 2003;2:727-35. 

22. Glenn GM, Scharton-Kersten T, Vasselll R, Matyas GR, Alving CR. Transcutaneous 

immunization with bacterial ADP-ribosylating exotoxins as antigens and adjuvants. Infect 

Immun. 1999;67:1100–6. 

javascript:void(0)
javascript:void(0)
javascript:void(0)


 
115 References 

23. McKenzie R, Bourgeois AL, Frech SA, Flyer DC, Bloom A, Kazempour K et al. 

Transcutaneous immunization with the heat-labile toxin (LT) of enterotoxigenic Escherichia 

coli (ETEC): Protective efficacy in a double-blind, placebo-controlled challenge study. Vaccine 

2007;25:3684-91. 

24. Glenn GM, Rao M, Matyas GR, Alving CR. Skin immunization made possible by cholera toxin. 

Nature 1998;391:851–2. 

25. Cui Z, Mumper RJ. The effect of co-administration of adjuvants with a nanoparticle-based 

genetic vaccine delivery system on the resulting immune responses. Eur J Pharm Biopharm. 

2003;55:11-8. 

26. Kahlon R, Hu Y, Orteu CH, Kifayet A, Trudeau JD, Tan R et al. Optimization of epicutaneous 

immunization for the induction of CTL. Vaccine 2003;21:2890-9. 

27. Weeratna RD, Makinen SR, McCluskie MJ, Davis HL. TLR agonists as vaccine adjuvants: 

comparison of CpG ODN and Resiquimod (R-848). Vaccine 2005;23:5263-70. 

28. Engelke L, Winter G, Hook S, Engert J. Recent insights into cutaneous immunization: How to 

vaccinate via the skin. Vaccine 2015;33:4663-74.  

29. Vogelbruch M, Nuss B, Körner M, Kapp A, Kiehl P, Bohm W. Aluminium-induced granulomas 

after inaccurate intradermal hyposensitization injections of aluminium-adsorbed depot 

preparations. Allergy 2000;55:883-7. 

30. Gonzalez-Aseguinolaza G, Van Kaer L, Bergmann CC, Wilson JM, Schmieg J, Kronenberg M 

et al. Natural Killer T Cell Ligand a-Galactosylceramide Enhances Protective Immunity Induced 

by Malaria Vaccines. J Exp Med. 2002;195:617–24. 

31. Cerundolo V, Silk JD, Hajar Masri S, Salio M. Harnessing invariant NKT cells in vaccination 

strategies. Nature. 2009;9:28-38. 

32. Reilly EC, Thompson EA, Aspeslagh S, Wands JR, Elewaut D, Brossay L. Activated iNKT 

Cells Promote Memory CD8+ T Cell Differentiation during Viral Infection. PLoS ONE 

2012;7:1-6. 

33. Murphy K, Travers P, Walport M. Basic Concepts in Immunology. In: Janeway C, editor. 

Janeway’s Immuno biology. New York: Garland Science, Taylor and Francis Group, LLC; 

2008. p. 1-38. 

34. Pardoll DM.  Immunology beats cancer: a blueprint for successful translation. Nat Immunol. 

2012: 13:1129-32. 

35. Desmet CJ, Ishii KJ. Nucleic acid sensing at the interface between innate and adaptive 

immunity in vaccination. Nat Rev Immunol. 2012;12:479-49. 

36. Caugant DA, Maiden MCJ. Meningococcal carriage and disease-Population biology and 

evolution. Vaccine. 2009;27 Suppl 2:B64-70. 

37. Apicella MA. Neisseria meningitidis. In: Mandell GL, Bennett JE, Dolin R, eds. Principles and 

Practice of Infectious Diseases 6th edn. Philadelphia: Elsevier Churchill Livingstone Publishers, 

2005. p. 2498–513. 

38. Swartley JS, Marfi n AA, Edupuganti S, Liu L-J, Cieslak P, Perkins B, Wenger JD et al. 

Capsule switching of Neisseria meningitidis. Proc Natl Acad Sci. 1997; 94;271–76. 

39. Liu T-Y, Gotschlich EC, Dunne FT, Jonssen EK. Studies on the Meningococcal 

Polysaccharides. J Biol Chem. 1971;246:4703-12. 

40. Goldschneider I, Gotschlich EC, Artenstein MS. Human immunity to the meningococcus. I. The 

role of humoral antibodies. J Exp Med. 1969;129:1307-26 

41. Madico G, Welsch JA, Lewis LA, McNaughton A, Perlman DH, Costello CE et al. The 

meningococcal vaccine candidate GNA1870 binds the complement regulatory protein factor H 

and enhances serum resistance. J Immunol. 2006;177:501-10.  

42. Schneider MC, Prosser BE, Caesar JJ, Kugelberg E, Li S, Zhang Q et al. Neisseria meningitidis 

recruits factor H using protein mimicry of host carbohydrates. Nature. 2009; 458: 890-3.  

43. Seib KL, Serruto D, Oriente F, Delany I, Adu-Bobie J, Veggi D et al. Factor H-binding protein 

is important for meningococcal survival in human whole blood and serum and in the presence of 

the antimicrobial peptide LL-37. Infect Immun. 2009;77:292-9.  

44. Achtman M. Global epidemiology of meningococcal disease. In: Meningococcal disease. 

Cartwright K, Editors. John Wiley & Sons Ltd: Chichester, United Kingdom; 1995. p. 159-75. 

45. Schwartz B, Moore PS, Broome CV. Global epidemiology of meningococcal disease. Clin 

Microbiol Rev. 1989;2:S118-24. 



 

 
 

116 References 

46. World Health Organization Working Group. Control of epidemic meningococcal diseases: 

WHO practical guidelines. Lyon, France: Edition Foundation Marcel Merieux; 1995. 

47. Rosenstein NE, Perkins BA, Stephens DS, Lefkowitz L, Cartter ML, Danila R, et al . The 

changing epidemiology of meningococcal disease in the United States, 1992-1996. J Infect Dis. 

1999;180:1894-901. 

48. Rouphael NG, Stephan DS. Neisseria meningitidis: Biology, Microbiology, and Epidemiology. 

Methods Mol Biol. 2012;799:1–20. 

49. Ali A, Zehra Jafri R, Messonnier N, Tevi-Benissan C, Durrheim D, Eskola J et al. Global 

practices of meningococcal vaccine use and impact on invasive disease. Pathogens and Global 

Health 2014;108:11-20. 

50. Takeda K., Kaisho T, Akira S, Toll-like receptors. Annu Rev Immunol. 2003;21:335-76. 

51. Takeda K, Akira S. Toll-like receptors in innate immunity. Int Immuno. 2005;17:1-14. 

52. O’Hagan DT, Valiante M. Recent advances in the discovery and delivery of vaccine adjuvants. 

Nature Reviews 2003;2:727-35. 

53. Garçon N, Leroux-Roels G, Cheng WF. Vaccine adjuvants. In: Garçon N, editor. Understanding 

Modern Vaccines: Perspectives in Vaccinology: Elsevier B.V.; 2011. p. 89-113. 

54. Miller RL, Gerster JF,  Owens ML, Slade HB, Tomai MA. Imiquimod applied topically: a novel 

immune response modifier and new class of drug. Int J Immunopharmaco 1999;21:1-14. 

55. Othoro C, Johnston D, Lee R, Soverow J, Bystryn JC, Nardin E. Enhanced Immunogenicity of 

Plasmodium falciparum Peptide Vaccines Using a Topical Adjuvant Containing a Potent 

Synthetic Toll-Like Receptor 7 Agonist, Imiquimod Infect immun. 2009;77:739-48. 

56. Hemmi H, Kaisho T, Takeuchi O, Sato S, Sanjo H, Hoshino K et al. Small anti-viral compounds 

activate immune cells via the TLR7 MyD88-dependent signaling pathway Nat. Immunol. 

2002;3:196–200. 

57. Yamamoto T, Tamura T, Yokota T. Primary structure of heat-labile enterotoxin produced by 

Escherichia coli pathogenic for humans. J Biol Chem. 1984;259:5037-44.  

58. Brynjolfsson SF, Bjarnarson SP,  Mori E, Del Giudice G, Jonsdottir I. Neonatal immune 

response and serum bactericidal activity induced by a meningococcal conjugate vaccine is 

enhanced by LT-K63 and CpG2006. Vaccine. 2008;26(35):4557-62. 

59. Pizza M, Giuliani MM, Fontana MR, Monaci E, Douce G, Dougan G, et al. Mucosal vaccines: 

non toxic derivatives of LT and CT as mucosal adjuvants. Vaccine. 2001;19:2534-41. 

60. Brown GD. Dectin-1: a signaling non-TLR pattern-recognition receptor. Nature Rev. Immunol. 

2006;6:33-43.  

61. Brown GD, Gordon S. A new receptor for β-glucans. Nature. 2001;213:35-7. 

62. Tsoni SV, Brown GD. β-glucans and Dectin-1. Ann. N.Y. Acad. Sci. 2008;1143:45-60. 

63. Ni L, Gayet I, Zurawski S, Duluc D, Flamar AL, Li XH et al. Concomitant activation and 

antigen uptake via human Dectin-1 results in potent antigen-specific CD8+ T cell responses. J. 

Immunol. 2010;185:3504-13.  

64. Leibundgut-Landmann S, Osorio F, Brown GD, Reis e Sousa C. Stimulation of dendritic cells 

via the dectin-1/Syk pathway allows priming of cytotoxic T-cell responses. Blood. 

2008;112:4971-80. 

65. Herre J, Gordon S, Brown GD. Dectin-1 and its role in the recognition of β-glucans by 

macrophages. Mol. Immunol. 2004;40:869-76.  

66. Brown J, O’Callaghan CA, Marshall ASJ, Gilbert RJC, Siebold C, Gordon S. Structure of the 

fungal β-glucan-binding immune receptor Dectin-1: implications for function. Prot. Sci. 

2007;1:1042-52.  

67. Palma AS, Feizi T, Zhang Y, Stoll MS, Lawson AM, Díaz-Rodríguez E. Ligands for the b-

glucan receptor Dectin-1, assigned using ''designer'' microarrays of oligosaccharide probes 

(neoglycolipids) generated from glucan polysaccharides. J. Biol. Chem. 2006;281:5771-9.  

68. Descroix K, Vệtviĉka V, Laurent I, Jamois F, Yvin JC, Ferrières V. New oligo-β-(1,3)-glucan 

derivatives as immunostimulating agents. Bioorg. Med. Chem. 2010;18:348–57.  

69. Tanaka H, Kawai T, Adachi Y, Hanashima S, Yamaguchi Y, Ohno N. Synthesis of β-(1,3) 

oligoglucans exhibiting a Dectin-1 binding affinity and their biological evaluation. Bioorg. Med. 

Chem. 2012;20:3898-3914. 



 
117 References 

70. Hanashima S, Ikeda A, Tanaka H, Adachi Y, Ohno N, Takahashi T. NMR study of short β(1,3)-

glucans provides insights into the structure and interaction with Dectin-1. Glycoconj. J. 

2014;31:199-207. 

71. Kawano T, Cui J, Koezuka Y, Toura I, Kaneko Y, Motoki K, et al. CD1d-restricted and TCR-

mediated activation of valpha14 NKT cells by glucosylceramides. Science. 1997;278:1626-9. 

72. Fujii S, Shimizu K, Smith C, Bonifaz L, Steinman RM. Activation of natural killer T cells by 

alpha-galactosylceramide rapidly induces the full maturation of dendritic cells in vivo and 

thereby acts as an adjuvant for combined CD4 and CD8 T cell immunity to a coadministered 

protein. J Exp Med. 2003;198:267-79. 

73. Hermans IF, Silk JD, Gileadi U, Salio M, Mathew B, Ritter G, et al. NKT cells enhance CD4+ 

and CD8+ T cell responses to soluble antigen in vivo through direct interaction with dendritic 

cells. J Immunol. 2003;171:5140-7. 

74. Galli G, Pittoni P, Tonti E, Malzone C, Uematsu Y, Tortoli M, et al. Invariant NKT cells sustain 

specific B cell responses and memory. Proc Natl Acad Sci, 2007;104:398-9. 

75. Shah RR, Dodd S, Schaefer M, Ugozzoli M, Singh M, Otten GR, Amiji MM et al. The 

development of self-emulsifying oil-in-water emulsion adjuvant and an evaluation of the impact 

of droplet size on performance. J Pharm Sci. 2015;104:1352-61. 

76. Ott G, Barchfeld GL, Chernoff D, Radhakrishnan R, van Hoogevest P, Van Nest G. MF59 

design and evaluation of a safe and potent adjuvant for human vaccines. Pharm Biotechnol. 

1995;6:277-96. 

77. Podda A. The adjuvanted influenza vaccines with novel adjuvants: experience with the MF59-

adjuvanted vaccine. Vaccine. 2001;19:2673-80. 

78. Monaci E, Pizza M, O'Hagan DT, Wack A. The adjuvants aluminum hydroxide and MF59 

induce monocyte and granulocyte chemoattractants and enhance monocyte differentiation 

toward dendritic cells. J Immunol. 2008;180:5402-12. 

79. O'Hagan DT, Ott GS, Nest GV, Rappuoli R, Giudice GD. The history of MF59® adjuvant: a 

phoenix that arose from the ashes. Expert Rev Vaccines. 2013;12:13-30. 

80. Durando P, Iudici R, Alicino C, Alberti M, de Florentis D, Ansaldi F et al. Adjuvants and 

alternative routes of administration towards the development of the ideal influenza vaccine. 

Hum Vaccin. 2011;7:29-40.  

81. Calabro S, Tritto E, Pezzotti A, Taccone M, Muzzi A, Bertholet S. The adjuvant effect of MF59 

is due to the oil-in-water emulsion formulation, none of the individual components induce a 

comparable adjuvant effect. Vaccine. 2013;31:3363-9. 

82. Kenney RT, Frech SA, Muenz LR, Villar CP, Glenn GM,. Dose Sparing with Intradermal 

Injection of Influenza Vaccine N Engl J Med. 2004;351:2295-301. 

83. Belshe RB, Newman FK, Cannon J, Duane C, Treanor J, Van Hoecke C, et al. Serum Antibody 

Responses after Intradermal Vaccination against Influenza. N Engl J Med. 2004;351:2286-94. 

84. Mikszta AJ, Dekker JP, Harvey HG, Dean CH, Brittingham JM, Huang J, et al. Microneedle-

Based Intradermal Delivery of the Anthrax Recombinant Protective Antigen Vaccine. Infection 

and immunity. 2006;74:6806-10. 

85. Van Damme P, Arnou R, Kafeja F, Fiquet A, Richard P, Thomas S, et al. Evaluation of non-

inferiority of intradermal versus adjuvanted seasonal influenza vaccine using two serological 

techniques: a randomised comparative study. BMC Infect Dis. 2010;10:134. 

86. Song JM, Kim YC, Barlow PG, Hossain MJ, Park KM, Donis RO, et al. Improved protection 

against avian influenza H5N1 virus by a single vaccination with virus-like particles in skin 

using microneedles. Antiviral Res. 2010;88:244-7. 

87. Koutsonanos DG, Esser ES, McMaster SR, Kalluri P, Lee JW, Prausnitz MR, et al. Enhanced 

immune responses by skin vaccination with influenza subunit vaccine in young hosts. Vaccine. 

2015;33:4675-82. 

88. Koutsonanos DG, del Pilar Martin M, Zarnitsyn VG, Jacob J, Prausnitz MR, Compans RW, et 

al. Serological memory and long-term protection to novel H1N1 influenza virus after skin 

vaccination. J Infect Dis. 2011;204:582-91. 

89. Quan FS, Kim YC, Song JM, Hwang HS, Compans RW, Prausnitz MR, et al. Long-Term 

Protective Immunity from an Influenza Virus-Like Particle Vaccine Administered with a 

Microneedle Patch. Clinical and Vaccine Immunology 2013;20:1433–9. 



 

 
 

118 References 

90. Pearsona FE, Mullera DA, Roalfeb L, Zancollib M, Goldblattb D, Kendalla MAF. Functional 

anti-polysaccharide IgG titers induced by unadjuvanted pneumococcal-conjugate vaccine when 

delivered by microprojection-based skin patch. Vaccine. 2015;33:6675-83. 

91. Kim YC, Park JH, Prausnitz MR. Microneedles for drug and vaccine delivery. Advanced Drug 

Delivery Reviews 2012;64:1547-68. 

92. Das P. Revolutionary vaccine technology breaks the cold chain. Lancet Infect Dis. 2004;4:719. 

93. Fehres CM, Garcia-Vallejo JJ, Unger WW, Van Kooyk Y. Skin-resident antigen-presenting 

cells: instruction manual for vaccine development. Front Immunol. 2013;4:157. 

94. Weldon WC, Zarnitsyn VG, Esser ES, Taherbhai MT, Koutsonanos DG, Vassilieva EV, et al. 

Effect of adjuvants on responses to skin immunization by microneedles coated with influenza 

subunit vaccine. PLoS One. 2012;7:e41501. 

95. O'Hagan DT. Recent Developments in Nonliving Antigen Delivery Systems. In: Levine MM, 

editor. New Generation Vaccines. New York: Informa Healthcare USA, Inc.; 2010. p. 284-97. 

96. Pizza M, Rappuoli R. Neisseria meningitidis: pathogenesis and immunity. Curr Opin Microbiol. 

2015;23:68-72. 

97. Stephens DS, Greenwood B, Brandtzaeg P. Epidemic meningitis, meningococcaemia, and 

Neisseria meningitidis. The Lancet. 2007;369:2196-210. 

98. Poland GA. Prevention of meningococcal disease: current use of polysaccharide and conjugate 

vaccines. Clin Infect Dis. 2010;50 Suppl 2:S45-53. 

99. Bardotti A, Averani G, Berti F, Berti S, Carinci V, D'Ascenzi S, et al. Physicochemical 

characterisation of glycoconjugate vaccines for prevention of meningococcal diseases. Vaccine. 

2008;26:2284-96. 

100. Gallorini S, Taccone M, Bonci A, Nardelli F, Casini D, Bonificio A, et al. Sublingual 

immunization with a subunit influenza vaccine elicits comparable systemic immune response as 

intramuscular immunization, but also induces local IgA and TH17 responses. Vaccine. 

2014;32:2382-8. 

101. Campbell H, Andrews N, Borrow R, Trotter C, Miller E. Updated postlicensure surveillance of 

the meningococcal C conjugate vaccine in England and Wales: effectiveness, validation of 

serological correlates of protection, and modeling predictions of the duration of herd immunity. 

Clin. Vaccine Immunol. 2010;17:840-7. 

102. Hirve S, Bavdekar A, Pandit A, Juvekar S, Patil M, Preziosi MP et al. Immunogenicity and 

safety of a new meningococcal A conjugate vaccine in Indian children aged 2-10 years: A Phase 

II/III double-blind randomized controlled trial. Vaccine. 2012;30:6456-60. 

103. Michaelsen TE, Kolberg J, Aase A, Herstad TK, Høiby EA. The four mouse IgG isotypes differ 

extensively in bactericidal and opsonophagocytic activity when reacting with the P1.16 epitope 

on the outer membrane PorA protein of Neisseria meningitidis. Scandinavian Journal of 

Immunology 2004;59:34-9. 

104. Li P, Wang F. Polysaccharides: Candidates of promising vaccine adjuvants. Drug Discov Ther. 

2015;9:88-93. 

105. Menendez T, Carmenate T, Cruz-Leal Y, Coizeau E, Caballero E, Bello D, et al. Purified 

capsular polysaccharide of Neisseria meningitidis serogroup A as immune potentiator for 

antibody production. Curr Microbiol. 2010;60:79-84. 

106. Shah S, Raghupathy R, Singh O, Talwar GP, Sodhi A. Prior immunity to a carrier enhances 

antibody responses to hCG in recipients of an hCG-carrier conjugate vaccine. Vaccine. 

1999;17:3116-23. 

107. Norman JJ, Arya JM, McClain MA, Frew PM, Meltzer MI, Prausnitz MR. Microneedle patches: 

usability and acceptability for self-vaccination against influenza. Vaccine. 2014;32:1856-62. 

108. Kasturi SP, Skountzou I, Albrecht R, Koutsonanos D, Hua T, Nakaya HI et al. Programming the 

magnitude and persistence of antibody responses with innate immunity. Nature. 2011; 470:543-

7. 

109. Dudek AZ, Yunis C, Harrison LI, Kumar S, Hawkinson R, Cooley S et al. First in human phase 

I trial of 852A, a novel systemic toll-like receptor 7 agonist, to activate innate immune 

responses in patients with advanced cancer. , Clin. Cancer Res. 2007; 13:7119-25. 

110. Reitz AB, Goodman MG, Pope BL, Argentieri DC, Bell SC, Burr LE et al. Small-molecule 

immunostimulants. Synthesis and activity of 7,8-disubstituted guanosines and structurally 

related compounds, J. Med. Chem. 1994; 37:3561-78. 



 
119 References 

111. Kurimoto A, Ogino T, Ichii S, Isobe Y, Tobe M, Ogita H et al. Synthesis and evaluation of 2-

substituted 8-hydroxyadenines as potent interferon inducers with improved oral 

bioavailabilities, Bioorg. Med. Chem. 2004; 12:1091-9. 

112. Kurimoto A, Hashimoto K, Nakamura T, Norimura K, Ogita H, Takaku H et al. Synthesis and 

biological evaluation of 8-oxoadenine derivatives as tolllike receptor 7 agonists introducing the 

antedrug concept, J. Med. Chem. Biol. 2010; 53:2964-72. 

113. Chan M , Hayashi T, Kuy CS, Gray CS, Wu CCN, Corr M et al. Synthesis and immunological 

characterization of Toll-like receptor 7 agonistic conjugates, Bioconjugate Chem. 2009; 

20:1194-200. 

114. Wu CC, Hayashi T, Takabayashi K, Sabet M, Smee DF, Guiney DD et al. Immunotherapeutic 

activity of a conjugate of a Toll-like receptor 7 ligand, Proc. Natl. Acad. Sci. U.S.A. 2007. 

115. Wu TYH, Singh M, Miller AT, De Gregorio E,  Doro F, D’Oro U et al. Rational design of small 

molecules as vaccine adjuvants, Sci. Transl. Med. 2014; 6:260-63. 

116. Tomai MA, Vasilakos JP. TLR-7 and -8 agonists as vaccine adjuvants. Expert Rev. Vaccines. 

2011; 10:405-7. 

117. Johnston D, Bystryn JC. Topical imiquimod is a potent adjuvant to a weaklyimmunogenic 

protein prototype vaccine. Vaccine; 2006; 24:1958-65.  

118. Knuefermann P, Nemoto S, Baumgarten G, Misra A, Sivasubramanian N, Carabello BA et al. 

Cardiac inflammation and innate immunity in septic shock: is there a role for toll-like 

receptors?.Chest. 2002; 121:1329-36. 

119. Cristofaro P, Opal SM. The Toll-like receptors and their role in septic shock, Expert Opin. Ther. 

Targets. 2003; 7:603-12. 

120. Shinchi H, Crain B, Yao S, Chan M, Zhang SS, Ahmadiiveli A. Enhancement of the 

immunostimulatory activity of a TLR7 ligand by conjugation to polysaccharides. Bioconjugate 

Chem. 2015; 25:1713-23. 

121. Russo C, Cornella-Taracido I, Galli-Stampino L, Jain R, Harrington E, Isome Y. Small 

molecule Toll-like receptor 7 agonists localize to the MHC class II loading compartment of 

human plasmacytoid dendritic cells. Blood. 2013; 127:5683-91. 

122. Wille-Reece U, Flynn BJ, Lore K, Koup RA, Kedl RM, Mattapallil JJ. HIV Gag protein 

conjugated to a Toll-like receptor 7/8 agonist improves the magnitude and quality of Th1 and 

CD8+ T cell responses in nonhuman primates, Proc Natl Acad Sci U S A. 2005; 102:15190-4. 

123. Wille-Reece U, Wu C, Flynn B, Kedl R, Seder R. Immunization with HIV-1 Gag Protein 

Conjugated to a TLR7/8 Agonist Results in the Generation of HIV-1 Gag-Specific Th1 and 

CD8 T Cell Responses, J. Immunol. 2005;7676-83. 

124. Oh JZ, Kedl RM. The capacity to induce cross-presentation dictates the success of a TLR7 

agonist-conjugate vaccine for eliciting cellular immunity. J. Immunol. 2010; 185:4602-8. 

125. Vecchi S, Bufali S, Uno T, Wub T, Arcidiacono L, Filippini S et al. Conjugation of a TLR7 

agonist and antigen enhances protection in the S. pneumoniae murine infection model, Eur. J. 

Pharm. Biopharm. 2014; 87:310-7. 

126. Pace D. Glycoconjugate vaccines. Expert Opin. Biol. Ther. 2013; 13:11-33. 

127. Berti F, Adamo R. Recent mechanistic insights on glycoconjugate vaccines and future 

perspectives. ACS Chem. Biol. 2013; 8:1653-63. 

128. Cohn AC, MacNeil JR, Harrison LH, Hatcher C, Theodore J, Schmidt M et al. Changes in 

Neisseria meningitidis Disease Epidemiology in the United States. 1998–2007: Implications for 

prevention of meningococcal disease. Clin. Infect. Dis. 2010; 50:184-191. 

129. Barroso DE, Castiñeiras TMPP, Freitas FS, Marsh JW, Krauland MG, Tulenko MM et al.Three 

outbreakcausing Neisseria meningitidis Serogroup C clones. Emerg. Infect. Dis. 2013; 19:1847-

50. 

130. http://www.cdc.gov/meningococcal/surveillance/index.html. 

131. Costantino P, Rappuoli R, Berti F. The design of semi-synthetic and synthetic glycoconjugate 

vaccines. Expert Opin. Drug Disc. 2011; 6:1045-67. 

132. Adamo R,  Nilo A, Harfouche C, Brogioni B, Pecetta S, Brogioni G et al.Investigating the 

immunodominance of carbohydrate antigens in a bivalent unimolecular glycoconjugate vaccine 

against serogroup A and C meningococcal disease. Glycocon. J. 2014; 31:637-47. 

133. Johnson RJ, Chenoweth DE. Labeling the granulocyte C5a receptor with a unique photoreactive 

probe. J. Biol Chem. 1985; 260:7161-4. 



 

 
 

120 References 

134. Vecchi S, Bufali S, Skibinski DAG, O’Hagan DT, Singh M. Aluminum adjuvant dose 

guidelines in vaccine formulation for preclinical evaluations. J. Pharm. Sc. 2012; 101:17-20. 

135. Giuliani MM, Santini L, Brunelli B, Biolchi A, Aricò B, Di Marcello F. The region comprising 

amino acids 100 to 255 of Neisseria meningitidis lipoprotein GNA 1870 elicits bactericidal 

antibodies. Infect. Imm. 2005; 73:1151-60. 

136. Costantino P, Viti S, Podda AM, Velmonte A, NencioniL, Rappuoli R, Development and phase 

I clinical testing of a conjugate vaccine against meningococcus A and C. Vaccine 1992; 10:691-

8. 

137. Crotti S, Zhai H, Zhou J, Allan M, Proietti D, Pansegrau W et al. Defined conjugation of 

glycans to the lysines of CRM197 guided by their reactivity mapping. ChemBioChem  2014; 

14:836-43. 

138. Dillon S, Agrawal A, Van Dyke T, Mccauley L, Koh A, Maliszewski C et al. A Toll-like 

receptor 2 ligand stimulates Th2 responses in vivo, via induction of extracellular signalregulated 

kinase mitogen-activated protein kinase and c-Fos in dendritic cells. J. Immunol. 2004; 

172:4733-43. 

139. Rostamian M, Sohrabi S, Kavosifard H, Niknam HM. Lower levels of IgG1 in comparison with 

IgG2a are associated with protective immunity against Leishmania tropica infection in BALB/c 

mice. J. Microbiol. Immunol. Infect. 2015:14. 

140. Huber VC, McKeon RM, Brackin MN, Miller LA, Keating R, Brown SA et al. Distinct 

contributions of vaccine-induced immunoglobulin G1 (IgG1) and IgG2a antibodies to protective 

immunity against influenza. Clin. Vacc. Immunol. 2006; 13:981-90. 

141. McKee AS, Munks MW, MacLeod MKL, Fleenor CJ, Van Rooijen N, Kappler JW et al. Alum 

induces innate immune responses through macrophage and mast cell sensors, but these sensors 

are not required for alum to act as an adjuvant for specific immunity. J. Immunol. 2009; 

183:4403-14.  

142. Partidos CD. Antigens onto bare skin: a ‘painless’ paradigm shift in vaccine deliver. Expert 

Opin. Biol. Ther. 2003; 3:895-902. 

143. DeMuth PC, Li AV, Abbink P, Liu J, Li H, Stanley KA et al. Vaccine delivery with 

microneedle skin patches in nonhuman primates. Nat. Biotechnol. 2013;31:1082-5. 

144. Prausnitz MR, Langer, R. Transdermal drug delivery. Nat. Biotechnol. 2008;26:1261-8. 

145. Hegde NR, Kaveri SV, Bayry J. Recent advances in the administration of vaccines for infectious 

diseases: microneedles as painless delivery devices for mass vaccination. Drug Discov. Today. 

2011;16:1061-8. 

146. Suh H, Shin J, Kim YC. Microneedle patches for vaccine delivery. Clin. Exp. Vaccine Res. 

2014;3:42-9. 

147. Arora A, Prausnitz MR, Mitragotri S. Micro-scale devices for transdermal drug delivery. Int. J. 

Pharm. 2008;364:227-36. 

148. Mitragotri S. Immunization without needles. Nat. Rev. Immunol. 2005;5:905-16. 

149. Glenn GM, Taylor DN, Li X, Frankel S, Montemarano A, Alving CR. Transcutaneous 

immunization: a human vaccine delivery strategy using a patch. Nat. Med. 2000;6:1403-6. 

150. Etchart N, Hennino A, Friede M, Dahel K, Dupouy M, Goujon-Henry C et al. Safety and 

efficacy of transcutaneous vaccination using a patch with the live-attenuated measles vaccine in 

humans. Vaccine. 2007;25:6891-9. 

151. Glenn GM, Villar CP, Flyer DC, Bourgeois AL, McKenzie R, Lavker RM et al. Safety and 

immunogenicity of an enterotoxigenic Escherichia coli vaccine patch containing heat-labile 

toxin: use of skin pretreatment to disrupt the stratum corneum. Infect. Immun. 2007;75:2163-70. 

152. Frech SA, Dupont HL, Bourgeois AL, McKenzie R, Belkind-Gerson J, Figueroa JF et al. Use of 

a patch containing heat-labile toxin from Escherichia coli against travellers' diarrhoea: a phase 

II, randomised, double-blind, placebo-controlled field trial. Lancet. 2008;371:2019-25.  

153. De Gregorio E, Rappuoli R. From empiricism to rational design: a personal perspective of the 

evolution of vaccine development. Nat. Rev. Immunol. 2014;14:505-14. 

154. Kim YC, Jarrahian C, Zehrung D, Mitragotri S, Prausnitz MR. Delivery systems for intradermal 

vaccination. Curr. Top. Microbiol. Immunol. 2012;351:77-112. 

155. O'Hagan DT, De Gregorio E. The path to a successful vaccine adjuvant-'the long and winding 

road'. Drug Discov. Today. 2009;14:541-51. 



 
121 References 

156. Datta SK, Cho HJ, Takabayashi K, Horner AA, Raz E. Antigen-immunostimulatory 

oligonucleotide conjugates: mechanisms and applications. Immunol. Rev. 2004;199:217-26. 

157. Reid DM, Gow NAR, Brown GD. Pattern recognition: recent insights from Dectin-1. Curr. 

Opin. Immunol. 2009;21:30-7.  

158. Lipinski T, Fitieh A, St Pierre J, Ostergaard HL, Bundle DR, Touret N. Enhanced 

immunogenicity of a tricomponent Mannan Tetanus Toxoid conjugate vaccine targeted to 

dendritic cells via Dectin-1 by incorporating β-glucan. J. Immunol. 2013;190:4116-28.  

159. Tontini M, Berti F, Romano MR, Proietti D, Zambonelli C, Bottomley MJ et al. Comparison of 

CRM197, diphtheria toxoid and tetanus toxoid as protein carriers for meningococcal 

glycoconjugate vaccines. Vaccine 2013;31:4827-33.  

160. Bernardi A, Jiménez-Barbero J, Casnati A, De Castro C, Darbre T, Fieschi F et al. Multivalent 

glycoconjugates as anti-pathogenic agents. Chem. Soc. Rev. 2013;42:4709-27.  

161. Goodridge HS, Reyes CN, Becker CA, Katsumoto TR, Ma J, Wolf AJ et al.  Activation of the 

innate immune receptor Dectin-1 upon formation of a “phagocytic synapse”. Nature. 

2011;472:471-5.  

162. Adamo R, Tontini M, Brogioni G, Romano MR, Costantini G, Danieli E et al. Synthesis of 

Laminarin fragments and evaluation of a β-(1,3) glucan Hexasaccaride-CRM197 conjugate as 

vaccine candidate against Candida albicans. J. Carbohydr. Chem. 2011;30:249-80.  

163. Bromuro C, Romano MR, Chiani P, Berti F, Tontini M, Proietti D et al. Beta-glucan-CRM197 

conjugates as candidates antifungal vaccines. Vaccine 2010;28:2615-23.  

164. Bröker M, Dull PM, Rappuoli R, Costantino P. Chemistry of a new investigational quadrivalent 

meningococcal conjugate vaccine that is immunogenic at all ages. Vaccine. 2009;27:5574-80.  

165. Brito LA, Malyala P, O’Hagan DT. Vaccine adjuvant formulations: a pharmaceutical 

perspective. Semin. Immunol. 2013;25:130-45.  

166. Clements CJ, Griffiths E. The global impact of vaccines containing aluminium adjuvants, 

Vaccine 2002;20:S24-S33.  

167. Kitov PI, Bundle DR. On the nature of the multivalency effect: a thermodynamic model J. Am. 

Chem. Soc. 2003;125:16271-84. 

168. André S, Lahmann M, Gabius H, Oscarson S. Glycocluster design for improved avidity and 

selectivity in blocking human lectin/plant toxin binding to glycoproteins and cells. Mol. 

Pharmaceutics. 2010;7:2270-9. 

169. Xie J, Guo L, Ruan Y, Zhu H, Wang L, Zhou L et al. Laminarin-mediated targeting to Dectin-1 

enhances antigen-specific immune responses. Biochem. Biophys, Res. Commun. 2010;391: 

958-62. 

170. Higashi T, Takagi KR, Mizuno Y, Okazaki Y, Tanaka Y, Matsushita S. Curdlan induces DC-

mediated Th17 polarization via jagged activation in human dendritic cells. Allergol. Int. 

2010;59:161-6. 

171. Herzog C. Influence of parenteral administration routes and additional factors on vaccine safety 

and immunogenicity: a review of recent literature. Expert Rev. Vaccine. 2014;13:399-415. 

172. Larbig M, Mansouri E, Freihorst J, Tümmler B, Köhler G, Domdey H et al. Safety and 

immunogenicity of an intranasal Pseudomonas aeruginosa hybrid outer membrane protein F-I 

vaccine in human volunteers.Vaccine. 2001;19:2291-7. 

173. Fujihashi K, Koga T, van Ginkel FW, Hagiwara Y, McGhee JR. A dilemma for mucosal 

vaccination: efficacy versus toxicity using enterotoxin-based adjuvants. Vaccine. 2002;20:2431-

8. 

174. Armstrong ME, Lavelle EC, Loscher CE, Lynch MA, Mills KH. Proinflammatory responses in 

the murine brain after intranasal delivery of cholera toxin: implications for the use of AB toxins 

as adjuvants in intranasal vaccines. J. Infect. Dis. 2005;192:1628-33. 

175. Seo BS, Lee SH, Lee JE, Yoo YC, Lee J, Park SR. Dectin-1 stimulation selectively reinforces 

LPS-driven IgG1 production by mouse B cells. Immune Netw. 2013;13:205-12.  

176. Dillon S, Agrawal S, Banerjee K, Letterio J, Denning TL, Oswald-Richter K et al. Yeast 

zymosan , a stimulus for TLR2 and Dectin-1, induces regulatory antigen-presenting cells and 

immunological tolerance. J. Clin. Invest. 2006;116:916-28.  

177. Xia Y, Větvička V, Yan J, Hanikřová M, Mayadas T, Ross GD. The β-Glucan-binding lectin 

site of mouse CR3 (CD11b/CD18) and its function in generating a primed state of the receptor 



 

 
 

122 References 

that mediates cytotoxic activation in response to iC3b-opsonized target cell. J. Immunol. 

1999;162:2281-90. 

178. Torosantucci A, Bromuro C, Chiani P, De Bernardis F, Berti F, Galli C et al. A novel glyco-

conjugate vaccine against fungal pathogens. J. Exp. Med. 2005;202:597-606. 

179. Torosantucci A, Chiani P, Bromuro C, De Bernardis F, Palma AS, LiuY et al. Protection by anti 

β-glucan antibodies is associated with restricted β-(1-3) glucan binding specificity and inhibition 

of fungal growth and adherence. PLoS ONE 2009;4:e5392. 


