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ABSTRACT 

 
A study on the rotavirus ΔVP8* protein as a carrier 

protein of polysaccharide-conjugate vaccines 

 

Wook-Jin Park 

School of Biological Sciences 

The Graduate School 

Seoul National University 

 

 

Rotaviruses are a primary cause of acute gastroenteritis in infants and children 

under five years of age, resulting in 24 million outpatient visits, 2.3 million 

hospitalizations, and 200,000 deaths annually. Although vaccination is one of the 

most powerful ways to protect children against rotavirus disease, the efficacy of 

currently available live-, attenuated oral rotavirus vaccines is impaired in low- and 

middle-income countries where rotavirus vaccines are mostly needed. Among 

vaccine technologies, a conjugate vaccine platform is a promising strategy to 

overcome the poor immunogenicity of bacterial polysaccharide antigens in infants 

and children. A carrier protein in conjugate vaccines works not only as an immune 

stimulator to polysaccharide, but also as an immunogen; with the latter generally 

not considered as a measured outcome in real world.  

Here, I probed the potential advantage of the conjugate vaccine platform to 

enhance immunogenicity of a truncated rotavirus spike protein ΔVP8* and the 

application of ΔVP8* as a relevant carrier protein. ΔVP8* was covalently 

conjugated to capsular polysaccharides of Salmonella Typhi (Vi polysaccharide) 

and Mycobacterium tuberculosis (lipoarabinomannan). Different conjugation 

methods have been applied to augment the immunogenicity of both antigens in the 

conjugate vaccine platform.  

I revealed that the conjugate vaccine platform induced specific immune responses 
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against both antigens in immunized mice. The conjugate vaccines elicit high 

antibody titers and functional antibodies against rotavirus when compared to 

immunization with a single antigen. Through these experiments, I propose 

rotavirus spike protein ΔVP8* as a relevant carrier protein for a conjugate vaccine 

platform with demonstrated antigenic potential with the use of bivalent vaccine.  
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1. Rotavirus (RV) 

Enteric and diarrheal diseases are one of the leading causes of illness and death 

among children under 5 years of age with more than half a million deaths per year 

worldwide (Collaborators, 2018). Before the 1970s, the aetiologic agent in many 

cases of infantile gastroenteritis was not identified, but in 1973 rotavirus was first 

identified by Bishop and her colleagues when they observed wheel-shaped particles 

in duodenal biopsy samples from children with severe diarrhea (Bishop et al., 

1973) and in fecal samples from children with acute diarrhea (Flewett et al., 1973). 

The name rotavirus is derived from its distinctive morphological appearance (the 

Latin word ‘rota’, which translates to wheel). Rotaviruses were soon recognized as 

a primary cause of life-threatening diarrhea in infants and children under 5 years of 

age globally, attributed to in 24 million outpatient visits, 2.3 million 

hospitalizations, and 200,000 deaths annually (Tate et al., 2012); rotavirus is 

responsible for 25% - 30% of all severe diarrhea case in children in both developed 

and developing countries (Mortality and Causes of Death, 2016).  

 

1.1. Virus Structure 

Rotaviruses belong to the family Reoviridae, which are non-enveloped double-

stranded RNA (dsRNA) viruses. The icosahedral, three concentric capsids with a 

diameter of approximately 100 nm enclose a genome of 11 segments of dsRNA 

encoding six structural viral proteins (VP1, VP2, VP3, VP4, VP6 and VP7) and six 

non-structural proteins (NSP1, NSP2, NSP3, NSP4, NSP5 and NSP6) (Fig. 1). The 

structural proteins are found in virus particles; however, nonstructural proteins are 

found in infected cells, not in the mature virion because NSPs are involved in viral 

replication, morphogenesis and assembly (Estes et al., 2001). The dsRNA is 

contained by the innermost layer which consists of the scaffolding protein VP2, the 

RNA-dependent RNA polymerase VP1, and VP3 (a guanylyltransferase and 

methylase); together these proteins comprise the innermost core of rotavirus. The 

intermediate layer is composed of VP6 which is added onto VP2 to form double-

layered particles. The external layer is made up of the viral surface VP7 

glycoprotein and the protease-sensitive VP4 spike protein. VP4 is essential for the 

virus life cycle because of its receptor-binding and cell penetration function.  

Treatment of the virus with trypsin greatly enhances its infectivity; trypsin 
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cleavage of VP4 produces the polypeptides VP5* and VP8* and mediates 

conformational changes on the VP4, which is linked to membrane penetration 

(Rodriguez et al., 2014). VP7 is a calcium-binding protein that mediates cell 

attachment via its interaction with integrins after the initial attachment of the virus 

to the cell surface (Graham et al., 2003). 

Both outer capsid proteins induce neutralizing, protective antibodies and are 

responsible for the virus attachment to the host. The nonstructural proteins function 

as an antagonist of the innate immune response and include the viral enterotoxin 

NSP4 (Estes, 2007).  

 

1.2. RV-host cell binding and entry 

Upon entry in the body, RV infects and replicates primarily in the mature 

enterocytes of the villi and in enteroendocrine cells of small intestine. The infection 

results in disruption of the epithelial cell homeostasis causing self-limiting illness. 

The early cell attachment of RV is sequentially mediated by interaction with 

several cell surface molecules, using the virus surface protein VP4 and VP7.   

Upon the first contact, the distally located VP8* domain of the VP4 plays a critical 

role in interaction with glycans including sialic acid, gangliosides, histo-blood 

group antigens (HBGAs), and mucin cores. Additionally, Rotavirus attachment is 

also mediated by the outer capsid protein VP5* and VP7 binding to integrins and 

the heat shock proteins on the host cell surface.  

Following RV-cell entry, viral replication and assembly take place in cytoplasmic 

viroplasms whose main components are the viral protein NSP2 and NSP5 

(Campagna et al., 2013). Mature virus particles are released from cells either by 

cell lysis or by Golgi-independent non-classical vesicular transport; in consequence, 

RV infection results in villus atrophy, enhanced epithelial cell turnover, and 

apoptosis (Crawford et al., 2017).  
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Figure 1. Schematic representation of a rotavirus virion. (a) A model for early 

rotavirus-cell interaction, (b) Potential mechanisms of rotavirus immunity (Angel 

et al., 2007; Lopez and Arias, 2004) 
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1.3. RV classification 

Rotaviruses are classified into ten distinct groups (A to J) based on sequence and 

antigenic differences of the inner capsid protein VP6 (Fig. 2) (Banyai et al., 2017; 

Mihalov-Kovacs et al., 2015). Groups A-C are associated with acute gastroenteritis 

in both humans and animals, whereas groups D-J have been found only in animals 

(Saif and Jiang, 1994). Group A rotaviruses (RVA) are the most common cause of 

severe acute gastroenteritis in infants and young children. RVAs are further 

classified into different genotypes, based on sequence differences of two genes 

which encoded structural proteins, glycoprotein (G, or VP7) and protease-sensitive 

protein (P, or VP4) (Fig. 2). Currently, 36 G genotypes and 51 P genotypes of 

species RVA have been identified. P[8] (Wa strain) and P[4] (DS-1 strain) are the 

most common P types causing more than 91% of infections in both developed and 

developing countries (Santos and Hoshino, 2005). Geographical differences in RVA 

distribution have been observed; in Africa, P[6] (1076 strain) accounts for almost 

one-third of all P types (Ouermi et al., 2017). Human RVAs that show strong 

genetic homology with animal strains have been identified (Gentsch et al., 2005), 

and animal-to-human interspecies transmission can be predicted, particularly in 

low-income countries (Martella et al., 2010). Virus evolution is resulted from the 

accumulation of point mutations and genetic reassortments due to dual infection of 

individual cells by different species RVA.  
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Figure 2. Rotavirus classification. Rotaviruses are classified into at least seven 

distinct groups (A to G) based on the antigenicity of the middle layer VP6. Group A 

rotaviruses are further subdivided into two subgroup (I and II). Rotavirus serotypes 

are based on neutralizing antibodies to VP7 glycoprotein (G) and VP4 protease 

cleaved protein (P). 
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1.4. Rotavirus vaccine 

The introduction of rotavirus vaccines has reduced the burden of rotavirus 

diseases in many countries. In the early 1980s, live attenuated oral rotavirus 

vaccines were tested for proof-of-concept. The first vaccine, Rotashield (Wyeth, 

USA), was introduced into routine immunization programs of US children in 1998; 

however, the first licensed vaccine was withdrawn 9 months after approval because 

it was associated with a rare but life-threatening intestinal obstruction known as 

intussusception. Seven years and several million deaths later, live attenuated oral 

rotavirus vaccines, Rotarix (RV1; GSK) and RotaTeq (RV5; Merck), were 

introduced on the market in 2006. Rotarix and RotaTeq were developed from 

human monovalent G1P[8] and pentavalent human-bovine reassortment G1-G4 

and P[8], respectively. These vaccines have led to a 90% reduction in 

hospitalization for diarrhea (Sartorio et al., 2020) and have been associated with a 

lower risk of intussusception than RotaShield. In 2018, two additional vaccines 

from India, Rotavac (Bharat) and Rotasiil (Serum Institute), were recommended by 

WHO for all children. Rotavac and Rotasiil were based on a naturally attenuated 

G9P[11] neonatal human rotavirus strain and a different rotavirus strain containing 

five single-gene reassortants with VP7 protein for G1-G4 and G9, respectively. 

Today, these vaccines are currently included in national immunization schedule in 

> 100 countries and have led to marked decreases in hospitalizations and deaths 

from diarrhea. While these vaccines have been highly effective with 80 – 90% 

efficacy in developed countries, their efficacies are impaired in low- and middle-

income countries where rotavirus vaccines are mostly needed (Glass et al., 2021).   

The incidence of rotavirus diarrhea is similar in developed and developing 

countries suggesting that improvement in sanitation and drinking water facilities is 

not sufficient to prevent transmission of RV. Malnutrition, micronutrient 

deficiencies, and enteric co-infection may contribute to the diminished 

immunogenicity and effectiveness of those attenuated vaccines (Desselberger, 

2017). 

 

1.5. Vaccine development to improve the immunogenicity of ΔVP8* 

Although current rotavirus vaccination has been highly effective with 80–90% 

efficacy against severe rotavirus disease in high-income countries, the effectiveness 
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of rotavirus vaccines is impaired in low-income countries (Armah et al., 2010; 

Jonesteller et al., 2017; Madhi et al., 2010; Yen et al., 2011; Zaman et al., 2010). 

The cause of the difference remains incompletely understood; malnutrition, 

micronutrient deficiencies, and enteric co-infection may contribute to the 

diminished effectiveness of the attenuated vaccines (Desselberger, 2017). In 

addition, changes in rotavirus epidemiology may be another possible reason for the 

reduced vaccine outcomes (Jiang et al., 2017). Furthermore, the live attenuated 

vaccines may be associated with a low-level risk of intussusception (Yen et al., 

2016). Accordingly, the development of more effective next-generation vaccines is 

urgently needed to control and prevent the disease. 

Subunit vaccines contain only the antigenic parts of the pathogen, such as 

polysaccharide or protein that are necessary to elicit a protective immune response. 

In comparison to their whole-pathogen counterparts, subunit vaccines have 

demonstrated enhanced efficacy and minimal adverse effects in resource-deprived 

countries because the vaccines are not directly affected by microbiome 

composition or gut enteropathy (Jiang et al., 2008; Kirkwood et al., 2019). In 

addition, subunit vaccines offer advantages over live attenuated vaccines because 

those vaccines do not require complex storage or transport conditions and have 

large-production capacity (Lu et al., 2021). However, subunit vaccines are less 

prone to elicit strong immune responses and consequently require for the 

application of nanotechnology or molecular adjuvants to boost the immunity 

(Wang and Xu, 2020; Zhao et al., 2017).  

Multiple studies have reported that a truncated rotavirus VP8* (ΔVP8*) subunit 

protein is the target antigen due to its ability to induce highly potent neutralizing 

antibodies, which confer strong protection against RV (Wen et al., 2012; Xia et al., 

2016).  However, many defined neutralizing antigens, including ΔVP8*, possess 

low immunogenicity due to their small sizes with low valences. To this end, a large, 

multivalent vaccine platform has been developed that could make it possible for 

small viral or bacterial antigens to be more immunogenic (Kaumaya et al., 1993; 

Nassal et al., 2005; Wang et al., 2013; Wang et al., 2014). For example, ΔVP8* has 

been used in several vaccine platforms including recombinant fusion proteins 

(ΔVP8* fused to a universal tetanus toxin CD4+ T cell epitope P2) and 

nanoparticles (ΔVP8*inserted in the surface loops of the Norovirus P or S particle) 
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(Tan et al., 2011; Wen et al., 2014; Xia et al., 2018).  

 

1.6. Model for studying Rotavirus infection and immunity  

The understanding of the pathogenesis of both human and animal rotaviruses is 

based primarily on the use of animal models of rotavirus infection. Cow, pig, sheep, 

rabbit, and mouse are the animal model used to explain rotavirus infection, 

pathology, diseases, immune response, and vaccine efficacy. Although much of the 

early work on rotavirus pathogenesis was defined by large animals (cow, pig, and 

sheep), small animal models have been beneficial to explain the mechanisms 

through which the microbiota interacts with RV (Ciarlet et al., 2002). Although 

mice are one of the infection animal models for studying the immune response 

during rotavirus infection, only neonatal mice (≤ 2 weeks of age) are suitable as 

diarrhea model with symptoms of diarrhea and dehydration (Du et al., 2017). Most 

studies have been conducted with the inbred BALB/c strain because the strain 

shows 1,000 times more susceptibility to infection than C57BL/6 background.  
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2. Salmonella Typhi  

Typhoid fever is a systemic bacterial infection caused by Salmonella enterica 

serovar typhi (S. typhi), usually through ingestion of contaminated food or water. 

Typhoid fever remains a major health problem with global incidence of an 

estimated 12 to 27 million cases and 200,000 typhoid-fever-related deaths per year. 

Current control strategies become increasingly difficult due to the emergence of 

multidrug resistance. 

 S. typhi is a human-restricted intracellular pathogen and has become a major 

threat to the society, particularly in low- and middle-income countries where proper 

water, sanitation and hygiene (WASH) are required. The ability of S. typhi to 

replicate inside human macrophages is key to its pathogenicity; it is spread 

systemically via infected macrophage, resulting in typhoid fever.  

Vaccination appears the most promising strategy to control the disease. The 

virulence capsular polysaccharide (Vi) of Salmonella serovar Typhi is the target of 

a protective humoral immune response (Fig. 3). Conjugation of Vi to a carrier 

protein can effectively convert a T cell-independent immune response to a T cell-

dependent immune response, characterized by IgM-to-IgG switching, a booster 

response, and sustained T cell memory to Vi (An et al., 2011; Costantino et al., 

2011). Vi-recombinant non-toxic form of Pseudomonas aeruginosa exotoxin A 

(rEPA) and Vi-TT (Tetanus Toxoid) conjugate vaccines have been licensed and 

marketed in China and India (MacLennan et al., 2014; Wain et al., 2015), while Vi-

DT (Diphtheria Toxoid) and Vi- nontoxic diphtheria cross-reacting material 

(CRM197) are undergoing clinical trials for use in infants and children (An et al., 

2012; Bhutta et al., 2014).   
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Figure 3. The structure of Salmonella typhi and chemical formula of the Vi 

polysaccharide (Hessel et al., 1999) 
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3. Mycobacterium Tuberculosis 

Tuberculosis (TB), caused by Mycobacterium tuberculosis (M.tb), is the leading 

killer among infectious diseases, and is responsible for 1.4 million deaths each year 

including 205,000 children in the world (Dodd et al., 2017). At present, Bacille 

Calmette-Guérin (BCG) vaccine, an attenuated strain of Mycobacterium bovis, is 

the only licensed vaccine available for TB. Although BCG vaccine has been 

extensively used as a part of national vaccination programs in countries with high 

TB rates, its effectiveness is variable against the development of TB both in 

pediatric and adult populations (Fine, 1995; Rodrigues et al., 1993). In parts, BCG 

vaccination has little effect on protection against adult pulmonary TB (Fine, 1995). 

Due to the global burden attributable to RV and TB in the pediatric population, the 

development of an effective vaccine against both pathogens is urgently needed to 

control and prevent the diseases.  

Strategies for novel immunotherapy and vaccine development can be improved 

by a better understanding of all immune components involved in protecting against 

M.tb infection. Cell-mediated immunity is an important component to control 

mycobacterial infection (Cooper, 2009). However, recent immunological and 

genetic studies support that antibody-mediated immunity also plays a protective 

role against TB by enhancing both innate and cell-mediated immune response 

against TB (Achkar and Casadevall, 2013; Achkar and Prados-Rosales, 2018).  

Antibody-mediated protection against M.tb can be established by: (1) passive 

transfer with antibodies against mycobacterial antigens shows the improved 

outcomes of experimental mycobacterial infections including prolongation in 

survival time, reduced dissemination, reduced tissue pathology, and reduced 

mycobacterial burden as measured by colony forming units; (2) the presence of 

antibodies against M.tb results in decreased susceptibility to infection and disease; 

and (3) deficits in humoral immunity and B-cell function cause increased 

susceptibility to disease (Achkar and Casadevall, 2013; Achkar et al., 2014).  

Several mechanisms of humoral immunity to enhance the host defense against 

M.tb have been proposed. Vaccine-induced protective antibodies can be expected 

to promote ingestion by phagocytic cells and intracellular killing through FcR-

mediated phagocytosis. Along these lines, antibodies to lipoarabinomannan (LAM) 

of M.tb promote bacterial opsonization and restrain intracellular growth (Chen et 
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al., 2016; de Valliere et al., 2005). Beyond opsonization, antibodies can also 

contribute to the host defense by promoting the clearance of polysaccharide or 

lipopolysaccharide which induces impaired immune responses through their 

immunomodulatory properties. Finally, many antibodies elicited by M.tb can 

contribute to host defense against TB through their dual nature as pro- and anti-

inflammatory molecules. Antibodies mediating pro-inflammatory could induce 

bactericidal inflammatory response, while those that are anti-inflammatory could 

reduce tissue destruction (Achkar and Casadevall, 2013; Achkar et al., 2014).  

Importantly, antibody-mediated immunity can provide protection against 

intracellular pathogens such as Salmonella, Chlamydia, Cryptococcus, and 

Histoplasma spp.; vaccines inducing humoral immunity have been developed and 

licensed for some of these pathogens such as Salmonella (Collins, 1974). These 

data could have important potential implications that humoral immune response 

may contribute to the control of TB disease.  

Mycobacterial capsular polysaccharides are optimal targets for subunit vaccines 

due to their location at the outermost layer of cell and their differences from human 

glycans (Fig. 4) (Daffe and Etienne, 1999; Kalscheuer et al., 2019). The major 

capsular polysaccharides of M.tb are α-glucan (αGlu) and LAM, respectively 

accounting up to 80% and 15% of the extracellular polysaccharide (Chatterjee et al., 

1991; Chatterjee et al., 1992; Chatterjee and Khoo, 1998; Lemassu and Daffe, 

1994). Mycobacterial capsular LAM and arabinomannan (AM) can each elicit high 

antibody responses that play a significant role in the defense against M.tb infection. 

The antibody-mediated immunity elicited by AM conjugates provides moderate 

protection in M.tb-infected mice (Prados-Rosales et al., 2017).  
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Figure 4. A current perspective of the cell envelope of M. tuberculosis (Angala 

et al., 2018) 

 

 

 

 

 

 

 

 

 

 

 

 



 

 15 

4. Conjugate vaccine 

The surface of bacterial pathogens is constituted with cell-surface 

polysaccharides that have very high molecular weights (often ≥ 100 kDa) and serve 

as a protective external layer for many bacterial. The capsular polysaccharides are 

important vaccine target because of not only their localization in bacteria, but also 

their roles in cellular recognition and signaling, including immune recognition and 

activation. Vaccines containing bacterial polysaccharides have been developed to 

induce a robust immune response against many pathogenic bacteria, such as 

meningococcus, Haemophilus influenzae type b, and Streptococcus pneumococcus. 

Although polysaccharide vaccines are immunogenic and protective in adults 

against serious infectious diseases, they fail to induce an antibody response and 

immunological memory in infants and children under two years of age, the 

population for whom the vaccines are mostly needed. Polysaccharides are defined 

as T-cell independent antigens which can directly stimulate B-cell differentiation 

into plasma cells by cross-linking B-cell receptors (Fig. 5a) (Pollard et al., 2009).  
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Figure 5. The immune response to polysaccharide and protein-polysaccharide 

conjugate vaccines. (a) Polysaccharides from the encapsulated bacteria that cause 

disease in early childhood stimulate B cell receptor (BCR) and drive the production 

of immunoglobulins. This process results in a lack of production of new memory B 

cells and a depletion of the memory B-cell pool, such that subsequent immune 

responses are decreased. (b) The carrier protein from protein-polysaccharide 

conjugate vaccines is processed by the polysaccharide-specific B cell, and peptides 

are presented to carrier-peptide-specific T cells, resulting in T-cell help for the 

production of both plasma cells and memory B cells (Pollard et al., 2009)  
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In contrast, protein-based, subunit vaccines can induce robust immune response, 

affinity maturation, and immunological memory through T cell-dependent immune 

response of B cells (Fig. 5b). In addition, CD4+ T cells can recognize the 

polysaccharide and acquire a memory response to the polysaccharide when the 

polysaccharide is conjugated to a carrier protein. Therefore, the approach of 

conjugating polysaccharides to proteins was used to overcome the low 

immunogenicity of polysaccharides in infants (Micoli et al., 2018). Classically, the 

antigen processing mechanism responsible for polysaccharide-protein conjugates 

was considered to be similar to the one for hapten-carrier conjugates. When hapten-

carrier conjugates are introduced to the immune system, the carrier protein is 

digested by protease in the endosome and presented to the T cell receptor on 

classical peptide-recognizing CD4+ T cells. However, an alternative mechanism has 

been recently proposed for CD4+ T cell activation to the polysaccharide-protein 

conjugates. The polysaccharide-protein conjugates are processed as glycopeptide in 

the endosome of antigen-presenting cells. The peptide portion of the glycopeptide 

is presented via MHCII, resulting in the presentation of the covalently linked 

polysaccharide epitope. The polysaccharide stimulates a subset of CD4+ T cell 

clones, designated carbohydrate-specific T cells (Tcarbs), and induces carbohydrate 

mediated CD4+ T cell dependent immune response, regulating adaptive immune 

responses. This eventually leads to clonal activation of the cognate B cells and their 

differentiation into plasma cells producing antibodies, with isotype switching to 

IgG and affinity maturation, and subsequently into memory B cells (Avci et al., 

2011). 

TT, DT, or CRM197 as carrier proteins have shown to induce immune response 

against carrier proteins. The previous studies exploring the conjugate vaccine 

platform using Vi polysaccharide showed that some carrier proteins play the dual 

role as a carrier protein and a protective antigen (An et al., 2018; Kothari et al., 

2015). Therefore, conjugate vaccine platform can lead to immune response against 

the pathogen not only from which the polysaccharide is derived but also from 

which the carrier protein is derived.  

Currently licensed conjugate vaccines use a few carrier proteins [i.e. TT, DT, 

CRM197, Outer Membrane Protein Complex (OMPC)] (Table 1). The limited 

number of carrier proteins implies repeated exposure to the same carrier, causing 
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various immune interference such as carrier-induced epitope suppression (CIES), 

carrier-specific enhancement of T cell help, and bystander interference (Avci et al., 

2019; Pollabauer et al., 2009). In light of this, there is a need for alternative carrier 

proteins to overcome the impediments related to immune interference. Among 

several candidates, rEPA and a rationally designed recombinant protein containing 

strings of universal CD4+ T-cell epitopes proved to be good candidates as carrier 

proteins (Tontini et al., 2016). 
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Table 1. List of current licensed carrier proteins (Knuf et al., 2011) 

 

 

 

 

 

 

 

 

 

Tetanus 

Toxoid (TT) 

Diphtheria 

Toxoid (DT) 

Cross-

Reactive 

Material 197 

(CRM197) 

N. meningitidis 

Outer 

Membrane 

Protein (OMP) 

Non-Typeable 

H. Influenzae 

Derived 

Protein D 

(PD) 
• Derived from 

Clostridium 

tetani 

• Inactivated 

with formalin 

• Purified with 

ammonium 

sulfate and 

filter 

sterilized 

prior to 

conjugation 

process 

• Derived from 

Corynebacterium 

diphtheriae 

• Detoxified with 

formaldehyde 

• Purified by 

ammonium 

sulfate 

fractionation and 

diafiltration 

• Enzymatically 

inactive, 

nontoxic 

mutant of 

diphtheria 

toxin 

• Requires no 

formaldehyde 

detoxification 

• Obtained at 

near 100% 

purity 

• Outer membrane 

protein complex 

derived from N. 

meningitidis 

serogroup B 

strain 11 

• Purified by 

detergent 

extraction, 

ultracentrifugatio

n, diafiltration, 

and sterile 

filtration 

• Antigenically 

conserved 

surface 

lipoprotein 

found in H. 

influenzae  

• Used in a 

nonacylated, 

antigenically 

active form 

140 kDa 63 kDa 63 kDa 37 kDa 42 kDa 
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5. The aims of this study 

Conjugate vaccine platform is a promising strategy to overcome the poor 

immunogenicity of bacterial polysaccharide antigens in infants and children. A 

carrier protein in conjugate vaccine works not only as an immune stimulator to 

polysaccharide, but also as an immunogen; with the latter generally not considered 

as a measured outcome in real world. For example, Affinivax’s novel vaccine 

platform, the Multiple Antigen Presentation System (MAPS), uses pneumolysin as 

a carrier protein. The MAPS vaccine technology leads to comprehensive B- and T-

cell immunity against both polysaccharides and protein components (Zhang et al., 

2013). In addition, Salmonella Typhimurium flagellin monomer (FliC) is also used 

as a self-adjuvating carrier protein in conjugate vaccine platform (Chiu et al., 2020). 

This study aims to assess the potential of a conjugate vaccine platform to improve 

the immunogenicity of a truncated rotavirus spike protein ΔVP8*; this work opens 

possibilities for the use of ΔVP8* as a carrier protein of polysaccharide-conjugate 

vaccines. 

In addition, optimal and efficient process development is required for safe, 

effective and affordable vaccines. Here, I aim to develop the optimal purification 

strategy for ΔVP8* and chemical conjugate strategies for the development of 

ΔVP8*-based conjugate vaccine.  
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Chapter II. Method and Material 
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1. Bacterial strains, plasmids and culture conditions 

Escherichia coli (E. coli) strains were cultured in Lysogeny broth (LB) at 37°C, 

unless otherwise indicated. The following supplements were added if necessary: 

Kanamycie, 50 μg ml-1; isopropyl-b-D-1-thiogalactopyranosie (IPTG), 1 mM. 

DNA sequences encoded for amino acids 64 to 223 of VP8*-P[4], 64 to 223 of 

VP8*-P[6], or 65 to 223 of VP8*-P[8] were synthesized by Bioneer (Daejeon, 

Korea) and cloned into the expression vector  pET28a (Novagen, USA) for 

protein expression. Amplification of the recombinant plasmids was conducted by 

transformation into E. coli (strain BL21, DE3). Virulent M.tb strain H37Rv 

(ATCC27294) was cultured in Sauton’s media as previously described (Dinadayala 

et al., 2008). In brief, the mycobacteria were incubated in the L-J medium until the 

inoculated mycobacteria formed colonies. The mycobacteria colony was incubated 

in Sauton-potato medium until the formation of the mycobacteria surface pellicles. 

Then, the pellicles were transferred to Sauton’s media.  

 

2. Recombinant protein production 

Recombinant proteins were expressed in E. coli BL21 (DE3) as described 

previously (Wen et al., 2012). Briefly, E. coli BL21 (DE3) cells harboring the 

expression vectors were grown at 37°C until absorbance at 600nm reached 0.6. The 

expression of tag-free ΔVP8* proteins were induced by the addition of 1 mM IPTG 

at 18°C overnight. The recombinant E. coli cells harboring ΔVP8* proteins were 

collected by centrifugation and lysed by sonication into 20mM Tris buffer (pH7.6). 

Purification of the proteins was carried out using resins of ion exchangers (Merck) 

according to manufacturer’s instructions.  

 

3. SDS-PAGE and immunoblot 

Quality of the purified proteins were analyzed by sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) using 12% separating gels, 

followed by immunoblotting. The gels were stained with SimplyBlueTM Safestain 

Solution (Invitrogen, USA). For immunoblotting, the proteins were transferred to a 

0.2μm nitrocellulose membrane using Trans-Blot Turbo Transfer pack and Trans-

Blot Turbo Blotting System (Bio-Rad, USA). The membrane was block with Tris-

buffered saline (TBS) containing 5% non-fat milk (w/v) and incubated at room 
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temperature for 1h followed by rinsing three times with TBS with 0.1% Tween®  

20 (TBS-T). The membrane was applied at 4°C overnight with anti-rotavirus 

polyclonal antibody (AB1129; Merck, Germany) and followed by rabbit anti-goat 

IgG conjugate (Southern Biotech, USA). Immunoreactive proteins were detected 

using enhanced chemiluminescence assay (ECL) (Thermo Scientific, USA).  

 

4. Purification of recombinant proteins 

Ion exchange chromatography using anion exchange resin (AEX), Fractogel 

EMD DEAE (Merck, Germany) resin in XK16/20 column with 16cm bed height, 

was performed in negative (flow-through) mode to separate the ΔVP8* proteins 

from impurities such as host cell proteins and DNA. The unbound proteins were 

concentrated and then diafiltered into 20mM Sodium Acetate (pH5) buffer by 

Tangential Flow Filtration (TFF) using 5kDa molecular weight cut-off (MWCO) 

membrane cassettes for further purification. Subsequently, 5kDa retentate was 

loaded on the cation exchange chromatography (CEX) using Eshmuno CPX 

(Merck, Germany) resin in XK16/20 column with 15cm bed height, followed by 

washing of the column using 5 CVs of 20mM Sodium Acetate (pH5) buffer to 

remove unbound proteins. The bound proteins were eluted using 10 CVs of 20mM 

Sodium Acetate buffer with 1M NaCl (pH5). For further application, the eluted 

fractions containing ΔVP8* proteins were concentrated and diafiltered into 

phosphate buffered saline (PBS, pH7.4) by TFF using 5kDa membrane cassettes. 

The protein concentration of the samples was determined by Bradford assay. The 

average size of the purified ΔVP8* proteins was determined by High performance 

size exclusion liquid chromatograph (SEC-HPLC; Agilent 1260 LC system, USA) 

equipped with a OHpak SB-804 HQ column (Shodex, Japan). Quantity of the 

purified protein was measured by Bradford method using bovine serum albumin 

(BSA) as a standard. Endotoxin levels and DNA quantification were performed 

using Endosafe nexgen-PTS spectrophotometer (Charles River, USA) and Quant-

iT Picogreen dsDNA assay kit (Invitrogen, USA), respectively.  

 

5. Polysaccharide isolation 

Capsular αGlu was isolated from liquid culture supernatant (Sauton’s media). 

Briefly, 750mL of culture supernatants were filter-sterilized using a 0.2 μm filter 
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(Sartopore® 2 Midicaps® , Sartorius) to remove intact bacteria. The solution was 

subsequently concentrated to a retentate volume of 50mL and diafiltrated against 

0.01M NH4Cl (pH8.3) using 100kDa MWCO cellulose membrane (Sartocon®  Slice 

Hydrosart®  Cassette, Sartorius). Ion exchange chromatography using a AEX, 

Fractogel EMD DEAE (Merck, Germany) resin in XK16/20 column with 16cm 

bed height, was performed in negative (flow-through) mode to separate αGlu from 

impurities. The fractions in flow-through were pooled, concentrated, and 

diafiltrated initially against 0.01M NH4Cl (pH8.3) and subsequently against 

distilled water using 100kDa MWCO cellulose membrane. The purified αGlu was 

checked for the carbohydrate composition and purity using high-performance 

anion-exchange chromatography with pulsed amperometric detection (HPAEC-

PAD) and 1H nuclear magnetic resonance (NMR) analysis, respectively. The 

residual protein was measured by Bradford method (Thermo Scientific, USA) 

using bovine serum albumin (BSA) as a standard. Endotoxin levels and DNA 

quantification were performed using Endosafe nexgen-PTS spectrophotometer 

(Charles River, USA) and Quant-iT Picogreen dsDNA assay kit (Invitrogen, USA), 

respectively. 

LAM was purified from the cell pellet by biphasic extraction with Triton X-114 

followed by size exclusion chromatography with Sephacryl S-200 on XK 16/100 

(GE Healthcare, USA) as previously described (Nigou et al., 1997). The cell pellet 

was suspended in PBS containing Triton X-114 (8%, v/v) and disrupted by high 

pressure homogenizer (Panda Plus 2000, GEA Niro Soavi). Mycobacterial lysate 

was separated by centrifugation at 27,000×g for 1hr to remove insoluble debris and 

the supernatant was subsequently placed in 37°C water bath for at least 2hr. The 

biphase was clarified by centrifugation at 27,000×g for 15min (25°C). LAM at the 

lower detergent layers was precipitated by adding 10 volumes of ice-cold 95% 

ethanol, followed by incubation at -20°C for 16hr. The precipitate was harvested by 

centrifugation at 27,000×g for 1hr (4°C) and resuspended in endotoxin free water 

followed by addition of proteinase K. The digest was dialyzed for 24hr in running 

distilled water using a dialysis membrane tube (Spectra/Por®  MWCO 3.5kDa; 

Spectrum LAB., USA). It was initially freeze-dried and subsequently resuspended 

in 10 mM Tris (pH8.0), 0.2M NaCl, 0.25% deoxycholate, 1 mM EDTA and 0.02% 

sodium azide (LPS running buffer). The mixture was further separated by size 
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exclusion chromatography on Sephacryl S-200 on XK 16/100 (GE Healthcare, 

USA). Elution profile of the fractions were monitored by SDS-PAGE and silver 

staining with a periodic acid oxidation step. The fractions containing LAM were 

pooled and dialyzed against LPS running buffer without deoxycholate at 37°C 

followed by 1M NaCl and water for several days. The purifed LAM was identified 

by SDS-PAGE and western blot with monoclonal antibody CS-35. The 

carbohydrate composition of the LAM was determined by HPAEC-PAD. The 

residual protein was measured by Bradford method (Thermo Scientific, USA) 

using BSA as a standard. Endotoxin levels and DNA quantification were performed 

using Endosafe nexgen-PTS spectrophotometer (Charles River, USA) and Quant-

iT Picogreen dsDNA assay kit (Invitrogen, USA), respectively. 

 

6. Conjugation  

Vi polysaccharide were conjugated to three different serotypes of ΔVP8* with 

ADH linker (Vi-ΔVP8*-P[4], P[6] and P[8]). αGlu and LAM were conjugated to 

ΔVP8* and DT with and without ADH linker, resulting in 4 different ΔVP8*-based 

conjugates (αGlu-ΔVP8*, αGlu-ΔVP8*AH, LAM-ΔVP8*, or LAM-ΔVP8*AH) and 

other 4 different DT-based conjugates (Glu-DT, αGlu-DTAH, LAM-DT, or LAM-

DTAH). 

 

6.1. Carrier proteins derivatized with ADH linker  

Briefly, aspartic or glutamic acid residues of the purified ΔVP8* were modified 

with adipic acid dihydrazide (ADH) in the presence of 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDAC) to achieve an efficient coupling of 

ΔVP8* (Kossaczka et al., 1997). The reaction was performed in 4-morpholine 

ethanesulfonic acid (MES) buffer (80mM, pH5.1) at room temperature for 1h, and 

then the excess linkers were removed by spin desalting column. The derivatized 

VP8* (ΔVP8*AH) was filter sterilized through 0.2μm syringe filter. protein content 

and free hydrazide content were determined by Bradford assay and 2,4,6-

trinitrobenzene sulfonic acid (TNBS) assay, respectively.  

 

6.2. Conjugation of Vi polysaccharide to ΔVP8*  

Vi-ΔVP8* conjugates were prepared as previously described (An et al., 2018; 
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Kothari et al., 2014). 8mg of Vi was dissolved in 4mL of MES buffer (80mM, pH 

4.9), and 250μL of 50 mg/mL EDAC was added and mixed with agitation for 5min 

at room temperature. Then 8mg of ΔVP8* was added to the mixture, and the 

reaction was performed with agitation at room temperature for 2h.  The mixture 

was then dialyzed in PBS for 2 days. To isolate the conjugates from the free Vi or 

ΔVP8*AH, the dialyzed mixture was separated using Fast protein liquid 

chromatography (FPLC) on a Sephacryl S-1000 (GE Healthcare, USA) resin in 

XK16/100 column with 90cm bed height. Each fraction was then assayed for 

polysaccharide and protein contents by Hesterin and Bradford assays, respectively. 

The average size of the Vi-ΔVP8* conjugates was determined using SEC-HPLC 

(Agilent 1260 LC system, USA) equipped with OHpak SB-804 HQ and OHpak 

SB-806 HQ columns in series (Shodex, Japan). 

 

6.3. Conjugation of mycobacterial polysaccharides to carrier proteins  

Conjugation of mycobacterial polysaccharides to carrier proteins was prepared as 

described previously (Lees et al., 2020; Lees et al., 1996; Shafer et al., 2000). 

Briefly, 4 mg of mycobacterial polysaccharides (αGlu: 4.5 mg/ml; LAM: 2.3 

mg/mL) were dissolved in distilled water and mixed with agitation at 4°C 

overnight. At t = 0, 1-cyano-4-dimethylaminopyridinum tetrafluoroborate (CDAP) 

was added. Activation of random polysaccharide hydroxyls was achieved by 

addition of 100 mg/mL CDAP in acetonitrile at a ratio of 1 mg of CDAP for 1mg 

of LAM. At 30 s, 0.1M NaOH was slowly added to raise pH from 5.6 to 9, and the 

pH level was stably maintained. At 10 min, 4 mg of ΔVP8* protein (1mg/mL), 

ΔVP8*AH (2.7 mg/mL), DT (5.9 mg/mL), or DTAH (2.3 mg/mL) in 0.1M sodium 

borate (pH9.0) was added. After 16 h, the reaction was terminated by adding 0.5 

mL of 2 M glycine (pH9.0) and incubated for 1 h. The conjugates were separated 

from the un-bound polysaccharide or carrier protein by FPLC on a Sephacryl 200 

(GE Healthcare, USA) in PBS. Elution was carried out at 0.5 mL/min, monitoring 

at 206nm and 280nm. Each fraction was then assayed for polysaccharide and 

protein content by Anthrone assay and Lowry assay, respectively. The fractions 

containing the conjugate were pooled, concentrated by Amicon Ultra-15 (50kDa 

MWCO, Millipore, Germany), and filtered through 0.2 μm filter.    
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7. Mouse immunization 

BALB/c mice at about six weeks of age were purchased from KOATECH 

(Korea) and maintained under specific pathogen-free conditions at the Animal 

facility of International Vaccine Institute (IVI). For Vi-ΔVP8* conjugate study, 

they were randomly divided into 9 groups of 10 mice each (N = 10), and each 

group was immunized with one of the following immunogens: (1) a mixture of the 

three Vi-ΔVP8* conjugates, representing P[4], P[6] and P[8] rotaviruses, in equal 

amount of Vi (5 μg each) as a multivalent vaccine at 3.6 μg total 

ΔVP8*/mouse/dose; (2) the Vi-ΔVP8* of P[4] type at 1.0 μg ΔVP8*/mouse/dose; 

(3) the Vi-ΔVP8* of P[6] type at 1.1 μg ΔVP8*/mouse/dose; (4) the Vi-ΔVP8* of 

P[8] type at 1.5 μg ΔVP8*/mouse/dose; (5) ΔVP8* of P[4] type at 1.0 

μg/mouse/dose; (6) ΔVP8* of P[6] type at 1.1 μg/mouse/dose; (7) ΔVP8* of P[8] 

type at 1.5 μg/mouse/dose; (8) the Vi polysaccharide without the ΔVP8* antigens 

at 5 μg/mouse/dose as a control; and (9) PBS as vaccine diluent control. 

Immunogens in 150μL volumes were administered subcutaneously (S.C.) three 

times at 2-week intervals. Blood samples were taken at 14, 28, and 42 days from 

retro-orbital bleeding, allowing to clot for 30min., and centrifuged at 1,200xg at 

4°C. 

For mycobacterium polysaccharide-ΔVP8* conjugate study, Groups of 10 mice 

were injected with one of the following conjugates: (1) the αGlu-ΔVP8* at 10 

μg/dose of αGlu and 1.3 μg/dose of ΔVP8*; (2) the αGlu-ΔVP8*AH at 10 μg/dose 

of αGlu and 1.8 μg/dose of ΔVP8*AH; (3) the αGlu-DT at 10 μg/dose of αGlu and 

1.0 μg/dose of DT; (4) the αGlu-DTAH at 10 μg/dose of αGlu and 1.9 μg/dose of 

DTAH; (5) the LAM-ΔVP8* at 10 μg/dose of LAM and 8.1 μg/dose of ΔVP8*; (6) 

the LAM-ΔVP8*AH at 10 μg/dose of LAM and 9.9 μg/dose of ΔVP8*AH; (7) the 

LAM-DT at 10 μg/dose of LAM and 7.2 μg/dose of DT; (8) the LAM-DTAH at 10 

μg/dose of LAM and 7.4 μg/dose of DTAH. Mice received injections of PBS as 

vaccine diluent control, 10 μg/dose of αGlu, 10 μg/dose of LAM or 5 μg/dose of 

each carrier proteins. Immunogens in 200μL volumes were intramuscularly (I.M) 

administered four times at 2-week intervals (Fig. 2a). On Days 14, 28, 42 and 56, 

blood samples were taken from retro-orbital bleeding, allowed to clot for 30 min, 

and centrifuged at 1,200×g at 4°C to obtain sera. 

All animal studies were carried out as per the guidelines and following approval 
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from Institutional Animal Care and Use Committee (IACUC) at International 

Vaccine Institute (IVI; Seoul, Korea). Experiments were designed and reported 

with reference to the Animal Research: Reporting of in vivo Experiments 

(ARRIVE) guidelines (Kilkenny et al., 2010).  

 

8. Enzyme linked immunosorbent assays (ELISA) 

ELISA was utilized to define Vi- or ΔVP8*-specific antibody titers using the 

method previously described (Cui et al., 2010). Briefly, Vi polysaccharide or 

ΔVP8* proteins of P[4], P[6] and P[8] rotaviruses were coated on 96-well plates at 

1 μg/mL. After blocking with 1% (w/v) BSA, plates were incubated with mouse 

sera at serial 2-fold dilutions. Bound antibodies were measured by goat-anti-mouse 

IgG-Alkaline phosphate conjugate (1:5,000; Southern Biotechnologies, USA). 

Antibody titers were described as the maximum dilution of sera that exhibited at 

least cut-off signals of OD450 = 0.15.   

 

9. Plaque reduction neutralization test (PRNT) 

A virus neutralization assay based on plaque reduction was performed to 

determine neutralizing antibodies elicited in vaccinated mice. Briefly, MA104 cells 

were cultivated in six-well plates. After a treatment with trypsin (10 μg/mL in 

Medium 199), rotaviruses of P[8] (Wa strain, G1P8) were incubated with mouse 

sera at given dilutions, and then added to MA104 cell monolayers in 6-well plates 

and incubated for 1h at 37°C on a rocking platform. The cells were washed with 

prewarmed, serum-free Medium 199, gently overlaid with 0.7% agarose and 

incubated at 37°C. The cells were fixed with 10% formalin and stained with 0.5% 

crystal violet. The neutralization titers of the sera were defined as the maximum 

dilutions of the mouse sera that can reduce at least 50% of infected cells compared 

with non-neutralized, serum free control as previously described (Hoshino et al., 

1984).  

 

10. Statistical analysis 

Statistical differences among data sets were determined by GraphPad Prism 6 

(GraphPad Software, Inc, USA) through a paired t test. Differences were 

considered non-significant (ns) for p-values >0.05 (marked as “ns”), significant for 
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p-values <0.05 (marked as *), highly significant for p-values <0.01 (marked as **) 

and extremely significant for p-values <0.001 (marked as ***), respectively.  
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Chapter III. Antigen purification and derivatization 

of ΔVP8* with ADH 
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1. Purification and specificity of Mycobacterial capsular polysaccharide 

αGlu and LAM are capsular polysaccharides that can be found abundantly in the 

culture filtrate and cell envelope of M.tb H37Rv, respectively (Daffe et al., 2014). 

αGlu is the dominant capsular polysaccharide, composed of linear α-(1-4)-D linked 

glucose unit and having an apparent molecular mass of 1.3×107 Da (Figure 6a) 

(Dinadayala et al., 2008; Geurtsen et al., 2009). LAM is a glycolipid, consisting of 

a branched arabinan polymer attached to a mannan polysaccharide backbone that 

extends from a phosphatidylinositol mannoside anchor at the reducing end. The 

purified αGlu was checked for purity using HPAEC-PAD and 1H NMR analysis. 

Mannose or arabinose was not detected by HPAEC-PAD analysis of purified αGlu 

(Figure 6b). Subsequently, 1H NMR spectra of the purified αGlu showed two 

anomeric signals at 5.4 and 4.99 ppm, typical of α-(1-4)-glucosyl and α-(1-6)-

glucosyl linkages, respectively (Figure 6c). The purified αGlu was identified by 

immunoblotting with CS-35 antibody (Figure 6d) (Dinadayala et al., 2004; 

Geurtsen et al., 2009; Ortalo-Magne et al., 1995). The molecular mass of LAM was 

estimated to be around 13kDa (Figure 7a) (Correia-Neves et al., 2019; Kaur et al., 

2008; Shi et al., 2009). HPAEC-PAD profile of acid hydrolyzed LAM indicated 

that Man and Ara were the dominant products (Figure 7b) (Khoo et al., 2001). The 

purified LAM was identified by immunoblotting with CS-35 antibody (Figure 7c 

and d) 
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Figure 6. The physicochemical properties of αGlu from M.tb. The purified 

αGlu was analyzed using (a) SEC-HPLC with Shodex SB-806 column (100mM 

NaH2PO4, 100mM NaCl, 5% CH3CN, pH7.2; 0.3mL/min), (b) HPAEC-PAD 

for carbohydrate analysis (Arabinose: Ara, Galactose: Gal, Glucose: Glu and 

Mannose: Man), (c) 1H-NMR spectrum of the αGlu and starch and (d) Dot-blot 

followed by immunoblotting with CS-35 antibody  
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Figure 7. The physicochemical properties of LAM from M.tb. The purified 

LAM was analyzed using (a) SEC-HPLC with TSK gel 3000 PWXL column 

(100mM NaH2PO4, 100mM NaCl, 5% CH3CN, pH7.2; 0.3mL/min), (b) 

HPAEC-PAD for carbohydrate analysis (Arabinose: Ara, Galactose: Gal, 

Glucose: Glu and Mannose: Man), (c) SDS-PAGE followed by PAS staining  

and (d) SDS-PAGE followed by immunoblotting with CS-35 antibody (Lane 1: 

Marker, Lane 2: LAM, Lane 3: BSA). 
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2. Expression, purification, and specificity of ΔVP8*  

The recombinant ΔVP8* protein with P[4], P[6] or P[8] specificity was 

expressed in the E.coli system. The IPTG-induced bacteria were then collected by 

centrifugation and lysed to release soluble proteins. The ΔVP8* proteins were 

purified by two-step ion exchange chromatography. The yields of three 

recombinant proteins reached ~50 mg/L of culture. After purification, all the 

ΔVP8* proteins showed a single band of 18-20 kDa on SDS-PAGE and was eluted 

as a single peak in SEC-HPLC (Figure 8). The residual nucleic acid and endotoxin 

levels were 0.4 ng/mL and 1.84 EU/mL, respectively, which are within the 

acceptable levels for recombinant subunit vaccines.  

Aspartic or glutamic acid residues of the purified ΔVP8* were modified with 

ADH in the presence of EDAC to achieve an efficient coupling of ΔVP8* to Vi 

(Figure 9a). ΔVP8*AH showed a broad peak at similar retention time on SEC-HPLC 

as the ΔVP8*, indicating no cross-linking of the VP8* had occurred (Figure 9b). 

Derivatization of ΔVP8* (ΔVP8*AH) resulted in four to six ADH linkers per ΔVP8* 

(Figure 9c). The levels of modification were determined by TNBS assay. 

 

 

 

 

 

 

 

 

 

 

 



 

 35 

 

Figure 8. Expression and purification of the recombinant ΔVP8* proteins. (a) 

SDS-PAGE profiles of the expression of ΔVP8* upon IPTG induction, SDS-PAGE 

result of the anion exchange chromatography and the cation exchange 

chromatography, (b) SimplyBlueTM stained SDS-PAGE (Ret.: Retentate from 5 

kDa TFF, Perm.: Permeate from 5 kDa TFF, and M: Marker) and Western blot 

analysis of ΔVP8*-P[8] probed with anti-Rotavirus antibody (AB1129), (c) 

SimplyBlueTM stained SDS-PAGE of the three purified ΔVP8*  
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Figure 9. Preparation of ADH derivatized ΔVP8*-P[8] and its 

physicochemical characteristics. (a) Schematic diagram of ADH derivatization; 

EDAC activates ΔVP8* by reacting with carbonyl groups on amino acids, (b) SEC-

HPLC profile of ΔVP8* before and after ADH derivatization. OHpak SB-804 HQ 

column, 0.1M NaCl, 0.1M NaH2PO4, 5% ACN, pH 7.2; 0.3 mL/min. flow rate, (c) 

The average number of ADH linkers on ΔVP8*. The concentration of protein and 

primary amine was measured by Bradford assay and TNBS assay, respectively.  
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Chapter IV. Development of a bivalent conjugate 

vaccine candidate against rotavirus and tuberculosis 
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1. Abstract  

Conjugation of carbohydrate antigens with a carrier protein is a clinically proven 

strategy to overcome the poor immunogenicity of bacterial polysaccharide. In 

addition to its primary role, which is to help generate a T cell-mediate long-lasting 

immune response directed against the carbohydrate antigen, the carrier protein in a 

glycoconjugate vaccine can also play an important role as a protective antigen. 

Because the consecutive administration of the same carrier protein may interfere 

the immune response to carbohydrate in conjugate vaccine platform, the 

identification of novel carrier proteins is important for the development of a 

glycoconjugate vaccine.  

Among carrier proteins currently used in licensed conjugate vaccines, non-typeable 

Haemophilus influenzae protein D has been used as an antigenically active carrier 

protein. Several studies also indicate that some carrier proteins provide B cell 

epitopes, along with T cell helper epitopes.  

Herein I investigated the dual role of truncated rotavirus spike protein ΔVP8* as a 

carrier and a protective antigen. Capsular polysaccharides, α-glucan (αGlu) and 

lipoarabinomannan (LAM) purified from Mycobacterium tuberculosis (M.tb), were 

chemically conjugated with ΔVP8*. Mouse immunization experiments showed that 

the resultant conjugates elicited strong and specific immune responses against the 

polysaccharide antigen, and the responses were comparable to those induced by 

Diphtheria toxoid (DT)-based conjugates. The conjugate vaccine induced enhanced 

antibody titers and functional antibodies against ΔVP8* when compared to 

immunization with the unconjugated ΔVP8*. Thus, these results indicate that 

ΔVP8* could be a relevant carrier protein for glycoconjugate vaccine and the 

glycoconjugates consisting of ΔVP8* with αGlu or LAM are effective bivalent 

vaccine candidates against rotavirus and tuberculosis. 
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2. Introduction 

Rotaviruses (RV) are among the most important enteric pathogens causing sever 

acute gastroenteritis in infants and young children under five years of age. RV 

infection led to 24 million outpatient visits, 2.3 million hospitalizations, and 

200,000 deaths annually (Collaborators, 2018; Parashar et al., 2006; Tate et al., 

2012). At present, RotaTeq® , Rotarix® , ROTAVAC® , and ROTASIIL®  are the most 

widely used live attenuated oral vaccines, owing to 80%-90% vaccine efficacy 

especially in developed countries (Yen et al., 2011). These vaccines are currently 

included in national immunization schedules in >100 countries worldwide (WHO, 

2020). However, the live attenuated oral vaccines showed impaired protection 

efficacy in developing countries where rotavirus vaccines are mostly needed 

(Armah et al., 2010; Jonesteller et al., 2017; Madhi et al., 2016; Zaman et al., 2010). 

Poor nutrition, micronutrient deficiencies, and concurrent infection with other 

enteric pathogens may contribute to the diminished effectiveness of those 

attenuated vaccines (Desselberger, 2017). In addition, there is a small increased 

risk of intussusception in vaccinated infants (Yen et al., 2016). 

Tuberculosis (TB), caused by Mycobacterium tuberculosis (M.tb), is the leading 

killer among infectious diseases, and is responsible for 1.4 million deaths each year 

including 205.000 children in the world (Dodd et al., 2017). At present, Bacille 

Calmette-Guérin (BCG) vaccine, an attenuated strain of Mycobacterium bovis, is 

the only licensed vaccine available for TB. Although BCG vaccine has been 

extensively used as a part of national vaccination programs in countries with high 

TB rates, its effectiveness is variable against the development of TB both in 

pediatric and adult population (Fine, 1995; Rodrigues et al., 1993). In parts, BCG 

vaccination has little effects on protection against adult pulmonary TB (Fine, 1995). 

Due to the global burden attributable to RV and TB in the pediatric population, the 

development of an effective vaccine against both diseases is urgently needed to 

control and prevent these diseases. 

Rotavirus spike protein VP4 consists of its stalk (VP5*) and globular head 

(VP8*) (Prasad et al., 1990). A truncated VP8* protein, termed ΔVP8*, was 

reported to induce heterotypic neutralizing antibodies upon parenteral 

immunization in small animal models (Wen et al., 2012). Furthermore, ΔVP8* has 

been used in several vaccine platforms including recombinant fusion proteins 
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(ΔVP8* fused to a universal tetanus toxin CD4+ T cell epitope P2) and 

nanoparticles (ΔVP8*inserted in the surface loops of the Norovirus P or S particle) 

(Tan et al., 2011; Wen et al., 2014; Xia et al., 2018). Those vaccine candidates 

showed enhanced efficacy in resource-deprived countries as compared with live 

attenuated vaccines because non-replicating vaccines are not directly affected by 

microbiome composition or gut enteropathy (Groome et al., 2020; Groome et al., 

2017).  

Bacterial pathogens often express high-molecular weight capsular 

polysaccharides (CPSs), which serve as a protective external layer for the bacteria. 

When used as a vaccine, CPSs, as a type of T cell-independent antigen, are poorly 

immunogenic and fail to induce immunological memory in infant under two years 

of age (Astronomo and Burton, 2010; Avci and Kasper, 2010; Barrett, 1985; 

Coutinho and Moller, 1973). However, covalent linkage of the carbohydrate 

antigens to immunogenic carrier proteins results in glycoconjugates which elicit 

booster response to the carbohydrate antigens (Avery and Goebel, 1929; Goebel 

and Avery, 1929). Mycobacterial capsular polysaccharides are optimal targets for 

subunit vaccines due to their location at the outermost layer of cell and their 

differences from human glycans (Daffe and Etienne, 1999; Kalscheuer et al., 2019). 

The major capsular polysaccharides of Mycobacterium Tuberculosis (M.tb) are α-

glucan (αGlu) and lipoarabinomannan (LAM), respectively accounting up to 80% 

and 15% of the extracellular polysaccharide (Chatterjee et al., 1991; Chatterjee et 

al., 1992; Chatterjee and Khoo, 1998; Lemassu and Daffe, 1994). Chemical 

conjugation of those polysaccharides to relevant carrier protein can elicit antibody-

mediated responses, characterized by IgM-to-IgG switching, a booster response, 

and sustained T cell memory to the polysaccharides (Chen et al., 2020; Hamasur et 

al., 1999; Prados-Rosales et al., 2017; Schwebach et al., 2002). Although conjugate 

vaccine platform was developed to enhance the immunogenicity of carbohydrate 

antigens, a carrier protein may also induce an immune response against itself (Avci 

et al., 2011; Broker et al., 2017; Lees et al., 1994). For example, Affinivax’s novel 

vaccine platform, the Multiple Antigen Presentation System (MAPS), uses 

pneumolysin as a carrier protein, resulting in comprehensive B- and T-cell 

immunity against both polysaccharides and protein components. In addition, 

Salmonella Typhimurium flagellin monomer (FliC) is also used as a self-adjuvating 
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carrier protein in conjugate vaccine platform. Therefore, the conjugate vaccine 

platform may induce protective immunity against the pathogen not only from 

which the polysaccharide is derived, but also from which the carrier protein is 

derived (Broker et al., 2017).  

Herein, I developed glycoconjugates, employing a chemical conjugation of ΔVP8* 

to Mycobacterium capsular polysaccharide, αGlu and LAM. The following 

conjugates were developed, using two different chemical strategies: direct 

conjugation using EDAC (αGlu-ΔVP8* and LAM-ΔVP8*) and indirect 

conjugation using ADH (αGlu-ΔVP8*AH and LAM-ΔVP8*AH). In addition, I also 

generated the following DT-based conjugates: αGlu-DT, LAM-DT, αGlu-DTAH 

and LAM-DTAH to evaluate the intrinsic value of ΔVP8* in comparison with DT, a 

benchmark carrier protein. Each conjugate was physico-chemically characterized. 

Antigen-specific antibodies in serum and virus-neutralizing antibody against RV 

determined the immunologic properties of ΔVP8*-based conjugates in mice. The 

results showed that ΔVP8*-based conjugates induced strong immune responses 

against polysaccharide and protein antigens, and the effect of ΔVP8* as a carrier 

was comparable to the one of DT. Therefore, this study sheds light on an additional 

potential of conjugate vaccine platform for enhancement of the immune response 

to rotavirus spike protein ΔVP8*, and supports further evaluation of the M.tb 

polysaccharide-rotavirus protein conjugate vaccine towards clinical development. 
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3. Results 

3.1. Mycobacterial polysaccharides conjugates. 

As illustrated in Figure 10a, glycoconjugates were synthesize with 4 mg of αGlu 

(4.5 mg/mL) and LAM (2.3 mg/mL) at a ratio polysaccharide/protein of 1:1 (w/w). 

The chromatogram profile showed that conjugates eluted earlier than either 

unconjugated polysaccharide or unconjugated ΔVP8*, confirming the larger size of 

the conjugate with respect to unconjugated components (Figure 10b and c). The 

large size of the conjugates resulted in a typical smear at the top of 12% SDS-

PAGE (Figure 10b and c) and the decreased retention time in SEC-HPLC (Figure 

10d and e). The amount of polysaccharide and protein in the ΔVP8*-based 

conjugates and the DT-based conjugates is shown in Table 2.  
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Figure 10. Preparation of M.tb polysaccharide-ΔVP8* conjugate and its 

physicochemical properties. (a) Schematic diagram of ΔVP8*-based conjugates; 

CDAP activates LAM by reacting with hydroxyl groups on carbohydrates, (b and 

c) Separation of ΔVP8*-based conjugates by size-exclusion chromatography. After 

conjugate reaction, the mixture was applied onto a Sepharcyl S200 column 

(XK16/100). ΔVP8*-based conjugates were eluted in early fractions (peak A) 

owing to their high molecular weight, whereas the excess αGlu, LAM and ΔVP8* 

were separated in the latter fractions (peak B). The peak A of the gel-filtration were 

analyzed by SDS-PAGE that is shown below the elution curve, (d and e) SEC-

HPLC profile of ΔVP8*-based conjugates. OHpak SB-806 and 804 column 

100mM NaH2PO4, 100mM NaCl, 5% CH3CN, pH7.2; 0.3mL/min 
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Table 2. Characteristics of M.tb polysaccharide conjugates 

 
1αGlu and LAM concentration was based on Anthrone assay 
2ΔVP8* and DT protein concentration was based on Bradford assay 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Saccharide 
Carrier 

protein 
Linker 

Polysaccharide  

(mg) 

  

Protein/Polysaccharide  

(w/w) 

Protein  

(mg) 

  

α-Glu 

ΔVP8* 
- 2.9 0.3 0.1 

ADH 2.1 0.2 0.1 

DT 
- 2.7 0.3 0.1 

ADH 2.4 0.5 0.2 

LAM 

ΔVP8* 
- 1.3 1.2 0.9 

ADH 1.2 1.3 1.1 

DT 
- 2.0 1.2 0.6 

ADH 2.1 1.3 0.6 
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3.2. αGlu-ΔVP8*AH conjugates can elicit the immunogenicity of αGlu 

and ΔVP8* antigens  

To assess the carrier effect of ΔVP8* in a glycoconjugate platform, the 

immunogenicity of the glycoconjugates αGlu-ΔVP8*AH and αGlu-DTAH was tested 

in mice and compared to the unconjugated αGlu. Four doses (10 μg/dose) of αGlu-

ΔVP8*AH and αGlu-DTAH were administrated intramuscularly at two-week 

intervals (Figure 11a). αGlu, ΔVP8* and DT were immunized as single antigen 

controls by the same protocol. An additional group of mice received PBS as a 

control. In immunogenicity study, mice were administrated without an adjuvant to 

focus exclusively on the intrinsic value of ΔVP8* as a carrier. 

αGlu specific IgG levels were elicited after the 3rd inoculation in mice 

immunized with αGlu-ΔVP8*AH (Figure 11b). The αGlu specific antibody response 

induced by αGlu-ΔVP8*AH was lower than the one induced by αGlu-DTAH at day 

28 and 42, and comparable to that of αGlu-DTAH at day 56 (Figure 11b), and IgG1 

was the most abundant IgG subclass (Figure 11d). Administration of αGlu-

ΔVP8*AH elicited significantly higher levels of ΔVP8* specific IgG antibodies than 

unconjugated ΔVP8* and PBS (Figure 11c), and IgG1 was the most abundant 

IgG subclass (Figure 11e).  
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Figure 11. Immunogenicity study with αGlu-conjugates. (a) A schematic 

diagram for intramuscular vaccination and bleeding, (b) Anti-αGlu and (c) 

Anti-ΔVP8* antibody titer of conjugates, (d) Percentage contribution of IgG 

subclasses to total IgG against (d) αGlu and (e) ΔVP8*; data are mean ± 

s.d.; two sample t-test; *P <0.05, **P< 0.01, *** P <0.001.  
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3.3. Immunogenicity of LAM-ΔVP8* conjugates in mice 

In immunogenicity study, the conjugates were administrated to mice without an 

adjuvant to focus exclusively on the intrinsic value of ΔVP8* as a carrier. As 

illustrated in Figure 12a, Four different groups of mice were intramuscularly 

immunized with each conjugate: (1) the LAM-ΔVP8* at 10 μg/dose of LAM and 

8.1 μg/dose of ΔVP8*; (2) the LAM-ΔVP8*AH at 10 μg of LAM and 9.9 μg of 

ΔVP8*AH for mouse/dose; (3) the LAM-DT at 10 μg/dose of LAM and 7.2 μg/dose 

of DT; (4) the LAM-DTAH at 10 μg/dose of LAM and 7.4 μg/dose of DTAH. 

Controls were injected with PBS as vaccine diluent control, 10 μg/dose of LAM, or 

5 μg/dose of each carrier proteins. Immunogens in 200μL volumes were 

administered four times at 2-week intervals. Immunization with the unconjugated 

LAM induced very low levels of LAM-specific IgG antibodies. In contrast, the 

glycoconjugates induced highly elevated titers of IgG antibodies to LAM; anti-

LAM IgG levels induced with ΔVP8*-based conjugates were comparable to those 

levels administered with DT-based conjugates (Figure 12b). Administration of 

ΔVP8*-based conjugates elicited significantly higher levels of ΔVP8* specific IgG 

antibodies than unconjugated ΔVP8* (Figure 12c), and IgG1 was the most 

abundant IgG subclass (Fig. 12d).  
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Figure 12. Immunogenicity study with LAM-conjugates. (a) A schematic 

diagram for intramuscular vaccination and bleeding, (b) Anti-LAM and (c) 

Anti-ΔVP8* antibody titer of conjugates, and (d) Neutralization analysis of 

sera from immunized mice; Days 56 immune sera were used; data are mean 

± s.d.; two sample t-test; *P <0.05, **P< 0.01, *** P <0.001.  
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4. Discussion 

Cell-mediated immunity is an important component to control mycobacterial 

infection (Cooper, 2009). However, recent immunological and genetic studies 

support that antibody-mediated immunity also plays a protective role against TB 

(Achkar and Casadevall, 2013; Achkar and Prados-Rosales, 2018). Among many 

constituents of mycobacterial cell envelope, αGlu and LAM are the major 

component of cell wall-associated lipoglycans. LAM can induce high antibody 

responses in infected hosts (Yu et al., 2012); antibodies to LAM have moderate 

protective efficacy in M.tb infected mice (Chen et al., 2020; Correia-Neves et al., 

2019; Prados-Rosales et al., 2017). αGlu and LAM, however, are T cell-

independent antigens, which can activate B cells without the cooperation of helper 

T cells and are characterized by a lack of immunologic memory (Avci et al., 2019). 

A conjugate vaccine platform is an established procedure to improve the 

immunogenicity of the polysaccharide antigen. Conjugation of the polysaccharide 

to a carrier protein can effectively convert a T cell-independent immune response 

to a T cell-dependent immune response, characterized by polysaccharide-specific 

isotype switching from IgM to IgG and generation of polysaccharide-specific 

memory B cells (Avci et al., 2011, 2013; Comstock and Kasper, 2006). 

Traditionally, a few carrier proteins such as Tetanus toxoid (TT), DT, nontoxic 

diphtheria cross-reacting material (CRM197), and meningococcal outer membrane 

complex (OMPC) have been used in a conjugate vaccine platform to optimize the 

immunogenicity of polysaccharide antigens (Avci et al., 2019). However, the 

repeated use of carrier proteins causes immune interference such as carrier-induced 

epitope suppression and carrier-specific enhancement of T cell help (Avci et al., 

2019; Pollabauer et al., 2009). Therefore, there is a significant need for novel 

carrier proteins.  

Here, I demonstrated that not only did the conjugation of ΔVP8* to αGlu and 

LAM induce enhanced anti-ΔVP8* IgG titers, but it also elicited polysaccharide 

specific IgG antibody responses in mice. ΔVP8*-based conjugates induced 

significantly elevated ΔVP8* antibody titers after the first dose; the result obtained 

is consistent with the previous findings in that the conjugate vaccine platform using 

Vi polysaccharide enhances immune responses to carrier protein in mice (An et al., 

2018; Kothari et al., 2014). However, the same quantity of polysaccharide or 
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ΔVP8* antigen alone did not mount an appreciable immune response even after 

booster doses because polysaccharides are T-independent antigens (Snapper and 

Mond, 1996) and ΔVP8* is less immunogenic in mice (Xue et al., 2016). αGlu and 

LAM were linked to the proteins directly or with ADH to compare the effect of 

linker on conjugation and immunogenicity. Because cross-linking reagents possess 

different spacer lengths, binding specificities, flexibility/rigidity, and hydrophilicity, 

each of these linker characteristics can influence the immunogenicity of the 

resulting conjugates (Lang and Huang, 2020). The protein recovery was not 

significantly altered by ADH derivatization (Table 1), and the comprehensive 

immunogenicity of the conjugate vaccines in mice was not significantly affected by 

the ADH derivatization. 

In summary, this study demonstrates that rotavirus spike protein ΔVP8* in 

glycoconjugate platform could play not only its traditional role as an immunogen, 

but also an additional role as a relevant carrier for carbohydrate antigens (Avci et 

al., 2019). The data supports use of a viral peptide as a carrier protein in 

glycoconjugates and also further evaluation of the M.tb-rotavirus conjugate vaccine 

towards clinical development.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 51 

 

 

 

 

 

 

 

 

 

 

Chapter V. Rotavirus spike protein ΔVP8* as a novel 

carrier protein for conjugate vaccine platform with 

demonstrated antigenic potential for use as bivalent 

vaccine 
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1. Abstract  

Conjugate vaccine platform is a promising strategy to overcome the poor 

immunogenicity of bacterial polysaccharide antigens in infants and children. A 

carrier protein in conjugate vaccines works not only as an immune stimulator to 

polysaccharide, but also as an immunogen; with the latter generally not considered 

as a measured outcome in real world. Here, I probed the potential of a conjugate 

vaccine platform to induce enhanced immunogenicity of a truncated rotavirus spike 

protein ΔVP8*. ΔVP8* was covalently conjugated to Vi capsular polysaccharide 

(Vi) of Salmonella Typhi to develop a bivalent vaccine, termed Vi-ΔVP8*. This 

study demonstrated that the Vi-ΔVP8* vaccine can induce specific immune 

responses against both antigens in immunized mice. The conjugate vaccine elicits 

high antibody titers and functional antibodies against S. Typhi and Rotavirus (RV) 

when compared to immunization with a single antigen. Together, these results 

indicate that Vi-ΔVP8* is a potent and immunogenic vaccine candidate, thus 

strengthening the potential of conjugate vaccine platform with enhanced immune 

responses to carrier protein, including ΔVP8*. 
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2. Introduction 

Enteric and diarrheal diseases are major causes of death, especially in 

young children in the developing world (Crump and Mintz, 2010; Tate et al., 

2016). The bacterial pathogen Salmonella enterica serovar Typhi (S. Typhi) 

and rotavirus (RV) are known to cause enteric fever and severe acute 

gastroenteritis, respectively (Crump and Mintz, 2010; Tate et al., 2012). 

Globally S. Typhi infected 21.7 million people, resulting in 200,000 deaths 

in 2014 (Mogasale et al., 2014). RV was responsible for the death of 

128,000 children under the age of five in 2016 (Collaborators, 2018).  

Currently, several vaccines are licensed and commercially available to 

protect against S. Typhi or RV infection. However, a live-attenuated oral 

vaccine Ty21a and parenteral Vi polysaccharide (Vi) vaccine fail to induce 

protective antibodies in the populations at high risk of enteric fever, 

especially infants and young children (Khan et al., 2012; Murphy et al., 

1991). Only Vi-tetanus toxoid (Vi-TT) conjugated vaccine induces 

protective levels even in children less than 2 years old (Mitra et al., 2016). 

The vaccines against RV provide lower immune response and less clinical 

protection in developing countries as compared to more developed regions 

(Jonesteller et al., 2017; Yen et al., 2011), and there is a small risk of 

intussusception in infant from oral rotavirus vaccine administration (Yen et 

al., 2016). S. Typhi is transmitted through ingestion of contaminated food or 

water and RV through the fecal-oral route directly from person to person. 

The prevalence of typhoid fever and rotavirus diarrhea has significant 

regional overlap in many parts of the world (Crawford et al., 2017; 

DeRoeck et al., 2007); therefore, a combined and effective vaccine against 

both pathogens could improve availability and compliance.  

Vi of S. Typhi is the target of a protective humoral immune response. The 

chemical conjugation of Vi to a carrier protein results in an enhanced 

antibody response and an explicit memory response by converting T-cell 

independent to T-cell dependent response (An et al., 2018; Costantino et al., 
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2011). The glycoconjugate platforms also provide a unique antigen structure 

allowing internalization and antigen presentation of the immunogen by 

antigen-presenting cells (Avci et al., 2019). In addition, typhoid conjugate 

vaccines are highly efficacious for infants more than 6 months of age in 

endemic countries (Capeding et al., 2020; Mohan et al., 2015). Taking 

advantage from the availability of Vi in our lab, we have conducted a study 

to assess the ability of a truncated rotavirus spike protein ΔVP8* as a novel 

carrier protein to elicit satisfactory anti-Vi titers and its ability as an 

immunogen.  

Current licensed glycoconjugate vaccines use only a few carrier proteins 

[i.e., Tetanus Toxoid (TT), Diphtheria Toxoid (DT), CRM197, or Outer 

Membrane Protein Complex (OMPC)] (Avci et al., 2019). The limited 

number of carriers implies repeated exposure to the same carrier, inducing 

various immune interference such as carrier-induced epitope suppression 

(CIES), carrier-specific enhancement of T cell help, and bystander 

interference (Avci et al., 2019; Pollabauer et al., 2009). Therefore, the need 

for an alternative carrier seems obvious despite the availability of several 

safe and effective carriers above. Among several candidates, the 

recombinant non-toxic form of Pseudomonas aeruginosa exotoxin A (rEPA) 

and a rationally designed recombinant protein containing strings of 

universal CD4+ T-cell epitopes proved to be very good carriers (Tontini et 

al., 2016). A conjugate vaccine composed of Shigella O-specific 

polysaccharide or Vi bound to rEPA elicited protective anti-polysaccharide 

IgG and induction of immunologic memory. The protective efficacy of the 

conjugate vaccines was 74% against Shigella sonnei shigellosis and 90% 

against typhoid fever (Szu et al., 2013; Taylor et al., 1993). In conjugate 

platform, novel polyepitope carrier proteins, consisting of a sequential string 

of universal human CD4+ T helper epitopes, exerts a strong carrier effect on 

inducing anti-polysaccharide serum antibody titers and bactericidal activity 

of antibodies elicited against Neisseria meningitidis (Baraldo et al., 2005; 
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Baraldo et al., 2004).  

Rotavirus spike protein, VP4, consists of its stalk (VP5*) and globular 

head (VP8*). The VP8* fragment of VP4 has been reported to elicit 

primarily homotypic neutralizing antibodies although the protective 

immunity was not as effective as full length VP4. In particular, the truncated 

form of VP8*, termed ΔVP8*, could induce high levels of homotypic and 

varying levels of heterotypic virus neutralizing antibodies in immunized 

animals, which demonstrates the potential of a subunit vaccine (Wen et al., 

2012; Wen et al., 2014).  

P[8] RV strains (Wa strain) and P[4] RV strains (DS-1 strain) are the 

predominant human rotavirus strains, which are responsible for over 90% of 

the rotavirus infection among children worldwide (Santos and Hoshino, 

2005). In Africa, however, P[6] RV strains (1076 strain) accounted for 

almost one third of all P types (Santos and Hoshino, 2005). Therefore, a 

multivalent vaccine formulated with P[4], P[6] and P[8] specificity could 

provide wider coverage and afford optimal protection against the common 

circulating rotavirus infections (Groome et al., 2017). 

I developed purification steps for ΔVP8* antigens of P[4], P[6], and P[8] strains 

using two steps of ion-exchange chromatography. Different conjugation strategies 

were tested to improve vaccine design. The Vi-ΔVP8* conjugates were 

characterized physicochemically, and then mixed as a multivalent vaccine. 

Antigen-specific antibodies in serum, bactericidal activity against S. Typhi, and 

virus-neutralizing antibody response against RV determined the immunologic 

properties of Vi-ΔVP8* conjugates in mice. The results showed that the Vi-ΔVP8* 

conjugates induced significantly high immune response toward the ΔVP8* antigens 

and Vi polysaccharides, thus making it a promising multivalent vaccine candidate 

against multiple rotavirus P types and S. Typhi. Overall, the results data shed light 

on an additional potential of a conjugate vaccine platform for enhanced 

immunogenicity of ΔVP8*. 
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3. Results 

3.1. Chemical conjugation of ΔVP8*AH to Vi 

As illustrated in Figure 13, glycoconjugates were synthesized with 8mg of Vi (2 

mg/mL) at a ratio Vi/ΔVP8*AH of 1:1 (w/w) and EDAC (50mg/mL) in MES buffer 

at pH 5.6. The chromatogram profile showed that Vi-ΔVP8* eluted earlier than 

either free Vi or free ΔVP8*, confirming the larger size of the conjugate with 

respect to free components (Figure 14a). The large size of the conjugates resulted 

in decreased retention time in SEC-HPLC (Figure 14b), and a typical smear 

appeared at the top of 12% SDS-PAGE (Figure 14c). The recoveries of Vi and 

ΔVP8* were ~40% and ~10%, respectively (Table 3). As illustrated in Figure 15, 

an attempt to directly link ΔVP8* to Vi was tried through the reaction between the 

primary amine in ΔVP8* and carboxylic groups along the Vi polysaccharide, 

previously activated with EDAC. However, the direct conjugation method was not 

successful. The limited number or low reactivity of primary amine in ΔVP8* could 

be one reason, and steric hindrance could be another. Alternatively, N-β-

maleimidopropionic acid hydrazide (BMPH) was tried to facilitate coupling ΔVP8* 

to Vi. For this, ΔVP8* was firstly thiolated by N-succinimidyl S-acetylthioacetate 

(SATA) to introduce thiol groups, which were reacted with the maleimide groups in 

heterobifunctional linker, BMPH; the hydrazide groups left on the other side in the 

BMPH were further coupled with the carbonyls on Vi polysaccharide (Figure 15). 

However, the recovery of ΔVP8* in Vi-BMPH-ΔVP8* conjugates was lower (5%) 

than that obtained in Vi-ADH-ΔVP8* conjugates (10%) (Table 4). 

 

 

 

 

 

 

 



 

 57 

 

Figure 13. Schematic representation of the preparation of Vi-ΔVP8*. (a) 

ΔVP8* was derivatized with EDAC/ADH, (b) Vi polysaccharide was conjugated 

with ΔVP8*AH.  
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Figure 14. Physicochemical characteristics of the glycoconjugates. (a) 

Sephacryl S-1000 profile of Vi and Vi-ΔVP8*-P[8]. Vi-ΔVP8*-P[8] was purified 

on Sephacryl S-1000 (1.6cm × 90cm) eluting with 10mM NaH2PO4, 5mM NaCl, 

pH 7.0 at a flow rate of 0.2 mL/min. (b) SEC-HPLC profiles of Vi-ΔVP8*-P[8]. 

Tskgel G5000 PWXL column, 0.1M NaCl, 0.1M NaH2PO4, 5% ACN, pH 7.2; 0.5 

mL/min. flow rate. Vi polysaccharide, ΔVP8*-P[8], and Vi-ΔVP8*-P[8], (c) SDS-

PAGE profile of Vi-ΔVP8*-P[8] (Lane 1: Marker, Lane 2: Vi-ΔVP8*-P[8] and 

Lane 3: ΔVP8*-P[8]). 12% gel, SimplyBlueTM staining. The grouping of gels 

cropped from different parts of the same gels.  
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Table 3. Characterization of Vi-ΔVP8* conjugates. 

Conjugates 
ADH 

linkers per 
protein 

   Recovery1 

(%) Average size 
(kDa) 

Vaccine Formulation 

Vi ΔVP8* 
Vi  

(μg)2 

ΔVP8* 

(μg)3 

Vi-ΔVP8*-P[4] 4 35 10 2665 5 1.0 

Vi-ΔVP8*-P[6] 6 33 11 2583 5 1.1 

Vi-ΔVP8*-P[8] 5 44 15 2773 5 1.5 

Multivalent 
formulation4 

— — — — 15 3.6 

1Recovery of each conjugate obtained was calculated on the basis of Vi concentration and 
protein concentration. 
2Vi concentration was based on Hestrin assay 
3ΔVP8* protein concentration was based on Bradford assay 
4Multivalent formulation is the mixture of Vi-ΔVP8*-P[4], P[6], and P[8] 
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Figure 15. Conjugation scheme and physicochemical characteristics of Vi-

ΔVP8* conjugates with different linkers. (a) Conjugation scheme for the 

synthesis of Vi-ΔVP8* conjugates, (b) SEC-HPLC analysis of Vi-ΔVP8*-P[8] 

conjugates 
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Table 4. Chemical analysis of conjugates prepared by different linkers.    

1Recovery of each conjugate obtained was calculated on the basis of Vi concentration and 
protein concentration.   
2Vi concentration was based on Hestrin assay. 
3ΔVP8* protein concentration was based on Bradford assay. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Conjugate Linker 
Recovery (%)1 

Polysaccharide2 Protein3 

Vi-EDAC-ΔVP8*-P[8] EDAC 0 0 

Vi-BMPH-ΔVP8*-P[8] BMPH 40 5 

Vi-ADH-ΔVP8*-P[8] ADH 44 15 
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3.2. Immunogenicity of Vi-ΔVP8* conjugates in mice 

In immunogenicity study, Vi-ΔVP8* conjugates were administrated to mice 

without an adjuvant to focus exclusively on the intrinsic value of ΔVP8* as a 

carrier. As illustrated in Figure 16a, mice were subcutaneously injected with each 

conjugate (5 μg Vi/dose) or multivalent formulation (15 μg Vi/dose) on days 0, 14 

and 28. Four different groups of mice were injected with 5 μg of Vi, 1.0 μg of 

ΔVP8*-P[4] , 1.1 μg of ΔVP8*-P[6] , 1.5 μg of ΔVP8*-P[8]. Controls were 

injected with PBS. Serum anti-Vi IgG titers and functional antibody levels were 

measured by ELISA and complement-mediated SBA, respectively. Immunization 

with the unconjugated Vi induced very low levels of Vi-specific IgG antibodies, 

and it was consistent with the previous results that antisera raised against Vi alone 

in PBS elicited low titers in ELISA (An et al., 2011; Kothari et al., 2014). In 

contrast, the glycoconjugates induced highly elevated titers of IgG antibodies to Vi 

after a single immunization (Figure 16b). The high titers observed on Day 14 

persisted through Day 42. IgG1 was consistently the dominant IgG subclass against 

Vi in the immunized mice (Figure 16c). Diluted serum samples were incubated 

with S. Typhi to determine bactericidal activity of sera from vaccinated mice. The 

serum from mice immunized with Vi alone or Vi-VP8* conjugates showed a 

significant ability to prevent the growth of S. typhi more than 50% until reaching 

1:200 dilution, while sera from VP8* group showed no SBA titer (Figure 16d and 

Figure 17). These data indicated that Vi-ΔVP8* conjugates elicited high level of 

anti-Vi IgG and complement-mediated SBA responses against S. Typhi isolate 

C6524. 

I assessed the levels of IgG antibodies to ΔVP8* elicited by immunization, and 

neutralizing capacity of serum antibodies was measured using the PRNT. As 

previously reported (Wen et al., 2012; Xue et al., 2015), ΔVP8* induced low levels 

of serum anti-ΔVP8* IgG (Figure 18a). In contrast, the Vi-ΔVP8* induced high 

levels of IgG specific for ΔVP8*, and the levels consistently increased through Day 

42, with IgG1 being the dominant isotype (Figure 18a and b). Rotavirus 

neutralizing activity was higher in conjugate-immunized mice, with 50% reduction 

in plaque count (PRNT50) titers ranging from 1:128 to 1:512 (Figure 18c). 
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Figure 16. Immunogenicity study with Vi-ΔVP8* for anti-Vi. (a) A schematic 

diagram for subcutaneous vaccination and bleeding, (b) Anti-Vi antibody titer of 

conjugates, (c) Percentage contribution of IgG subclasses to total IgG against Vi, 

(d) Serum bactericidal activity (SBA) titers observed for sera from mice 

immunized with Vi-ΔVP8* conjugates. BALB/c mice were immunized SC with 

5μg of Vi-ΔVP8*-P[4], P[6] or P[8], or 15μg of multivalent formulation based on 

Vi polysaccharide 3 times at 2-week intervals as described in Methods; data are 

mean ± s.d.; two sample t-test; *P <0.05, **P< 0.01, *** P <0.001 
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Figure 17. SBA measures functional S. Typhi specific antibodies capable of 

complement-mediated bacterial killing.  
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Figure 18. Immunogenicity study of Vi-ΔVP8* for anti-ΔVP8*. (a) IgG of mice 

immunized with ΔVP8* or Vi-ΔVP8* conjugates, (b) Percentage contribution of 

IgG subclasses to total IgG against ΔVP8*, (c) Neutralization analysis of sera from 

immunized mice; Days 42 immune sera for titers were used; BALB/c mice were 

immunized S.C. with 5μg of Vi-ΔVP8*-P[4], P[6] or P[8], or 15μg of multivalent 

formulation based on Vi polysaccharide, 3 times at 2-week intervals as described in 

Methods; data are mean ± s.d.; two sample t-test; *P <0.05, **P< 0.01, *** P 

<0.001 
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4. Discussion 

Previous studies exploring the conjugate vaccine platform using Vi conjugated to 

carrier proteins interestingly showed that some carrier proteins play the dual role as 

a carrier protein and a protective antigen (An et al., 2018; An et al., 2015; Kothari 

et al., 2014). In this study, I further demonstrated the potential of Vi conjugation to 

enhance immune responses in mice to carrier protein compared with those induced 

by the native protein. For this aim, I produced ΔVP8* antigens from three 

predominant P rotaviruses and developed Vi-ΔVP8* conjugates by using different 

linkers and coupling methods, with ADH being the linker of choice. The multiple 

activation sites of each Vi and multiple linkage points of ΔVP8* allowed us to 

produce conjugates of large molecular weight. The Vi-ΔVP8* conjugates were 

carefully characterized, including SEC-HPLC for its molecular size, Hestrin assay 

for Vi contents, and Bradford assay for protein contents. After analytical assay, 

three Vi-ΔVP8* conjugates displaying the ΔVP8* antigens of the P[4], P[6], and 

P[8] specificity were mixed as a multivalent vaccine. Immunization with the Vi-

ΔVP8* conjugates in mice significantly increased the immunogenicity of ΔVP8* 

and induced the T cell-dependent humoral immune response to the Vi. Although 

multivalent formulated vaccines contained three times higher amount of Vi antigen 

than in each Vi-ΔVP8* conjugate, the anti-Vi IgG antibody titers were similar. This 

was similar to the data seen with the Vi-DT conjugate vaccine during its 

development where the relationship between antigen load and immune response 

was observed, and up to 10 μg per dose of Vi antigen led to increasing immune 

response, beyond which it was seen to decrease (Figure 19) (Cui et al., 2010). 

Meanwhile, the multivalent vaccine elicited higher IgG titers to all P[4], P[6], and 

P[8] ΔVP8*s as compared to each Vi-ΔVP8* conjugate, though not in a 

proportionate fashion. Although the saturation limit for ΔVP8 needs to be checked 

in further studies, this may be explained by the sequence alignments among three 

ΔVP8*s; VP8*-P[4] and P[8] share sequence identity of 82%, VP8*-P[6] and P[8] 

share sequence identity of 63%, and VP8*-P[4] and P[6] share sequence identity of 

60%. In addition, the Vi-ΔVP8* conjugates were capable of eliciting functional 

antibodies against RV and S. Typhi. Increased titers of IgG antibodies and serum 

neutralizing antibodies may lead to protection against both pathogens through 

serum antibody transudation into the intestinal lumen (Westerman et al., 2005).  
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Affinity-based purification of recombinant proteins has become the method of 

choice for high-throughput protein production due to potential advantages of 

affinity tags including ease of use, the high level of purity, and the ability to scale 

up production (Ecker et al., 2020). Removal of affinity tags from a purified 

recombinant protein is generally required for vaccine applications because the 

presence of the affinity tags may interfere with physicochemical properties and 

immunogenicity of the recombinant protein (Waugh, 2005). However, the complete 

removal of affinity tags from the target protein is difficult to achieve. To eliminate 

problems related to them, it is desirable to develop purification methods for tag-

free recombinant proteins. I produced the three types of tag free-ΔVP8* by two 

steps of ion-exchange chromatography to maintain high purity and high levels of 

consistency between runs. Immunoblotting and SEC-HPLC analysis revealed that 

the purified ΔVP8* are similar to the results of previous studies (Dormitzer et al., 

2001; Wen et al., 2012). 

Parenterally administered Vi-ΔVP8* vaccines may have advantages over 

currently licensed live oral vaccines due to their potential for concomitant use with 

other vaccines. Specifically, coformulation of Vi-ΔVP8* vaccines with Expanded 

Program on Immunization (EPI) vaccines may lower the delivery cost and increase 

compliance of the vaccination in endemic countries. For example, Vi-CRM197 can 

be given to infants concomitantly with Diphtheria-Tetanus-Pertussis (DTP) vaccine 

starting at 6 weeks or with measles vaccine at 9 months. The Clinical trial of a Vi-

CRM197 vaccine in infants demonstrated that the vaccinated individuals showed 

higher levels of anti-Vi antibodies as compared to the pre-immune level of anti-Vi 

antibodies (Bhutta et al., 2014). In addition, studies of the Vi-rEPA vaccine showed 

that the conjugate vaccine was safe and induced a protective immunogenic 

response when it was used concomitantly with EPI vaccines (Thiem et al., 2011).  

Additional investigations are required to explore the full potential of multivalent 

Vi-ΔVP8* vaccine efficacy. Firstly, scale-up from shake flasks to large-scale 

fermentations allows for high-yield production of ΔVP8* in E. coli. In addition, 

further optimization of conjugation methods can lead to high conjugation 

efficiency and product consistency with target characteristics. These involve 

multiple strategies which will result in production of conjugate vaccines at low cost 

and eventually support its technology transfer to manufacturers in developing 
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countries. Secondly, the mouse sera after immunization with the Vi-ΔVP8*-P[8] 

showed high neutralizing titers against Wa strain rotavirus in cell culture. Ideally, I 

should examine the mouse sera from Vi-ΔVP8*-P[4], Vi-ΔVP8*-P[6], or 

multivalent Vi-ΔVP8* immunized mice to determine neutralizing activity and 

cross-neutralizing activity against homologous and heterologous P types of 

rotaviruses for a comprehensive understanding of the further broad efficacy of the 

multivalent vaccine. This could be part of further evaluation of the vaccine 

candidates during post-optimization of their manufacturing process. In addition, 

use of adjuvants in the formulations of conjugate vaccines is also being planned to 

potentiate the immune response to the vaccine, as adjuvants have shown to induce 

an enhanced, prolonged, and sustainable immune response (HogenEsch et al., 

2018)  

This work highlights the potential of a conjugate vaccine platform to enhance the 

immunogenicity of a truncated rotavirus spike protein ΔVP8* that generally 

induces low immune responses. As a proof of concept, Vi is conjugated to ΔVP8* 

of P[4], P[6], and P[8] rotaviruses. Mouse immunization studies demonstrated the 

significantly improved immune responses to ΔVP8* of Vi-ΔVP8* vaccines. 

Immune responses induced by Vi-ΔVP8* include high titers of Vi-specific serum 

IgG antibodies and functional antibodies. The results collectively indicated that 

highly immunogenic Vi-ΔVP8* conjugates show excellent promise as vaccine 

candidates which can tackle two significant enteric pathogens and that a conjugate 

vaccine platform using Vi has the potential to enhance the immunogenicity of 

carrier proteins. 

 

 

 

 

 



 

 69 

 

Figure 19. Influence of Vi amount on the immunogencity of Vi conjugates in 

mice. (a) A schematic diagram for subcutaneous vaccination and bleeding, (b) 

Anti-Vi IgG antibody titer. Mice were immunized with three doses of Vi-DT 

conjugates at 1 μg, 2.5 μg, 5 μg, 7.5 μg, 10 μg, 15 μg, 25 μg, or 50 μg Vi/does. 

Mice were injected with 50 μg of Vi. Controls were injected with PBS.    
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Chapter VI. Overall Discussion and Prospective 
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Vaccination is the most successful strategy to control many infectious diseases. 

Improvement of biomaterials through bioengineering and insights into 

immunological mechanisms have facilitated modern subunit vaccine to be 

rationally designed and more precisely targeted. However, some of antigens are 

still less immunogenic; therefore, they require an adjuvant or a complex 

formulation such as recombinant fusion proteins consisting of the antigen and a 

universal T cell epitope to increase the magnitude and duration of the protective 

immunity based on T cell response and humoral immunity.  

Among several vaccine platforms, conjugate vaccines have dramatically reduced 

bacterial infections in high-risk groups such as infants and children under two years 

of age (Rappuoli et al., 2019; Thanawastien et al., 2015). A carrier protein in 

conjugate vaccines serves as an immune stimulator to a covalently linked 

polysaccharide antigen, resulting in better immune response in infants and children 

(Avery and Goebel, 1929; Goebel and Avery, 1929). Among carrier proteins 

currently used in licensed conjugate vaccines, non-typeable Haemophilus 

influenzae protein D (PD) induces antibody responses not only to a polysaccharide 

antigen but also to itself. For example, PD in the pneumococcal vaccine Synflorix 

(GSK) showed a 35.6% protection rate against acute otitis media caused by 

Haemophilus influenzae (Agency, 2009). Though additional advantages of carrier 

protein as an immunogen were reported in numerous literatures, sufficient data for 

its immunogenic potential has not been accumulated (Broker et al., 2017).  

I was interested in elucidating the potential application of conjugate vaccine 

platform in enhancing the immunogenicity of carrier proteins and giving insight 

into the full potential of ΔVP8* as a relevant carrier protein. First, to investigate the 

influence of conjugate vaccine platform on the carrier protein, I needed to find 

proper immunogenic carrier with low immunogenicity. ΔVP8* is known to induce 

highly potent neutralizing antibodies. However, its low immunogenicity owing to 

the small size with low valency is the limitation to use it as vaccine target antigen. 

Based on the published works, a large, multivalent vaccine platform can make 

ΔVP8* more immunogenic. For example, nanoparticle platforms enable polyvalent 

antigenic presentation, allowing enhanced immunogenicity to antigens for vaccine 

development (Xia et al., 2018).  

It has drawn my attention that conjugate vaccine platform provides polyvalent 
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formation of antigens in which multiple proteins are linked to polysaccharide as 

beads on a string. The common immunological principle suggests that larger, 

polyvalent antigens, particularly those retaining more pathogen-associated 

molecular patterns (PAMPs), elicit higher immune responses compared with those 

induced by a smaller, single or low valent antigen. The conjugate vaccine platform 

enables the codelivery of polysaccharide and protein; several copies of protein 

antigens can be displayed on one polysaccharide to achieve cluster effect. The 

protein antigen that is displayed by a polyvalent platform provides enhanced 

immune response over that elicited by its free monovalent components due to 

immune cell uptake, processing, and immunomodulation (Plummer and 

Manchester, 2011; Zhao et al., 2013). 

Additionally, based on the published observation in the field, carbohydrates 

typically have immunomodulatory activities triggering the innate immune system. 

LAM has been found to induce pro-inflammatory response by modulating the 

cytokine response via interaction with TLR2 and CLRs on antigen-presenting cells. 

αGlu activates NF-κB and drives pro-inflammatory responses cytokine production. 

In addition, zwitterionic polysaccharides are potent immune modulators eliciting T 

cell-derived chemokines and cytokines that influence the immune response. 

Furthermore, there are number of natural and synthetic carbohydrates which have 

been used as adjuvants in human vaccines (Lang and Huang, 2020; Pifferi et al., 

2021). Therefore, the carbohydrate in conjugate vaccine platform may play a role 

as an adjuvant inducing better immune response to protein antigens.  

The effect of homologous carrier proteins on the immunogenicity of the 

conjugate vaccines is ambiguous. In one study, infants who were previously 

immunized with TT showed higher levels of protection against Haemophilus 

influenzae type b (Hib) upon a single dose of Hib-TT (Booy et al., 1997); however, 

in another study, priming infants with DT and TT did not develop enhanced 

immune response against Hib even after two booster doses of the Hib conjugates 

(Lieberman et al., 1995). In addition, several studies have reported that 

administration of multivalent conjugate vaccines with the same carrier can result in 

immune interference and impaired immune response to the polysaccharide due to 

carrier overload or carrier epitope suppression (Dagan et al., 2010; Micoli et al., 

2018). As an example of carrier epitope suppression, tetravalent pneumococcal TT 
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conjugates were found to suppress the anti-polysaccharide immune response of 

Hib-TT conjugates (Dagan et al., 1998). Bystander interference is another negative 

implication of homologous carrier proteins. For example, the reduced immune 

response of Hib and hepatitis B virus (HBV) were reported in Hexavac®  (Sanofi 

Pasteur) consisting of DT, TT, HBV, inactivated poliovirus, Hib polysaccharide 

conjugated to TT, and acellular pertussis (Boot and Schipper, 2009). Therefore, the 

need for a novel carrier protein seems obvious despite the availability of carrier 

proteins currently used in licensed vaccines.  

ΔVP8* plays key roles in rotavirus immune response, inducing effective levels 

of homotypic and varying titers of heterotypic rotavirus neutralizing antibodies 

(Feng et al., 2019; Nair et al., 2017). In addition, ΔVP8* significantly improved 

immunogenicity of the antigen components in the fusion of two or three proteins, 

thus demonstrating its high potential as a subunit vaccine (Wen et al., 2014; Xia et 

al., 2016). These data strengthen my conviction to use ΔVP8* as a novel carrier 

protein in a conjugate vaccine platform.  

From this study, I propose that conjugate vaccine platform can enhance the 

immunogenicity of ΔVP8* that generally induces low immune responses. 

Additionally, ΔVP8*-based conjugates can effectively convert a T cell-independent 

immune response to a T cell-dependent immune response, characterized by IgM-to-

IgG switching, a booster response and sustained T cell memory to polysaccharide. 

In another perspective, this work opens possibilities for the use of ΔVP8* as a 

carrier protein in a conjugate platform. Specifically, I am considering conjugation 

of ΔVP8* to O-specific polysaccharide from Shigella, because RV and Shigella are 

invasive enteric pathogens that are strongly associated with acute diarrhea in 

infants subjected to malnutrition (Ferdous et al., 2013; Petri et al., 2008). Since 

there is no licensed vaccine currently available to prevent Shigella, the 

development of a conjugate vaccine could be a significant step towards a safe and 

efficacious vaccine against both pathogens.  

 

 

 

 



 

 74 

 

 

 

 

 

 

 

 

 

 

 

Chapter VII. References 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 75 

Achkar, J.M., and Casadevall, A. (2013). Antibody-mediated immunity against 

tuberculosis: implications for vaccine development. Cell Host 

Microbe 13, 250-262. 

Achkar, J.M., Chan, J., and Casadevall, A. (2014). Role of B cells and 

antibodies in acquired immunity against Mycobacterium 

tuberculosis. Cold Spring Harb Perspect Med 5, a018432. 

Achkar, J.M., and Prados-Rosales, R. (2018). Updates on antibody functions 

in Mycobacterium tuberculosis infection and their relevance for 

developing a vaccine against tuberculosis. Curr Opin Immunol 53, 

30-37. 

Agency, E.M. (2009). EMEA Assessment report for Synflorix. In European 

Medicines Agency. 

An, S.J., Scaria, P.V., Chen, B., Barnafo, E., Muratova, O., Anderson, C., 

Lambert, L., Chae, M.H., Yang, J.S., and Duffy, P.E. (2018). 

Development of a bivalent conjugate vaccine candidate against 

malaria transmission and typhoid fever. Vaccine 36, 2978-2984. 

An, S.J., Woo, J.S., Chae, M.H., Kothari, S., and Carbis, R. (2015). Preparation 

and testing of a Haemophilus influenzae Type b/Hepatitis B surface 

antigen conjugate vaccine. Vaccine 33, 1614-1619. 

An, S.J., Yoon, Y.K., Kothari, S., Kim, D.R., Kim, J.A., Kothari, N., Lee, E., 

Park, T.H., and Carbis, R. (2012). Immune suppression induced by 

Vi capsular polysaccharide is overcome by Vi-DT conjugate 

vaccine. Vaccine 30, 1023-1028. 

An, S.J., Yoon, Y.K., Kothari, S., Kothari, N., Kim, J.A., Lee, E., Kim, D.R., 

Park, T.H., Smith, G.W., and Carbis, R. (2011). Physico-chemical 

properties of Salmonella typhi Vi polysaccharide-diphtheria toxoid 

conjugate vaccines affect immunogenicity. Vaccine 29, 7618-7623. 

Angala, S.K., Palcekova, Z., Belardinelli, J.M., and Jackson, M. (2018). 

Covalent modifications of polysaccharides in mycobacteria. Nat 

Chem Biol 14, 193-198. 

Angel, J., Franco, M.A., and Greenberg, H.B. (2007). Rotavirus vaccines: 

recent developments and future considerations. Nat Rev Microbiol 
5, 529-539. 

Armah, G.E., Sow, S.O., Breiman, R.F., Dallas, M.J., Tapia, M.D., Feikin, D.R., 

Binka, F.N., Steele, A.D., Laserson, K.F., Ansah, N.A., et al. (2010). 

Efficacy of pentavalent rotavirus vaccine against severe rotavirus 

gastroenteritis in infants in developing countries in sub-Saharan 

Africa: a randomised, double-blind, placebo-controlled trial. Lancet 
376, 606-614. 

Astronomo, R.D., and Burton, D.R. (2010). Carbohydrate vaccines: developing 

sweet solutions to sticky situations? Nat Rev Drug Discov 9, 308-

324. 

Avci, F., Berti, F., Dull, P., Hennessey, J., Pavliak, V., Prasad, A.K., Vann, W., 

Wacker, M., and Marcq, O. (2019). Glycoconjugates: What It Would 

Take To Master These Well-Known yet Little-Understood 

Immunogens for Vaccine Development. mSphere 4. 

Avci, F.Y., and Kasper, D.L. (2010). How bacterial carbohydrates influence 

the adaptive immune system. Annu Rev Immunol 28, 107-130. 



 

 76 

Avci, F.Y., Li, X., Tsuji, M., and Kasper, D.L. (2011). A mechanism for 

glycoconjugate vaccine activation of the adaptive immune system 

and its implications for vaccine design. Nat Med 17, 1602-1609. 

Avci, F.Y., Li, X., Tsuji, M., and Kasper, D.L. (2013). Carbohydrates and T 

cells: a sweet twosome. Semin Immunol 25, 146-151. 

Avery, O.T., and Goebel, W.F. (1929). Chemo-Immunological Studies on 

Conjugated Carbohydrate-Proteins : Ii. Immunological Specificity of 

Synthetic Sugar-Protein Antigens. J Exp Med 50, 533-550. 

Banyai, K., Kemenesi, G., Budinski, I., Foldes, F., Zana, B., Marton, S., Varga-

Kugler, R., Oldal, M., Kurucz, K., and Jakab, F. (2017). Candidate 

new rotavirus species in Schreiber's bats, Serbia. Infect Genet Evol 
48, 19-26. 

Baraldo, K., Mori, E., Bartoloni, A., Norelli, F., Grandi, G., Rappuoli, R., Finco, 

O., and Del Giudice, G. (2005). Combined conjugate vaccines: 

enhanced immunogenicity with the N19 polyepitope as a carrier 

protein. Infect Immun 73, 5835-5841. 

Baraldo, K., Mori, E., Bartoloni, A., Petracca, R., Giannozzi, A., Norelli, F., 

Rappuoli, R., Grandi, G., and Del Giudice, G. (2004). N19 

polyepitope as a carrier for enhanced immunogenicity and 

protective efficacy of meningococcal conjugate vaccines. Infect 

Immun 72, 4884-4887. 

Barrett, D.J. (1985). Human immune responses to polysaccharide antigens: an 

analysis of bacterial polysaccharide vaccines in infants. Adv 

Pediatr 32, 139-158. 

Bhutta, Z.A., Capeding, M.R., Bavdekar, A., Marchetti, E., Ariff, S., Soofi, S.B., 

Anemona, A., Habib, M.A., Alberto, E., Juvekar, S., et al. (2014). 

Immunogenicity and safety of the Vi-CRM197 conjugate vaccine 

against typhoid fever in adults, children, and infants in south and 

southeast Asia: results from two randomised, observer-blind, age 

de-escalation, phase 2 trials. Lancet Infect Dis 14, 119-129. 

Bishop, R.F., Davidson, G.P., Holmes, I.H., and Ruck, B.J. (1973). Virus 

particles in epithelial cells of duodenal mucosa from children with 

acute non-bacterial gastroenteritis. Lancet 2, 1281-1283. 

Boot, H.J., and Schipper, C.M. (2009). Simultaneous vaccination with Prevenar 

and multicomponent vaccines for children: interference or no 

interference? Hum Vaccin 5, 15-17. 

Booy, R., Heath, P.T., Slack, M.P., Begg, N., and Moxon, E.R. (1997). Vaccine 

failures after primary immunisation with Haemophilus influenzae 

type-b conjugate vaccine without booster. Lancet 349, 1197-1202. 

Broker, M., Berti, F., Schneider, J., and Vojtek, I. (2017). Polysaccharide 

conjugate vaccine protein carriers as a "neglected valency" - 

Potential and limitations. Vaccine 35, 3286-3294. 

Campagna, M., Marcos-Villar, L., Arnoldi, F., de la Cruz-Herrera, C.F., 

Gallego, P., Gonzalez-Santamaria, J., Gonzalez, D., Lopitz-Otsoa, F., 

Rodriguez, M.S., Burrone, O.R., et al. (2013). Rotavirus viroplasm 

proteins interact with the cellular SUMOylation system: 

implications for viroplasm-like structure formation. J Virol 87, 

807-817. 



 

 77 

Capeding, M.R., Sil, A., Tadesse, B.T., Saluja, T., Teshome, S., Alberto, E., 

Kim, D.R., Park, E.L., Park, J.Y., Yang, J.S., et al. (2020). Safety and 

immunogenicity of Vi-DT conjugate vaccine among 6-23-month-

old children: Phase II, randomized, dose-scheduling, observer-

blind Study. EClinicalMedicine 27, 100540. 

Chatterjee, D., Bozic, C.M., McNeil, M., and Brennan, P.J. (1991). Structural 

features of the arabinan component of the lipoarabinomannan of 

Mycobacterium tuberculosis. J Biol Chem 266, 9652-9660. 

Chatterjee, D., Hunter, S.W., McNeil, M., and Brennan, P.J. (1992). 

Lipoarabinomannan. Multiglycosylated form of the mycobacterial 

mannosylphosphatidylinositols. J Biol Chem 267, 6228-6233. 

Chatterjee, D., and Khoo, K.H. (1998). Mycobacterial lipoarabinomannan: an 

extraordinary lipoheteroglycan with profound physiological effects. 

Glycobiology 8, 113-120. 

Chen, T., Blanc, C., Eder, A.Z., Prados-Rosales, R., Souza, A.C., Kim, R.S., 

Glatman-Freedman, A., Joe, M., Bai, Y., Lowary, T.L., et al. (2016). 

Association of Human Antibodies to Arabinomannan With Enhanced 

Mycobacterial Opsonophagocytosis and Intracellular Growth 

Reduction. J Infect Dis 214, 300-310. 

Chen, T., Blanc, C., Liu, Y., Ishida, E., Singer, S., Xu, J., Joe, M., Jenny-Avital, 

E.R., Chan, J., Lowary, T.L., et al. (2020). Capsular glycan 

recognition provides antibody-mediated immunity against 

tuberculosis. J Clin Invest 130, 1808-1822. 

Chiu, T.W., Peng, C.J., Chen, M.C., Hsu, M.H., Liang, Y.H., Chiu, C.H., Fang, 

J.M., and Lee, Y.C. (2020). Constructing conjugate vaccine against 

Salmonella Typhimurium using lipid-A free lipopolysaccharide. J 

Biomed Sci 27, 89. 

Ciarlet, M., Conner, M.E., Finegold, M.J., and Estes, M.K. (2002). Group A 

rotavirus infection and age-dependent diarrheal disease in rats: a 

new animal model to study the pathophysiology of rotavirus 

infection. J Virol 76, 41-57. 

Collaborators, G.B.D.D.D. (2018). Estimates of the global, regional, and 

national morbidity, mortality, and aetiologies of diarrhoea in 195 

countries: a systematic analysis for the Global Burden of Disease 

Study 2016. Lancet Infect Dis 18, 1211-1228. 

Collins, F.M. (1974). Vaccines and cell-mediated immunity. Bacteriol Rev 38, 

371-402. 

Comstock, L.E., and Kasper, D.L. (2006). Bacterial glycans: key mediators of 

diverse host immune responses. Cell 126, 847-850. 

Cooper, A.M. (2009). Cell-mediated immune responses in tuberculosis. Annu 

Rev Immunol 27, 393-422. 

Correia-Neves, M., Sundling, C., Cooper, A., and Kallenius, G. (2019). 

Lipoarabinomannan in Active and Passive Protection Against 

Tuberculosis. Front Immunol 10, 1968. 

Costantino, P., Rappuoli, R., and Berti, F. (2011). The design of semi-

synthetic and synthetic glycoconjugate vaccines. Expert Opin Drug 

Discov 6, 1045-1066. 



 

 78 

Coutinho, A., and Moller, G. (1973). B cell mitogenic properties of thymus-

independent antigens. Nat New Biol 245, 12-14. 

Crawford, S.E., Ramani, S., Tate, J.E., Parashar, U.D., Svensson, L., Hagbom, 

M., Franco, M.A., Greenberg, H.B., O'Ryan, M., Kang, G., et al. 
(2017). Rotavirus infection. Nat Rev Dis Primers 3, 17083. 

Crump, J.A., and Mintz, E.D. (2010). Global trends in typhoid and paratyphoid 

Fever. Clin Infect Dis 50, 241-246. 

Cui, C., Carbis, R., An, S.J., Jang, H., Czerkinsky, C., Szu, S.C., and Clemens, 

J.D. (2010). Physical and chemical characterization and 

immunologic properties of Salmonella enterica serovar typhi 

capsular polysaccharide-diphtheria toxoid conjugates. Clin Vaccine 

Immunol 17, 73-79. 

Daffe, M., Crick, D.C., and Jackson, M. (2014). Genetics of Capsular 

Polysaccharides and Cell Envelope (Glyco)lipids. Microbiol Spectr 
2, MGM2-0021-2013. 

Daffe, M., and Etienne, G. (1999). The capsule of Mycobacterium tuberculosis 

and its implications for pathogenicity. Tuber Lung Dis 79, 153-169. 

Dagan, R., Eskola, J., Leclerc, C., and Leroy, O. (1998). Reduced response to 

multiple vaccines sharing common protein epitopes that are 

administered simultaneously to infants. Infect Immun 66, 2093-

2098. 

Dagan, R., Poolman, J., and Siegrist, C.A. (2010). Glycoconjugate vaccines and 

immune interference: A review. Vaccine 28, 5513-5523. 

de Valliere, S., Abate, G., Blazevic, A., Heuertz, R.M., and Hoft, D.F. (2005). 

Enhancement of innate and cell-mediated immunity by 

antimycobacterial antibodies. Infect Immun 73, 6711-6720. 

DeRoeck, D., Jodar, L., and Clemens, J. (2007). Putting typhoid vaccination on 

the global health agenda. N Engl J Med 357, 1069-1071. 

Desselberger, U. (2017). Differences of Rotavirus Vaccine Effectiveness by 

Country: Likely Causes and Contributing Factors. Pathogens 6. 

Dinadayala, P., Lemassu, A., Granovski, P., Cerantola, S., Winter, N., and 

Daffe, M. (2004). Revisiting the structure of the anti-neoplastic 

glucans of Mycobacterium bovis Bacille Calmette-Guerin. 

Structural analysis of the extracellular and boiling water extract-

derived glucans of the vaccine substrains. J Biol Chem 279, 12369-

12378. 

Dinadayala, P., Sambou, T., Daffe, M., and Lemassu, A. (2008). Comparative 

structural analyses of the alpha-glucan and glycogen from 

Mycobacterium bovis. Glycobiology 18, 502-508. 

Dodd, P.J., Yuen, C.M., Sismanidis, C., Seddon, J.A., and Jenkins, H.E. (2017). 

The global burden of tuberculosis mortality in children: a 

mathematical modelling study. Lancet Glob Health 5, e898-e906. 

Dormitzer, P.R., Greenberg, H.B., and Harrison, S.C. (2001). Proteolysis of 

monomeric recombinant rotavirus VP4 yields an oligomeric VP5* 

core. J Virol 75, 7339-7350. 

Du, J., Lan, Z., Liu, Y., Liu, Y., Li, Y., Li, X., and Guo, T. (2017). Detailed 

analysis of BALB/c mice challenged with wild type rotavirus EDIM 



 

 79 

provide an alternative for infection model of rotavirus. Virus Res 
228, 134-140. 

Ecker, J.W., Kirchenbaum, G.A., Pierce, S.R., Skarlupka, A.L., Abreu, R.B., 

Cooper, R.E., Taylor-Mulneix, D., Ross, T.M., and Sautto, G.A. 

(2020). High-Yield Expression and Purification of Recombinant 

Influenza Virus Proteins from Stably-Transfected Mammalian Cell 

Lines. Vaccines (Basel) 8. 

Estes, M.K., Kang, G., Zeng, C.Q., Crawford, S.E., and Ciarlet, M. (2001). 

Pathogenesis of rotavirus gastroenteritis. Novartis Found Symp 
238, 82-96; discussion 96-100. 

Estes, M.K.K.A. (2007). Rotaviruses, Vol 5th edition Kluwer Health/Lippincott. 

Feng, N., Hu, L., Ding, S., Sanyal, M., Zhao, B., Sankaran, B., Ramani, S., 

McNeal, M., Yasukawa, L.L., Song, Y., et al. (2019). Human VP8* 

mAbs neutralize rotavirus selectively in human intestinal epithelial 

cells. J Clin Invest 130, 3839-3851. 

Ferdous, F., Das, S.K., Ahmed, S., Farzana, F.D., Latham, J.R., Chisti, M.J., 

Ud-Din, A.I., Azmi, I.J., Talukder, K.A., and Faruque, A.S. (2013). 

Severity of diarrhea and malnutrition among under five-year-old 

children in rural Bangladesh. Am J Trop Med Hyg 89, 223-228. 

Fine, P.E. (1995). Variation in protection by BCG: implications of and for 

heterologous immunity. Lancet 346, 1339-1345. 

Flewett, T.H., Bryden, A.S., and Davies, H. (1973). Letter: Virus particles in 

gastroenteritis. Lancet 2, 1497. 

Gentsch, J.R., Laird, A.R., Bielfelt, B., Griffin, D.D., Banyai, K., Ramachandran, 

M., Jain, V., Cunliffe, N.A., Nakagomi, O., Kirkwood, C.D., et al. 
(2005). Serotype diversity and reassortment between human and 

animal rotavirus strains: implications for rotavirus vaccine 

programs. J Infect Dis 192 Suppl 1, S146-159. 

Geurtsen, J., Chedammi, S., Mesters, J., Cot, M., Driessen, N.N., Sambou, T., 

Kakutani, R., Ummels, R., Maaskant, J., Takata, H., et al. (2009). 

Identification of mycobacterial alpha-glucan as a novel ligand for 

DC-SIGN: involvement of mycobacterial capsular polysaccharides 

in host immune modulation. J Immunol 183, 5221-5231. 

Glass, R.I., Tate, J.E., Jiang, B., and Parashar, U. (2021). The Rotavirus 

Vaccine Story: From Discovery to the Eventual Control of 

Rotavirus Disease. J Infect Dis 224, S331-S342. 

Goebel, W.F., and Avery, O.T. (1929). CHEMO-IMMUNOLOGICAL STUDIES 

ON CONJUGATED CARBOHYDRATE-PROTEINS : I. THE 

SYNTHESIS OFp-AMINOPHENOL beta-GLUCOSIDE, p-

AMINOPHENOL beta-GALACTOSIDE, AND THEIR COUPLING 

WITH SERUM GLOBULIN. J Exp Med 50, 521-531. 

Graham, K.L., Halasz, P., Tan, Y., Hewish, M.J., Takada, Y., Mackow, E.R., 

Robinson, M.K., and Coulson, B.S. (2003). Integrin-using 

rotaviruses bind alpha2beta1 integrin alpha2 I domain via VP4 DGE 

sequence and recognize alphaXbeta2 and alphaVbeta3 by using 

VP7 during cell entry. J Virol 77, 9969-9978. 

Groome, M.J., Fairlie, L., Morrison, J., Fix, A., Koen, A., Masenya, M., Jose, L., 

Madhi, S.A., Page, N., McNeal, M., et al. (2020). Safety and 



 

 80 

immunogenicity of a parenteral trivalent P2-VP8 subunit rotavirus 

vaccine: a multisite, randomised, double-blind, placebo-controlled 

trial. Lancet Infect Dis 20, 851-863. 

Groome, M.J., Koen, A., Fix, A., Page, N., Jose, L., Madhi, S.A., McNeal, M., 

Dally, L., Cho, I., Power, M., et al. (2017). Safety and 

immunogenicity of a parenteral P2-VP8-P[8] subunit rotavirus 

vaccine in toddlers and infants in South Africa: a randomised, 

double-blind, placebo-controlled trial. Lancet Infect Dis 17, 843-

853. 

Hamasur, B., Kallenius, G., and Svenson, S.B. (1999). Synthesis and 

immunologic characterisation of Mycobacterium tuberculosis 

lipoarabinomannan specific oligosaccharide-protein conjugates. 

Vaccine 17, 2853-2861. 

Hessel, L., Debois, H., Fletcher, M., and Dumas, R. (1999). Experience with 

Salmonella typhi Vi capsular polysaccharide vaccine. Eur J Clin 

Microbiol Infect Dis 18, 609-620. 

HogenEsch, H., O'Hagan, D.T., and Fox, C.B. (2018). Optimizing the utilization 

of aluminum adjuvants in vaccines: you might just get what you 

want. NPJ Vaccines 3, 51. 

Hoshino, Y., Wyatt, R.G., Greenberg, H.B., Flores, J., and Kapikian, A.Z. 

(1984). Serotypic similarity and diversity of rotaviruses of 

mammalian and avian origin as studied by plaque-reduction 

neutralization. J Infect Dis 149, 694-702. 

Jiang, B., Gentsch, J.R., and Glass, R.I. (2008). Inactivated rotavirus vaccines: 

a priority for accelerated vaccine development. Vaccine 26, 6754-

6758. 

Jiang, X., Liu, Y., and Tan, M. (2017). Histo-blood group antigens as 

receptors for rotavirus, new understanding on rotavirus 

epidemiology and vaccine strategy. Emerg Microbes Infect 6, e22. 

Jonesteller, C.L., Burnett, E., Yen, C., Tate, J.E., and Parashar, U.D. (2017). 

Effectiveness of Rotavirus Vaccination: A Systematic Review of the 

First Decade of Global Postlicensure Data, 2006-2016. Clin Infect 

Dis 65, 840-850. 

Kalscheuer, R., Palacios, A., Anso, I., Cifuente, J., Anguita, J., Jacobs, W.R., Jr., 

Guerin, M.E., and Prados-Rosales, R. (2019). The Mycobacterium 

tuberculosis capsule: a cell structure with key implications in 

pathogenesis. Biochem J 476, 1995-2016. 

Kaumaya, P.T., Kobs-Conrad, S., Seo, Y.H., Lee, H., VanBuskirk, A.M., Feng, 

N., Sheridan, J.F., and Stevens, V. (1993). Peptide vaccines 

incorporating a 'promiscuous' T-cell epitope bypass certain 

haplotype restricted immune responses and provide broad 

spectrum immunogenicity. J Mol Recognit 6, 81-94. 

Kaur, D., Obregon-Henao, A., Pham, H., Chatterjee, D., Brennan, P.J., and 

Jackson, M. (2008). Lipoarabinomannan of Mycobacterium: 

mannose capping by a multifunctional terminal mannosyltransferase. 

Proc Natl Acad Sci U S A 105, 17973-17977. 

Khan, M.I., Soofi, S.B., Ochiai, R.L., Habib, M.A., Sahito, S.M., Nizami, S.Q., 

Acosta, C.J., Clemens, J.D., Bhutta, Z.A., and Group, D.T.K.V.E.S. 



 

 81 

(2012). Effectiveness of Vi capsular polysaccharide typhoid 

vaccine among children: a cluster randomized trial in Karachi, 

Pakistan. Vaccine 30, 5389-5395. 

Khoo, K.H., Tang, J.B., and Chatterjee, D. (2001). Variation in mannose-

capped terminal arabinan motifs of lipoarabinomannans from 

clinical isolates of Mycobacterium tuberculosis and Mycobacterium 

avium complex. J Biol Chem 276, 3863-3871. 

Kilkenny, C., Browne, W.J., Cuthill, I.C., Emerson, M., and Altman, D.G. (2010). 

Improving bioscience research reporting: the ARRIVE guidelines 

for reporting animal research. PLoS Biol 8, e1000412. 

Kirkwood, C.D., Ma, L.F., Carey, M.E., and Steele, A.D. (2019). The rotavirus 

vaccine development pipeline. Vaccine 37, 7328-7335. 

Knuf, M., Kowalzik, F., and Kieninger, D. (2011). Comparative effects of 

carrier proteins on vaccine-induced immune response. Vaccine 29, 

4881-4890. 

Kossaczka, Z., Bystricky, S., Bryla, D.A., Shiloach, J., Robbins, J.B., and Szu, 

S.C. (1997). Synthesis and immunological properties of Vi and di-

O-acetyl pectin protein conjugates with adipic acid dihydrazide as 

the linker. Infect Immun 65, 2088-2093. 

Kothari, N., Genschmer, K.R., Kothari, S., Kim, J.A., Briles, D.E., Rhee, D.K., 

and Carbis, R. (2014). Preparation and testing of a Vi conjugate 

vaccine using pneumococcal surface protein A (PspA) from 

Streptococcus pneumoniae as the carrier protein. Vaccine 32, 

5755-5760. 

Kothari, N., Kothari, S., Choi, Y.J., Dey, A., Briles, D.E., Rhee, D.K., and 

Carbis, R. (2015). A bivalent conjugate vaccine containing PspA 

families 1 and 2 has the potential to protect against a wide range of 

Streptococcus pneumoniae strains and Salmonella Typhi. Vaccine 
33, 783-788. 

Lang, S., and Huang, X. (2020). Carbohydrate Conjugates in Vaccine 

Developments. Front Chem 8, 284. 

Lees, A., Barr, J.F., and Gebretnsae, S. (2020). Activation of Soluble 

Polysaccharides with 1-Cyano-4-Dimethylaminopyridine 

Tetrafluoroborate (CDAP) for Use in Protein-Polysaccharide 

Conjugate Vaccines and Immunological Reagents. III Optimization of 

CDAP Activation. Vaccines (Basel) 8. 

Lees, A., Finkelman, F., Inman, J.K., Witherspoon, K., Johnson, P., Kennedy, J., 

and Mond, J.J. (1994). Enhanced immunogenicity of protein-dextran 

conjugates: I. Rapid stimulation of enhanced antibody responses to 

poorly immunogenic molecules. Vaccine 12, 1160-1166. 

Lees, A., Nelson, B.L., and Mond, J.J. (1996). Activation of soluble 

polysaccharides with 1-cyano-4-dimethylaminopyridinium 

tetrafluoroborate for use in protein-polysaccharide conjugate 

vaccines and immunological reagents. Vaccine 14, 190-198. 

Lemassu, A., and Daffe, M. (1994). Structural features of the exocellular 

polysaccharides of Mycobacterium tuberculosis. Biochem J 297 ( Pt 
2), 351-357. 



 

 82 

Lieberman, J.M., Greenberg, D.P., Wong, V.K., Partridge, S., Chang, S.J., Chiu, 

C.Y., and Ward, J.I. (1995). Effect of neonatal immunization with 

diphtheria and tetanus toxoids on antibody responses to 

Haemophilus influenzae type b conjugate vaccines. J Pediatr 126, 

198-205. 

Lopez, S., and Arias, C.F. (2004). Multistep entry of rotavirus into cells: a 

Versaillesque dance. Trends Microbiol 12, 271-278. 

Lu, L., Duong, V.T., Shalash, A.O., Skwarczynski, M., and Toth, I. (2021). 

Chemical Conjugation Strategies for the Development of Protein-

Based Subunit Nanovaccines. Vaccines (Basel) 9. 

MacLennan, C.A., Martin, L.B., and Micoli, F. (2014). Vaccines against 

invasive Salmonella disease: current status and future directions. 

Hum Vaccin Immunother 10, 1478-1493. 

Madhi, S.A., Cunliffe, N.A., Steele, D., Witte, D., Kirsten, M., Louw, C., Ngwira, 

B., Victor, J.C., Gillard, P.H., Cheuvart, B.B., et al. (2010). Effect of 

human rotavirus vaccine on severe diarrhea in African infants. N 

Engl J Med 362, 289-298. 

Madhi, S.A., Cunliffe, N.A., Steele, D., Witte, D., Kirsten, M., Louw, C., Ngwira, 

B., Victor, J.C., Gillard, P.H., Cheuvart, B.B., et al. (2016). Effect of 

human rotavirus vaccine on severe diarrhea in African infants. 

Malawi Med J 28, 108-114. 

Martella, V., Banyai, K., Matthijnssens, J., Buonavoglia, C., and Ciarlet, M. 

(2010). Zoonotic aspects of rotaviruses. Vet Microbiol 140, 246-

255. 

Micoli, F., Adamo, R., and Costantino, P. (2018). Protein Carriers for 

Glycoconjugate Vaccines: History, Selection Criteria, 

Characterization and New Trends. Molecules 23. 

Mihalov-Kovacs, E., Gellert, A., Marton, S., Farkas, S.L., Feher, E., Oldal, M., 

Jakab, F., Martella, V., and Banyai, K. (2015). Candidate new 

rotavirus species in sheltered dogs, Hungary. Emerg Infect Dis 21, 

660-663. 

Mitra, M., Shah, N., Ghosh, A., Chatterjee, S., Kaur, I., Bhattacharya, N., and 

Basu, S. (2016). Efficacy and safety of vi-tetanus toxoid 

conjugated typhoid vaccine (PedaTyph) in Indian children: School 

based cluster randomized study. Hum Vaccin Immunother 12, 939-

945. 

Mogasale, V., Maskery, B., Ochiai, R.L., Lee, J.S., Mogasale, V.V., Ramani, E., 

Kim, Y.E., Park, J.K., and Wierzba, T.F. (2014). Burden of typhoid 

fever in low-income and middle-income countries: a systematic, 

literature-based update with risk-factor adjustment. Lancet Glob 

Health 2, e570-580. 

Mohan, V.K., Varanasi, V., Singh, A., Pasetti, M.F., Levine, M.M., Venkatesan, 

R., and Ella, K.M. (2015). Safety and immunogenicity of a Vi 

polysaccharide-tetanus toxoid conjugate vaccine (Typbar-TCV) in 

healthy infants, children, and adults in typhoid endemic areas: a 

multicenter, 2-cohort, open-label, double-blind, randomized 

controlled phase 3 study. Clin Infect Dis 61, 393-402. 



 

 83 

Mortality, G.B.D., and Causes of Death, C. (2016). Global, regional, and 

national life expectancy, all-cause mortality, and cause-specific 

mortality for 249 causes of death, 1980-2015: a systematic 

analysis for the Global Burden of Disease Study 2015. Lancet 388, 

1459-1544. 

Murphy, J.R., Grez, L., Schlesinger, L., Ferreccio, C., Baqar, S., Munoz, C., 

Wasserman, S.S., Losonsky, G., Olson, J.G., and Levine, M.M. 

(1991). Immunogenicity of Salmonella typhi Ty21a vaccine for 

young children. Infect Immun 59, 4291-4293. 

Nair, N., Feng, N., Blum, L.K., Sanyal, M., Ding, S., Jiang, B., Sen, A., Morton, 

J.M., He, X.S., Robinson, W.H., et al. (2017). VP4- and VP7-

specific antibodies mediate heterotypic immunity to rotavirus in 

humans. Sci Transl Med 9. 

Nassal, M., Skamel, C., Kratz, P.A., Wallich, R., Stehle, T., and Simon, M.M. 

(2005). A fusion product of the complete Borrelia burgdorferi outer 

surface protein A (OspA) and the hepatitis B virus capsid protein is 

highly immunogenic and induces protective immunity similar to that 

seen with an effective lipidated OspA vaccine formula. Eur J 

Immunol 35, 655-665. 

Nigou, J., Gilleron, M., Cahuzac, B., Bounery, J.D., Herold, M., Thurnher, M., 

and Puzo, G. (1997). The phosphatidyl-myo-inositol anchor of the 

lipoarabinomannans from Mycobacterium bovis bacillus Calmette 

Guerin. Heterogeneity, structure, and role in the regulation of 

cytokine secretion. J Biol Chem 272, 23094-23103. 

Ortalo-Magne, A., Dupont, M.A., Lemassu, A., Andersen, A.B., Gounon, P., 

and Daffe, M. (1995). Molecular composition of the outermost 

capsular material of the tubercle bacillus. Microbiology 141 ( Pt 7), 
1609-1620. 

Ouermi, D., Soubeiga, D., Nadembega, W.M.C., Sawadogo, P.M., Zohoncon, 

T.M., Obiri-Yeboah, D., Djigma, F.W., Nordgren, J., and Simpore, J. 

(2017). Molecular Epidemiology of Rotavirus in Children under Five 

in Africa (2006-2016): A Systematic Review. Pak J Biol Sci 20, 59-

69. 

Parashar, U.D., Gibson, C.J., Bresee, J.S., and Glass, R.I. (2006). Rotavirus 

and severe childhood diarrhea. Emerg Infect Dis 12, 304-306. 

Petri, W.A., Jr., Miller, M., Binder, H.J., Levine, M.M., Dillingham, R., and 

Guerrant, R.L. (2008). Enteric infections, diarrhea, and their impact 

on function and development. J Clin Invest 118, 1277-1290. 

Pifferi, C., Fuentes, R., and Fernandez-Tejada, A. (2021). Natural and 

synthetic carbohydrate-based vaccine adjuvants and their 

mechanisms of action. Nat Rev Chem 5, 197-216. 

Plummer, E.M., and Manchester, M. (2011). Viral nanoparticles and virus-like 

particles: platforms for contemporary vaccine design. Wiley 

Interdiscip Rev Nanomed Nanobiotechnol 3, 174-196. 

Pollabauer, E.M., Petermann, R., and Ehrlich, H.J. (2009). The influence of 

carrier protein on the immunogenicity of simultaneously 

administered conjugate vaccines in infants. Vaccine 27, 1674-1679. 



 

 84 

Pollard, A.J., Perrett, K.P., and Beverley, P.C. (2009). Maintaining protection 

against invasive bacteria with protein-polysaccharide conjugate 

vaccines. Nat Rev Immunol 9, 213-220. 

Prados-Rosales, R., Carreno, L., Cheng, T., Blanc, C., Weinrick, B., Malek, A., 

Lowary, T.L., Baena, A., Joe, M., Bai, Y., et al. (2017). Enhanced 

control of Mycobacterium tuberculosis extrapulmonary 

dissemination in mice by an arabinomannan-protein conjugate 

vaccine. PLoS Pathog 13, e1006250. 

Prasad, B.V., Burns, J.W., Marietta, E., Estes, M.K., and Chiu, W. (1990). 

Localization of VP4 neutralization sites in rotavirus by three-

dimensional cryo-electron microscopy. Nature 343, 476-479. 

Rappuoli, R., De Gregorio, E., and Costantino, P. (2019). On the mechanisms 

of conjugate vaccines. Proc Natl Acad Sci U S A 116, 14-16. 

Rodrigues, L.C., Diwan, V.K., and Wheeler, J.G. (1993). Protective effect of 

BCG against tuberculous meningitis and miliary tuberculosis: a 

meta-analysis. Int J Epidemiol 22, 1154-1158. 

Rodriguez, J.M., Chichon, F.J., Martin-Forero, E., Gonzalez-Camacho, F., 

Carrascosa, J.L., Caston, J.R., and Luque, D. (2014). New insights 

into rotavirus entry machinery: stabilization of rotavirus spike 

conformation is independent of trypsin cleavage. PLoS Pathog 10, 

e1004157. 

Saif, L.J., and Jiang, B. (1994). Nongroup A rotaviruses of humans and animals. 

Curr Top Microbiol Immunol 185, 339-371. 

Santos, N., and Hoshino, Y. (2005). Global distribution of rotavirus 

serotypes/genotypes and its implication for the development and 

implementation of an effective rotavirus vaccine. Rev Med Virol 15, 

29-56. 

Sartorio, M.U.A., Folgori, L., Zuccotti, G., and Mameli, C. (2020). Rotavirus 

vaccines in clinical development: Current pipeline and state-of-

the-art. Pediatr Allergy Immunol 31 Suppl 24, 58-60. 

Schwebach, J.R., Glatman-Freedman, A., Gunther-Cummins, L., Dai, Z., 

Robbins, J.B., Schneerson, R., and Casadevall, A. (2002). Glucan is 

a component of the Mycobacterium tuberculosis surface that is 

expressed in vitro and in vivo. Infect Immun 70, 2566-2575. 

Shafer, D.E., Toll, B., Schuman, R.F., Nelson, B.L., Mond, J.J., and Lees, A. 

(2000). Activation of soluble polysaccharides with 1-cyano-4-

dimethylaminopyridinium tetrafluoroborate (CDAP) for use in 

protein-polysaccharide conjugate vaccines and immunological 

reagents. II. Selective crosslinking of proteins to CDAP-activated 

polysaccharides. Vaccine 18, 1273-1281. 

Shi, L., Torrelles, J.B., and Chatterjee, D. (2009). Lipoglycans of 

Mycobacterium tuberculosis: isolation, purification, and 

characterization. Methods Mol Biol 465, 23-45. 

Snapper, C.M., and Mond, J.J. (1996). A model for induction of T cell-

independent humoral immunity in response to polysaccharide 

antigens. J Immunol 157, 2229-2233. 

Szu, S.C., Hunt, S., Xie, G., Robbins, J.B., Schneerson, R., Gupta, R.K., Zhao, 

Z., and Tan, X. (2013). A human IgG anti-Vi reference for 



 

 85 

Salmonella typhi with weight-based antibody units assigned. 

Vaccine 31, 1970-1974. 

Tan, M., Huang, P., Xia, M., Fang, P.A., Zhong, W., McNeal, M., Wei, C., Jiang, 

W., and Jiang, X. (2011). Norovirus P particle, a novel platform for 

vaccine development and antibody production. J Virol 85, 753-764. 

Tate, J.E., Burton, A.H., Boschi-Pinto, C., Parashar, U.D., and World Health 

Organization-Coordinated Global Rotavirus Surveillance, N. (2016). 

Global, Regional, and National Estimates of Rotavirus Mortality in 

Children <5 Years of Age, 2000-2013. Clin Infect Dis 62 Suppl 2, 

S96-S105. 

Tate, J.E., Burton, A.H., Boschi-Pinto, C., Steele, A.D., Duque, J., Parashar, 

U.D., and Network, W.H.-c.G.R.S. (2012). 2008 estimate of 

worldwide rotavirus-associated mortality in children younger than 

5 years before the introduction of universal rotavirus vaccination 

programmes: a systematic review and meta-analysis. Lancet Infect 

Dis 12, 136-141. 

Taylor, D.N., Trofa, A.C., Sadoff, J., Chu, C., Bryla, D., Shiloach, J., Cohen, D., 

Ashkenazi, S., Lerman, Y., Egan, W., et al. (1993). Synthesis, 

characterization, and clinical evaluation of conjugate vaccines 

composed of the O-specific polysaccharides of Shigella 

dysenteriae type 1, Shigella flexneri type 2a, and Shigella sonnei 

(Plesiomonas shigelloides) bound to bacterial toxoids. Infect Immun 
61, 3678-3687. 

Thanawastien, A., Cartee, R.T., Griffin, T.J.t., Killeen, K.P., and Mekalanos, J.J. 

(2015). Conjugate-like immunogens produced as protein capsular 

matrix vaccines. Proc Natl Acad Sci U S A 112, E1143-1151. 

Thiem, V.D., Lin, F.Y., Canh, D.G., Son, N.H., Anh, D.D., Mao, N.D., Chu, C., 

Hunt, S.W., Robbins, J.B., Schneerson, R., et al. (2011). The Vi 

conjugate typhoid vaccine is safe, elicits protective levels of IgG 

anti-Vi, and is compatible with routine infant vaccines. Clin 

Vaccine Immunol 18, 730-735. 

Tontini, M., Romano, M.R., Proietti, D., Balducci, E., Micoli, F., Balocchi, C., 

Santini, L., Masignani, V., Berti, F., and Costantino, P. (2016). 

Preclinical studies on new proteins as carrier for glycoconjugate 

vaccines. Vaccine 34, 4235-4242. 

Wain, J., Hendriksen, R.S., Mikoleit, M.L., Keddy, K.H., and Ochiai, R.L. (2015). 

Typhoid fever. Lancet 385, 1136-1145. 

Wang, L., Huang, P., Fang, H., Xia, M., Zhong, W., McNeal, M.M., Jiang, X., 

and Tan, M. (2013). Polyvalent complexes for vaccine development. 

Biomaterials 34, 4480-4492. 

Wang, L., Xia, M., Huang, P., Fang, H., Cao, D., Meng, X.J., McNeal, M., Jiang, 

X., and Tan, M. (2014). Branched-linear and agglomerate protein 

polymers as vaccine platforms. Biomaterials 35, 8427-8438. 

Wang, Z.B., and Xu, J. (2020). Better Adjuvants for Better Vaccines: Progress 

in Adjuvant Delivery Systems, Modifications, and Adjuvant-Antigen 

Codelivery. Vaccines (Basel) 8. 

Waugh, D.S. (2005). Making the most of affinity tags. Trends Biotechnol 23, 

316-320. 



 

 86 

Wen, X., Cao, D., Jones, R.W., Li, J., Szu, S., and Hoshino, Y. (2012). 

Construction and characterization of human rotavirus recombinant 

VP8* subunit parenteral vaccine candidates. Vaccine 30, 6121-

6126. 

Wen, X., Wen, K., Cao, D., Li, G., Jones, R.W., Li, J., Szu, S., Hoshino, Y., and 

Yuan, L. (2014). Inclusion of a universal tetanus toxoid CD4(+) T 

cell epitope P2 significantly enhanced the immunogenicity of 

recombinant rotavirus DeltaVP8* subunit parenteral vaccines. 

Vaccine 32, 4420-4427. 

Westerman, L.E., McClure, H.M., Jiang, B., Almond, J.W., and Glass, R.I. 

(2005). Serum IgG mediates mucosal immunity against rotavirus 

infection. Proc Natl Acad Sci U S A 102, 7268-7273. 

WHO (2020). Vaccine in national immunization programme update. 

Xia, M., Huang, P., Sun, C., Han, L., Vago, F.S., Li, K., Zhong, W., Jiang, W., 

Klassen, J.S., Jiang, X., et al. (2018). Bioengineered Norovirus S60 

Nanoparticles as a Multifunctional Vaccine Platform. ACS Nano 12, 

10665-10682. 

Xia, M., Wei, C., Wang, L., Cao, D., Meng, X.J., Jiang, X., and Tan, M. (2016). 

Development and evaluation of two subunit vaccine candidates 

containing antigens of hepatitis E virus, rotavirus, and astrovirus. 

Sci Rep 6, 25735. 

Xue, M., Yu, L., Che, Y., Lin, H., Zeng, Y., Fang, M., Li, T., Ge, S., and Xia, N. 

(2015). Characterization and protective efficacy in an animal model 

of a novel truncated rotavirus VP8 subunit parenteral vaccine 

candidate. Vaccine 33, 2606-2613. 

Xue, M., Yu, L., Jia, L., Li, Y., Zeng, Y., Li, T., Ge, S., and Xia, N. (2016). 

Immunogenicity and protective efficacy of rotavirus VP8* fused to 

cholera toxin B subunit in a mouse model. Hum Vaccin Immunother 
12, 2959-2968. 

Yen, C., Healy, K., Tate, J.E., Parashar, U.D., Bines, J., Neuzil, K., Santosham, 

M., and Steele, A.D. (2016). Rotavirus vaccination and 

intussusception - Science, surveillance, and safety: A review of 

evidence and recommendations for future research priorities in low 

and middle income countries. Hum Vaccin Immunother 12, 2580-

2589. 

Yen, C., Tate, J.E., Patel, M.M., Cortese, M.M., Lopman, B., Fleming, J., Lewis, 

K., Jiang, B., Gentsch, J., Steele, D., et al. (2011). Rotavirus 

vaccines: update on global impact and future priorities. Hum Vaccin 
7, 1282-1290. 

Yu, X., Prados-Rosales, R., Jenny-Avital, E.R., Sosa, K., Casadevall, A., and 

Achkar, J.M. (2012). Comparative evaluation of profiles of 

antibodies to mycobacterial capsular polysaccharides in 

tuberculosis patients and controls stratified by HIV status. Clin 

Vaccine Immunol 19, 198-208. 

Zaman, K., Dang, D.A., Victor, J.C., Shin, S., Yunus, M., Dallas, M.J., Podder, 

G., Vu, D.T., Le, T.P., Luby, S.P., et al. (2010). Efficacy of 

pentavalent rotavirus vaccine against severe rotavirus 

gastroenteritis in infants in developing countries in Asia: a 



 

 87 

randomised, double-blind, placebo-controlled trial. Lancet 376, 

615-623. 

Zhang, F., Lu, Y.J., and Malley, R. (2013). Multiple antigen-presenting system 

(MAPS) to induce comprehensive B- and T-cell immunity. Proc 

Natl Acad Sci U S A 110, 13564-13569. 

Zhao, G., Chandrudu, S., Skwarczynski, M., and Toth, I. (2017). The 

application of self-assembled nanostructures in peptide-based 

subunit vaccine development. Eur Polym J 93, 670-681. 

Zhao, Q., Li, S., Yu, H., Xia, N., and Modis, Y. (2013). Virus-like particle-

based human vaccines: quality assessment based on structural and 

functional properties. Trends Biotechnol 31, 654-663. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 88 

국문 초록 

영·유아에서 심한 장염을 일으키는 원인 중에서 로타바이러스 감염이 

가장 흔하고 매년 전 세계 5세 이하 어린이 2천만명 이상이 로타바이러

스에 감염되며 이 중 약 20만명이 사망한다. 백신 접종으로 로타바이러

스 감염에 의한 입원이나 사망을 예방할 수 있지만, 개발도상국에서 경

구용 로타바이러스 백신의 유효성은 50% 정도로 선진국 (85%)에 비해 

상대적으로 낮다. 또한 현재 사용되는 경구용 로타바이러스 백신은 장중

첩증을 야기시킨다고 알려져 있다. 이러한 이유로 기존 상용화된 백신의 

광범위한 사용에도 불구하고 새로운 로타바이러스 백신의 개발은 계속 

진행되고 있다. 임상 단계에 도달한 다수의 백신 가운데 재조합 단백질 

백신인 P2-VP8*의 임상연구가 가장 앞서 있으며, 불활성화 바이러스형, 

로타바이러스 VLP 외 다양한 백신 개발 플랫폼이 적용되고 있다.  

다양한 백신 개발 플랫폼 중에서, 접합백신 플랫폼은 영유아에서 다당

체에 대한 면역원성을 향상시키기 위해 개발되었다. 접합 백신의 경우, 

다당체 표적 항원에 연결된 운반단백질을 구성하는 펩타이드가 항원제시

세포의 주조직접합성 분자에 제시될 수 있고 T 세포가 활성화될 수 있

다. 이는 T세포가 더 강력한 면역 반응을 자극하고 더 빠르고 오래 지

속되는 면역 기억을 촉진하기 때문에 다당체에 대한 면역반응을 향상시

킨다. 접합백신에 사용되는 운반단백질은 다당체의 면역원성을 증가시키

는 역할뿐만 아니라 항원으로서의 역할도 한다고 보고되었다. 

본 연구에서는 로타바이러스 스파이크 단백질 ΔVP8*을 접합백신 플랫

폼의 운반단백질로 사용할 경우, 다당체와 ΔVP8*의 면역원성이 향상되

는 것을 알아보고자 하였다. ΔVP8*은 공유결합에 의해 Salmonella 

Typhi의 Vi polysaccharide와 Mycobacterium tuberculosis의 

lipoarabinomannan에 접합되었고, 각 항원에 대한 면역원성을 향상시키

기 위해 다른 종류의 접합체(linker)가 이용되었다. 다양한 접합체 중, 

ADH를 사용한 경우에 ΔVP8*과 다당체가 가장 효율적으로 결합되었고 

생쥐에서 접종실험을 통해 ΔVP8*과 다당체의 항체의 생성이 증가함을 
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확인할 수 있었다. 또한, 플라크 억제 시험법을 통해 로타바이러스에 대

한 중화항체가 형성되는 것을 확인할 수 있었다. 결론적으로 ΔVP8*을 

이용한 접합 백신 기술은 ΔVP8*의 면역원성 뿐만 아니라 다양한 다당체

의 면역효과를 향상시킬 수 있었다. ΔVP8*을 이용한 접합백신 개발은 

대량 생산이 가능하고 주사제로서 사용되기에 안정성면에서도 우수하기 

때문에 다양한 감염병 예방에 크게 도움이 될 수 있다고 생각된다.  

 

 

주요어: 로타바이러스 스파이크 단백질 ΔVP8*
, 접합백신 플랫폼, 운반단백질, 

운반단백질 연계 결정인자 억제 효과, 결핵, 장티푸스 
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