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ABSTRACT 

Evaluation of Human T and B Cell Immune Responses to Enteric Vaccines in Human 

Nasopharynx-Associated Lymphoid Tissues 

Background: Human rotavirus (RV) and norovirus (NoV) are the most common agents for severe acute 

gastroenteritis (AGE) worldwide and a major public health burden in the human population. Group A 

rotavirus infection causes globally over 0.2 million deaths per year due to diarrhoeal diseases in children 

under five years of age, the majority of which occur in low-income countries, representing approximately 

3.4% of annual child deaths worldwide. In parallel, noroviruses have become a critical seasonal cause of 

AGE in children and adults, with almost 4 million cases per year in the UK and an estimated 0.2 million 

annual deaths worldwide. Mucosal vaccination is an effective way of immunisation against enteric 

pathogens. Oral live-attenuated vaccines (LAV) have been shown to stimulate local production of antigen-

specific antibodies and the development of memory B and T cells promoting both mucosal and systemic 

protective immune responses. While research efforts to develop a safe and effective NoV vaccine are still in 

progress, the lack of absolute correlates of protection for both NoV and RV and considerable variations in 

LAV efficacy among different socioeconomic settings remains a major concern to address.  

Aims: Using human tonsillar tissues as an ex vivo cell culture system modelling nasopharynx-associated 

lymphoid tissue (NALT), we have evaluated the mucosal immunity activated by a live-attenuated rotavirus 

vaccine and a non-replicating NoV virus-like particle vaccine candidate and examined the effect of pre-

existing immunity on vaccine-induced immune responses.  

Methods: Ninety-four immunocompetent children and adults referred to adenotonsillectomy were included 

in this study. Serum levels of rotavirus-and-NoV-specific antibodies were measured by ELISA. 

Mononuclear cells (MNC) from tonsil tissues were isolated and stimulated either with a live-attenuated oral 

Rotavirus vaccine (RV1), or a GII.4 VLP-based NoV vaccine candidate (NoV1) alone or adjuvanted with 

α-Galcer. T cell immunity and virus-specific antibody responses were measured by flow cytometry and 

ELISA, respectively.  

Results: A positive correlation was observed between patients’ age and rotavirus-specific or NoV-specific 

serum antibodies. Significant rotavirus-specific antibody responses were detected in NALT of children and 

adults following RV1 stimulation. Increased production of NoV-specific IgG antibodies was also observed 

in NoV1-stimulated tonsillar MNCs, which was significantly enhanced by the addition of α-Galcer. A robust 

systemic and mucosal NoV1-specific antibody response in mice was shown after a three-dose oral 

immunization with α-GalCer-adjuvanted NoV1. Interestingly, both RV1 and NoV1 induced mucosal B cell 

antibody responses in tonsillar MNCs were positively correlated with patients’ serum virus-specific antibody 

titres.  

Although only a modest T cell response was observed in NoV1-stimulated tonsillar MNCs, the rotavirus 

vaccine elicited a marked T cell response in tonsillar MNCs of children and adults, with increased 

frequencies of both CD4+ and CD8+ IFN-γ-producing T cells and T cell proliferative responses. RV1 vaccine 

was also shown to activate a primary T cell response in naïve tonsillar MNC. No significant correlation was 

found between the mucosal T cell response and pre-existing antibody titres, although a trend of inverse 

correlation was observed particularly in those individuals who demonstrated low/no mucosal T cell response 

following RV1-stimulation. In contrast, NoV1-induced IFN-γ response in tonsillar T cells positively 

correlated with patients` pre-existing immunity to GII.4 NoV. Notably, an increased expression of the gut-

homing receptor α4β7 was also detected in both RV1 and NoV1-stimulated human tonsillar T cells.  

Conclusion: Our results suggest human NALT (e.g., tonsils) may be important induction sites for adaptive 

immune responses induced by rotavirus and norovirus vaccines, and suggest their role as an important 

reservoir of activated memory and effector T and B cells with gut-homing properties. This study also 

provides insights into the use of tonsils as an important source of human immune tissue to study both key 

vaccine-induced responses and underlying immune mechanisms of protection for mucosal vaccines and 

adjuvants.  
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OPV Oral poliovirus vaccine 

ORFs Open reading frames 
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p.i. post immunization 

PAGE Polyacrylamide gel electrophoresis 

PC Plasma B cells 

pIgR polymeric immunoglobulin receptors 

pNPP p-Nitrophenyl Phosphate 

PP Peyer’s patches  

RCWG Rotavirus Classification Work Group  

RdRp RNA-dependent RNA polymerase 

RV1 Rotarix® 

RV5 Rotateq® 

RVA Group A rotavirus 

SA Sialic acid 

SD Standard deviation 

SEM Standard error of the mean 

Sf9 Spodoptera frugiperda insect cell line 

sIgA Secretory IgA 

sIgA Secretory immunoglobulin A 

ss Single-stranded 

SSC Side scatter 

Tfh Follicular helper cells 

TLP Triple-layered particle 

tOPV Trivalent live-attenuated oral poliovirus 

UT unstimulated control 

VLP Virus-like particles  

VP Viral protein 
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CHAPTER I 

General Introduction 

1.1 Acute gastroenteritis   

Acute gastroenteritis (AGE) is one of the most common human diseases worldwide. This disease is 

characterized by vomiting and recurrent diarrhoea episodes as a result of acute inflammation and 

damage of the gastrointestinal mucosa (1). Most causes of AGE are foodborne or waterborne through 

pathogenic toxin and microorganism ingest and can lead to serious complications e.g., severe 

dehydration, due to electrolyte disturbance (1, 2). In 2016, diarrhoeal diseases were responsible for over 

1.6 million deaths and estimated as the eight-leading cause of global mortality (2). Age and regional 

socioeconomics are two main factors that have significant impact on both prevalence and severity of 

AGE. Highest mortality rates have been observed among children under 5 years (71 deaths per 100 000) 

and adults over 70 years (172 deaths per 100 000) according to Global Burden of Disease Study in 2016 

(2). Additionally, high numbers of diarrhoeal disease deaths are concentrated in low- and middle-

income countries (LMIC), especially due to deprived access to safe water, sanitation, and oral 

rehydration (2). Although AGE can be caused by bacteria and non-infectious agents, viruses-associated 

episodes represent the major disease burden and a significant cause of morbidity and mortality across 

the globe (Fig. 1.1) (1, 2). Here we will particularly focus upon human rotavirus and norovirus, currently 

the two most important viral etiological agents of infectious intestinal diseases and associated-

diarrhoeal episodes worldwide (2-7).  

Figure 1.1. Diarrhoea episodes and 

aetiologies in children under 5 years. Global 

data from diarrhoea aetiologies and cases 

(episodes per 1000) from Children younger 

than 5 years in 2016. Figure adapted from the 

2016 Global Burden of Disease Study (2). *An 

18% of all AGE cases has been associated to 

NoV according to global estimates (4-7).  
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Human rotavirus is the leading infectious agent for severe AGE and diarrhoea mortality in children and 

adults. Group A rotavirus (RVA) is the main group in terms of epidemiological and clinical impact in 

human population causing globally over 0.2 million deaths per year due to diarrhoeal diseases among 

all ages, the majority of which occur in children under five years old and represent about 3-5% of child 

annual deaths worldwide (2-4). Specifically, about 29 per cent (95% CI: 25.2–32.4%) of all diarrhoeal 

deaths in children under 5 years are linked to rotavirus infection (Fig. 1.1), with the highest rates among 

sub-Saharan Africa and Southeast Asia regions (2, 3). Moreover, a high fraction of diarrhoea episodes 

and deaths among younger children has been attributable to rotavirus and documented in different 

geographical regions, evidencing the ubiquitousness of rotavirus infection (3, 4).  

On the other hand, human norovirus (NoV) has now become another important seasonal cause of AGE 

in both children and adults especially due to global efforts and improvement in NoV diagnostics, and 

the widespread use and effectiveness of rotavirus vaccines in reducing rotavirus-associated AGE 

disease burden (3, 5). Currently, human NoV infection has been recognized as the most common cause 

of sporadic cases and outbreaks of AGE among all ages, associated with 18 per cent (95% CI: 17-20%) 

of diarrhoeal disease cases worldwide (5-7). However, there is still uncertainty about the accurate 

epidemiological and etiological figures of NoV diseases, especially from developing countries where 

highly sensitive diagnostics are not widely available. Recent reports have described about 4 million 

cases of NoV infections per year only in the UK and estimated over 0.2 million annual deaths by this 

virus constituting a major health and economic burden across all income settings (6-8). While NoV 

affects individuals from all ages and settings, a higher incidence has been described at earlier ages in 

lower income settings (5-8). 

1.2 Enteric Viruses 

Derived from the ancient Greek enteron (plural entera) which means intestine, the word “Enteric” 

(Greek; enterikos) refers to something Of, relating to, or within the intestines. The gastrointestinal (GI) 

tract conforms one of the largest mucosal surfaces in the body and a major interface with the luminal 

environment. Lined by millions of epithelial cells the GI tract, and predominantly the small intestinal 

mucosa, plays a key role for nutrients absorption and provide an optimal milieu for several 
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microorganisms, i.e., microbiota, while constantly interacting with potentially harmful antigens and 

infectious viral particles. Fifty-years ago most viral agents associated to gastroenteritis were unknown. 

Early 1970s studies using stool filtrates from “non-bacterial gastroenteritis” outbreaks together with 

advances in electron microscopy and antigen-detection techniques paved the field of what we currently 

know about enteric viruses and viral gastroenteritis (9-11). After decades of research, enteric viruses 

now represent a wide spectrum of viral families able to invade and replicate within the gastrointestinal 

mucosa (12). According to Bishop et al., enteric viruses can be grouped as follow: 1) Viruses that cause 

a local inflammation at any sites of the intestinal tract, resulting in AGE, e.g., rotaviruses, caliciviruses, 

adenoviruses; 2) viruses that replicates in the intestinal tract prior to generate distantly a clinical disease, 

e.g., measles, poliovirus or hepatitis A; 3) Viruses that spread to the intestinal tract at later stages of a 

systemic disease, e.g., human immunodeficiency virus (HIV) and cytomegalovirus (12). Here I have 

dedicated to study and detail the first category of enteric viruses; Rotavirus and Norovirus. 

1.2.1 Rotavirus  

Rotaviruses are 70 nm-diameter icosahedral viruses that belong to the Rotavirus genus in the Reoviridae 

family. Rotaviruses are non-enveloped triple-layered viruses with an 11-segment-organized, double-

stranded (ds) RNA genome. Each segment encodes for a single protein, except for the 11th segment 

coding for two, comprising a total of 12 proteins: 6 structural viral proteins (VPs; VP1-VP3, VP4, VP6, 

VP7) and 6 non-structural proteins (NSPs; NSP1-NSP6) (13). Structurally, the rotavirus genome is 

protected by a core-shell of 120 dimers of VP2 protein, including an RNA-dependant RNA polymerase 

(VP1) and the RNA capping enzyme, VP3 (Fig. 1.2). The rotavirus core is also enclosed by a "middle" 

layer, i.e., intermediate capsid, formed by VP6 (260 trimers), which in turn is surrounded by an outer 

third protein layer conformed by 260 trimers of VP7 and 60 spike-shaped VP4 trimers1 (13, 14). All 

together forms a wheel-shaped virion better known as triple-layered particle (TLP) (Fig. 1.2). 

 

 
1  During rotavirus replication, the VP4 spike protein is cleaved by proteases into VP8* and VP5* subunits. 

Products remain associated in the virion and mediates the virus binding and entry into host cells (13).   
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Rotaviruses capsid layers possess a wide antigenic and genetic diversity. As part of the Rotavirus genus, 

rotaviruses are classified into at least eight groups, also named species (referred to as A to H) based on 

the serological reactivity of the inner capsid protein, VP6 (14-17). Most human and mammalian 

infections associated to AGE are caused by Group A rotaviruses (RVA). This group is further classified 

into G types (G for glycoprotein) and P types (P for protease-sensitive) binary nomenclature based on 

the molecular properties of the outer capsid proteins VP7 and VP4, respectively. While serotype and 

genotype for G designations largely coincide, a dual nomenclature has been introduced for VP4-based 

classification, e.g., P1A[8]; where the P serotype 1A is assigned first, followed by the P genotype 8 in 

brackets (14). Currently, the Rotavirus Classification Work Group (RCWG) has defined a full-genome 

based classification system for RVA, with a total of 41 G-genotypes and 57 different P-genotypes. This 

system assigns a specific genotype to each structural and non-structural protein-encoding gene of a 

particular rotavirus strain, highlighting the role of all 11 rotavirus gene segments reassortment in the 

vast diversity among co-circulating rotaviruses known so far (Fig. 1.3) (15, 16).  

           

 

 

 

 

 

Figure 1.2. Structure of Rotavirus. Rotavirus 70 nm-diameter icosahedral particle resembles a wheel (Latin; 

rota) as seen by Electron micrograph (A) and consists of 3 layers: the inner capsid layer formed by viral protein 

(VP) 2, which together with VP1 and VP3 enzyme and the 11-segment dsRNA genome compose the virion core; 

the VP6 middle capsid layer, which determines the viral species and subgroups; and the outer capsid layer formed 

by VP7 and the spike protein VP4, which elicit an immune response in infected hosts. Figure adapted from (15).  
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Several RVA strains, from nearly a dozen of both G types and P types, have been isolated in humans. 

Group A rotavirus G/P genotypes; G1P[8], G2P[4], G3P[8], G4P[8], G9P[8], and G12P[8], have been 

the most common causes of AGE disease globally in humans for the past 40 years (Fig. 1.3) (12, 15).  

Figure 1.3. Genome-Based classification and nomenclature of group A rotavirus. Structural and non-

structural protein-encoding gene classification as per recommendations of the Rotavirus Classification Work 

Group (RCWG) and genotype distribution patterns for group A rotavirus strains; Wa-like (green), DS-1-like (red), 

and AU-like (orange), and avian PO-13-like (Yellow), Porcine (blue; VP4, VP7, and VP6 genotypes) and Simian 

SA-11-like (purple) rotavirus gene segments, respectively. Table adapted from Matthijnssens et al (16). 
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Particularly, G1P[8] strains have been consistently circulating globally and constitutes most of the 

human RVA infections worldwide, accounting for over 70% of rotavirus infections in North America, 

Europe, Australia (18). However, geographical differences in the distribution of rotavirus strains and 

AGE incidence have been noted with more RVA-associated disease in children from low-and middle-

income countries than developed countries (2-4). For example, although G1P[8] and G2P[8] strains 

represent approximately 29% and 25% of all the circulating RVA strains in Africa, there is also a higher 

prevalence of G12P[8] and regional important strains (particularly P[6] genotypes) as compared 

developed countries (19). Similar findings have been reported previously for G5P[8] strains in South 

America (20) and G8P[6] in Africa (21) suggesting a high genotype diversity in LMIC. 

1.2.1.1 Rotavirus transmission and life cycle  

Rotaviruses are transmitted by faecal-oral route mainly by close person-to-person contact or through 

contaminated fomites. On reaching the GI mucosa, rotaviruses infects and replicates in mature 

enterocytes lining the small intestinal villi and resident enteroendocrine cells (12). This process causes 

a non-bloody watery diarrhoea, one of the hallmarks of rotavirus disease, as a result of two proposed 

mechanism: 1) Osmotic diarrhoea due to malabsorption caused by damage or lysis of enterocytes; 2) 

Secretory diarrhoea induced by NSP4 and activation of the enteric nervous system (ENS). Other 

associated symptoms include vomiting, malaise, and fever. Although asymptomatic rotavirus disease is 

frequently common, diarrhoea symptoms last for a short period (up to 3-7 days). Thus, after initial 

incubation period (24 – 48 h) viral particles can be shed in stools two days before and one month after 

symptoms onset, especially during the first week where large quantities are excreted (Reviewed in (15)). 

Rotavirus replication cycle is primarily initiated by the spike protein VP4. This protein has been 

implicated on cell attachment and entry through subunits VP8 and VP5, respectively (13). Followed 

VP4 cleavage by gut proteases, the subunit VP8 recognize and attach to different glycan receptors 

containing sialic acid (SA) residues. Rotavirus strains can also bind to host genetically determined non-
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sialylated oligosaccharides named Histo-blood groups antigens (HBGAs) (Box 1). Subsequently, 

interactions of VP5 subunit and VP7 with host cell co-receptors facilitates rotavirus entry via 

endocytosis. At this stage, low calcium levels within endosomes facilitates the removal of the outer 

capsid layer and expose the DLP into the cytoplasm. Thus, the 11 different segments of positive-sense 

single-stranded (ss) RNA are released from the DLP functioning either as mRNAs for translation or as 

pre-genomic RNA templates for viral progeny. The resulting transcripts are later assorted and packaged 

into viral cores in specialized replication factories named viroplasm, accompanied by RNA replication 

for (-) ssRNA synthesis and new DLPs formation by addition of the VP6 middle layer (Fig. 1.4). 

Figure 1.4. Rotavirus replication cycle. Rotavirus attach to host cell sialylated glycan receptors, e.g., the 

gangliosides GM1 and GD1a, through VP8 domain of viral spike protein 4 (VP4). Additionally, fucosylated-

oligosaccharides, known as histo-blood groups antigens (HBGA), serves as nonsialylated receptors for VP8 and 

genetically determines the host susceptibility to some rotavirus strains. Interaction with host cell co-receptors by 

VP5 subunit and VP7 mediates viral entry and endosomes formation. Double-layered particles (DLP) are released 

into cytoplasm where transcription and translation of each of the 11 ssRNA segments occur. Formed transcripts 

are packed and assembled into new DLPs within viral replication structures known as viroplasms composed by 

non-structural protein 5 (NSP5) and NSP2 along with cellular proteins and VP1-VP3 complex. After VP6-
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addition, NSP4 mediates DLPs budding into endoplasmic reticulum (ER) and consequently the formation of 

triple-layered particles following VP7 and VP4 addition. Finally, the partially ER-formed enveloped is lost and 

mature virions are released by cell lysis or by Golgi-independent non-classical vesicular transport by host 

epithelial cells. Figure extracted from Crawford et al. (15). 

Finally, NSP4 protein mediates DLPs budding within the endoplasmic reticulum (ER) and vesicular 

transportation for the assembly of triple-layered particles and consequently the virion release (14, 15). 

1.2.2 Norovirus 

Human noroviruses derive their name from the “Norwalk agent”; the infectious agent of a 1968 outbreak 

of acute non-bacterial gastroenteritis (as named on that time) in the city of Norwalk, Ohio, USA. Since 

their identification in 1972 by Kapikian et al (22), major progress has been made to date overcoming 

nearly 50 years of historical difficulties due the lack of proper study models associated to the inability 

of in vitro propagation of NoVs (Reviewed in (23)). Currently, noroviruses are classified as part of the 

Norovirus genus within the Caliciviridae family. Noroviruses consist of non-enveloped, 27–30 nm-

diameter icosahedral particles (T3 symmetry) with a linear, positive-sense, single-stranded RNA 

genome of approximately 7.5 kb in length (Fig. 1.5). Human norovirus genome is organized in three 

main sections known as open reading frames (ORFs). ORF1 encodes a large non-structural (NS) 

polyprotein which is post-translationally cleaved by a 3C-like virus-encoded protease, named Pro or 

NS6, into 6 non-structural proteins involved in viral genome replication steps: p48 (or NS1/2), NTPase 

(NS3), p22 (NS4), VPg, RNA-dependent RNA polymerase (RdRp) and the mentioned protease Pro. 

Additionally, the ORF2 and ORF3 encodes for the major (VP1) and minor (VP2) structural protein, 

respectively. Differently from rotavirus and the Reoviridae family, noroviruses (and the Caliciviridae 

family) are structurally organized in a single viral capsid particle formed by 90 dimers of VP1, which 

comprises of a shell (S) and a protruding (P) domain. While the S domain face the capsid interior 

surrounding the RNA genome, the P domain is exposed and responsible for HBGAs binding in host 

cells (Box 1) and interaction with neutralizing antibodies (22, 23). Additionally, only a few VP2 units 

conform each viral particle and are associated to the inner side of VP1 S domain capsid (Fig. 1.5). 

Noroviruses, as members of the norovirus genus, are both genetically and antigenically diverse and 
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infects a wide spectrum of mammalians host such as humans, rodents, cattle, pigs, and felines. Recent 

advances in viral genome genotyping and sequencing have currently classified noroviruses into at least 

10 major genogroups: GI-GX, and further divided into 48 or 60 genotypes, based on full VP1 sequences 

and the nucleotide diversity of the RNA-dependent RNA polymerase (RdRp) region of ORF1 (24). 

Further norovirus organization will consider the complete viral genome sequence similar to the 

classification system described for rotavirus (16). Over the past two decades, strains of the genotype 

GII.4 have caused the majority (70-80%) of AGE cases in humans. Additional GII.4 classification 

consider strains that has become an epidemic in at least two geographically distant regions. Since 1995, 

six antigenically GII.4 variant have resulted in major outbreaks worldwide, where GII.4 Sydney-2012 

(GII.4-SYD), has been the most recent pandemic strain circulated and the dominant genotype so far. 

Currently, a new potentially high-transmissible norovirus lineage containing a polymerase substitution 

(GII.P16) and GII.4 capsid structure, has been detected in Asia and Germany and confirmed in the UK 

and USA (26).  

Fig. 1.5. Structure and genome of human norovirus. Human norovirus non-enveloped icosahedral particle (30 

nm-diameter) consists of a capsid formed by viral protein 1 (VP1) dimers. The inner capsid side is formed by a 

few units of VP2 and VPg, which is linked to the 5`end of the linear, single-stranded, RNA (positive sense) 

genome. As shown on the right-hand side, human norovirus ssRNA genome is organized in three open reading 

frames (ORF): ORF1, encodes a large polyprotein, which is post-translationally cleaved into six non-structural 

proteins (p48, NTPase, VPg, RNA-dependent RNA polymerase (RdRp) and Pro) by the viral-encoded protease 

Pro. ORF2 and ORF3 encodes for the major (VP1) and minor (VP2) structural proteins, respectively. Additionally, 

a 3`end polyadenylated tail (An) protects the genome templates and mature RNA transcripts (25).  



 27 

1.2.2.1 Norovirus transmission and life cycle  

Human noroviruses are mainly transmitted by faecal to oral route and foodborne outbreaks, following 

a seasonal infection pattern causing sporadic and epidemic AGE episodes during the coldest months 

(October to March in the northern hemisphere). Noroviruses are highly contagious and resistant to 

common disinfecting agents, e.g., alcohol-based hand sanitizers. Thus, the direct contact with infected 

persons, contaminated food or water and objects (fomites), are important transmission routes associated 

to NoV outbreaks, especially in communal or enclosed living spaces such as restaurants, hospitals, care 

homes, schools, cruise ships among others. In terms of clinical symptomatology, human NoV infection 

triggers an acute, non-bloody and watery diarrhoea in conjunction with recurrent vomit, being generally 

referred as the “winter vomiting bug”. Additional symptoms include abdominal pain, nausea, and fever, 

which together with the hallmark clinical symptoms can last up to three days, followed by post-clinical 

viral shedding via the faeces or vomit ranging from 7 days to 4-6 weeks (Reviewed in (23)).  

Human noroviruses cell tropism and pathogenesis is not completely understood, primarily due to the 

inability of cell culture adaptation of these viruses and the lack of small animal models. Evidence from 

different studies to date suggest that human NoV replicates in human intestinal enterocytes (Reviewed 

in (27) and human B cells (28). Thus, recent effort has currently established two human norovirus 

replication system using a transformed B cell line (BJAB) (28, 29) or non-transformed stem cell-derived 

human intestinal enteroids (30). Similar to rotavirus entry mechanism, human NoV attaches to 

fucosylated-HBGAs present in secretor-positive individuals, i.e., persons with a functional FUT2 

enzyme (Box1). Thus, norovirus capsid protein VP1 interacts with fucosylated glycans present at 

human enterocytes surfaces facilitating the virus binding to host co-receptors (currently unknown) and 

subsequent viral particle internalization. After viral entry and capsid removal, the (+) ssRNA genome 

is exposed into the cytoplasm, where the 5’end genome-linked protein VPg mediates the interaction 

with host translation factors (23, 25). Then, ORF1-encoded polyprotein is cleaved into functional six 

non-structural proteins including the RNA-dependent RNA polymerase (RdRp), p48 (NS1/NS2) and 

p22 (NS4) crucial for replication complex formation (Fig. 1.6).  
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Figure 1.6. Norovirus replication cycle. Human noroviruses attach to host cell fucosylated glycan receptors, i.e., 

HBGAs, through VP1 protruding domain. Virion is internalized by an unknown mechanism after interaction with 

host cell co-receptors and then uncoated, releasing the genome into the cytoplasm. Translation starts by VPg 

interaction with host ribosome (left). The ORF1-derived polyprotein (orange rectangles) is post-translationally 

cleaved into six non-structural proteins: p48, NTPase, VPg, Pro and the RNA-dependent RNA polymerase 

(RdRp). This last one commands the formation of both (-) RNA intermediates and subsequent new viral genome 

copies (right) during replication. In parallel, the major (VP1) and minor (VP2) structural proteins are translated, 

allowing the final virion assembly, encapsidation and mature particle release from the host cell. Figure adapted 

from de Graaf M. et al (25).  
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Additionally, negative sense RNA intermediates are formed and used as templates during genome 

replication, while sub-genomic positive sense RNA comprised by ORF2 and ORF3 are used for VP1 

and VP2 production and new capsid formation. Finally, genome copies are packaged into new virions 

for the final particle assembly and release from host cell by an unknown mechanism (23, 25, 27). 

Current progress using human stem cell-derived enteroids, as an active 3D intestinal epithelium system 

for human NoV cultivation, will provide valuable insights about noroviruses life cycle requirements 

and unveil host-pathogen interactions (27).  

1.3 The mucosal immune system: MALT 

The human mucosal immune system (MIS) comprises both anatomically and physiologically different 

compartments, covering a substantial surface area of over 300m2. This vast surface includes the ocular, 

oral nasopharyngeal, respiratory, gastrointestinal, and genitourinary mucosa – and is primarily lined by 

a monolayer of epithelial cells (ECs) – forming an environmental-exposed barrier responsible for 

protecting our body against microbial colonization and pathogens entrance (31). The MIS is divided in 

two functional compartments: the inductive sites and effector sites (Fig. 1.7). The former is closely 

interconnected with lymphoid tissues, where naïve T and B cells are primed or stimulated following 

exogenous antigen uptake from mucosal surfaces by antigen presenting cells, whereas effector sites is 

where activated (or effector) cells migrates to perform their respective immunological action, e.g., 

production of antigen-specific IgA antibodies (32). Inductive sites are constituted by organized 

lymphoid structures commonly referred as mucosal associated-lymphoid tissues (MALT), a major 

compartment of the mucosal immune system (MIS) for the induction of protective immune responses.  

The structure of MALT resembles to lymph nodes (LN) and are divided according to anatomical 

regions, where different cell composition and distribution among species are found (Fig. 1.7) (31). 

MALTs are covered by a subset microfold (M) cells, ECs, and underlying lymphoid cells that play 

central roles in antigen uptake and the initiation of mucosal immune responses. Human MALTs are also 

constituted by B cell-enriched areas, i.e., B-cell follicles, and T cell zones, forming a complex and 

dynamic network between mucosal inductive sites, including the gut-associated lymphoid tissues 

(GALT) and nasopharynx-associated lymphoid tissues (NALT), and the effector sites within MIS (31-
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33). The human MALT provides an important source of memory B cells and T cells, including both 

central memory and effector memory T cells, which are restricted by cell expression of homing 

receptors (site-specific integrins) to specific mucosal effector compartments (expressing cognate 

addressins), such as the lamina propria (LP) of the gastrointestinal or upper respiratory tract, and surface 

epithelia. Thus, the migration and homing properties of these immune cells from mucosal inductive to 

effector tissues is crucial for the initiation of mucosal-specific immune responses (31-33) (Fig. 1.7). 

Protection at regional mucosal tissues is mediated mainly by secretory IgA (sIgA) – dimeric IgA 

molecules joined by a J chain – which are produced by mucosal plasma B cells (PC) and actively 

exported by secretory epithelia preventing pathogens from direct mucosal epithelial attachment by 

immune exclusion (32). Although similar activities have been described for each type of MALT, the 

immune mechanism associated are often different and organ-specific, depending on the mucosal 

location and the types of antigens that are encountered. 

Figure. 1.7. The mucosal immune system. The mucosal immune system relies on migration of memory B and 

T cells from inductive (top) to effector (bottom) sites. Graded arrows represent the more or less preferred pathways 

followed cell activation in nasopharynx-associated lymphoid tissue (NALT) - tonsils and adenoids - , bronchus-

associated lymphoid tissue (BALT), and gut-associated lymphoid tissue (GALT) - Peyer’s patches, appendix, and 

colonic-rectal isolated lymphoid follicles -. Figure adapted from Brandtzaeg et al (32).  
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1.3.1 Mucosal Immune system in the intestinal tract: Gut-associated lymphoid tissues  

The human gut-associated lymphoid tissues, or GALT, are the body’s largest inductive sites mediating 

the adaptive immune responses to gut-derived antigens from food, the microbiota and foreign 

pathogens. Human GALT comprises of Peyer’s patches (PP), the appendix and isolated lymphoid 

follicles (ILFs), where induction and regulation of mucosal immunity takes place. The GALT structures 

lack of afferent lymphatics differing from gut-draining mesenteric lymph nodes. Instead, human GALT 

contain specialized follicle-associated epithelium portions with fewer mucus-producing goblet cells, 

which gives them the faculty to sample antigens directly from the intestinal lumen through specialized 

M cells and transport them to underlying antigen presenting cells (32). Subepithelial regions include a 

network of follicular dendritic cells (DCs) and interfollicular T cell areas, which mediates the generation 

of IgA-committed (IgA+) B cells in germinal centres (GC) containing B cell follicles (Fig. 1.8). 

Activated B cells along with primed T cells migrate via efferent lymph to mesenteric lymph nodes, and 

finally to effector sites at the gut lamina propria via bloodstream. This process is directed by the 

expression of gut-homing receptors, 47 and CCR9, on IgA+ B cells, as well as CD4+ and CD8+ T 

cells, which specifically attach to mucosal addressin cell adhesion molecule 1 (MADCAM1), a tissue-

specific adhesion molecule, and chemokines expressed by endothelial cells. Once reached the inductive 

site, activated lymphocytes become effector or memory cells, where antigen-specific T cells and 

primarily IgA-producing plasma cells (differentiated from IgA+ B cells) mediates mucosal immune 

response (Fig. 1.8) (34, 35). Secretory IgA antibodies are further produced and/or released through 

epithelial polymeric immunoglobulin receptors (pIgR) by intestinal epithelial cells, being the 

predominant immunoglobulin class in human gut secretions for pathogen neutralization (34-36).  

1.3.2 Mucosal Immune system in the oropharynx: nasopharyngeal-associated lymphoid tissues  

The human oropharynx tissue is part of the mucosal-associated compartments that mediates immunity 

in humans. The human oropharynx is comprised by nasopharyngeal (adenoids), tubal, lingual, and 

palatine tonsils, which are arranged in a lymphoepithelial architecture named Waldeyer´s ring (Fig. 1.8) 

(37). These organized lymphoid structures are functionally similar to the nasopharynx-associated 

lymphoid tissue (NALT) in rodents, which are constitutively developed as a lymphoid organ present on 
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both sides of the nasopharyngeal duct (37). Waldeyer’s ring, referred as human NALT, are constantly 

exposed to airborne and alimentary antigens, functioning as MALT inductive sites and also as an 

effector organ for both local and systemic immunity.  

Figure 1.8. Human Mucosal Associated Lymphoid Tissues. The nasopharynx-and-gut-associated lymphoid 

tissues (NALT and GALT, respectively) are two main compartments of the mucosal immune system sharing 

similar structural features. Human tonsils (NALT) or Peyer’s patches (GALT) receive antigens from lumen 

through microfold (M) cells located in the epithelial surface overlying mucosal lymphoid tissues. Professional 

antigen presenting cells (APC), such as dendritic cells, process and present antigens to T cells in these lymphoid-
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tissues. Antigen-stimulated cells induce IgA-committed B-cell development at germinal centres (GC) in lymphoid 

follicles with help of Follicular dendritic cells (FDC) and T follicular helper cells (Tfh). After IgA class switching 

and affinity maturation in GC light zones, B cells migrate from MALTs to regional lymph nodes via the efferent-

lymphatics. Antigen-specific CD4+ T cells and IgA+ B cells finally migrate to mucosal effector sites (such as the 

nasal passage and intestinal lamina propria) through the thoracic duct and blood circulation. Here, IgA+ B cells 

differentiate into IgA-producing plasma cells, in the presence of cytokines (IL-5 and IL-6 ) produced by Th2 cells. 

and produce dimeric IgA, which then become (secretory) sIgA by binding to polymeric Ig receptors displayed on 

mucosal epithelial cells. Finally, both IgG and sIgA are released into effector sites to mediate an immune response. 

Figure modified and adapted from (33, 35).  

Human tonsils are the largest components of Waldeyer’s ring and are at the first line of immune defence 

against pathogens. Like human Peyer’s patches, the cellular architecture of tonsils consists of three 

main sections: reticulated crypt epithelium, lymphoid follicles and extrafollicular regions (Fig. 1.8). 

The first section represents the external lymphoepithelial layer, integrated by ECs, M cells and APCs 

organized into crypts near the surface epithelium and exposed to environmental antigens (37, 38). 

Furthermore, the subepithelial area is composed by extrafollicular regions with T cell-enriched zones 

(25-35% of T cells) and GC in B cell follicles (up to 75% of B cells). These compartments are crucial 

for T cell activation and B cell differentiation into memory or effector antibody-secreting plasma cells, 

respectively (37-39). Specifically, GCs are formed after the stimulation of naïve B cells and subdivided 

into different zones. The dark zone is where B cells, or centroblast, proliferates after antigen recognition. 

After clonal expansion, B cells migrates to the light zone, where are selected by antigen affinity i.e., 

affinity maturation, with help of Follicular dendritic cells (FDC). Additionally, FDC stimulates T 

follicular helper cells (Tfh) within this zone, which promotes B cell class switching and differentiation 

to plasma cells (PCs) producing high-affinity antibody (Fig. 1.8) (38). Consequently, pIgA-producing 

PCs mediates the effector response following plasmablast homing from GCs to both distant and local 

secretory effector sites (38). Moreover, human adenoids and tonsils contain more IgG secreting cells 

than IgA in both the epithelial and the subepithelial compartments, which differentiates them from GI 

tract lamina propria and support a systemic role of this compartment (37, 39). Thus, human tonsils are 

recognized as secondary lymphoid tissues and have shown to be induction sites for polio and influenza 



 34 

vaccine-induced immunity and for natural immunity against several nasopharyngeal pathogens (38, 39). 

Particularly, human tonsils organization parallels with enteric primary poliovirus replication sites, i.e. 

intestinal epithelial cells and Peyer’s patches, where tonsils crypts and APC in the tonsil follicles can 

both work as poliovirus replication sites and at the same time promote a mucosal antibody production 

which is critical for the control of poliovirus (40, 41). Therefore, tonsil tissues, as a human NALT 

model, can be a useful system to evaluate the immune response against enteric viruses and for testing 

both new and available vaccines again them.  

1.4 Mucosal Vaccines 

Mucosal vaccines have been recognized as an important method of immunization against enteric 

pathogens. These vaccines - including oral, nasal, sublingual, and genital tract vaccines - can stimulate 

a local production of antigen-specific antibodies and the development of long-term B and T memory 

cells, promoting both a mucosal and systemic protective immune response (42). Given the mucosal 

immune system compartmentalization in MALT and effector sites, vaccination route is crucial for an 

effective mucosal immune response at the desired sites (36). Oral delivered vaccines, such as rotavirus 

and poliovirus vaccines, have been widely used in the population and associated to a protective 

immunity in the gastrointestinal tract, salivary and mammary glands (42, 43). These types of vaccines 

have shown a great potential in the prevention of diseases by promoting the production of antigen-

specific secretory immunoglobulin A (sIgA), a key immune mechanism against pathogens at mucosal 

sites, together with a systemic immunoglobulin G (IgG) response (42-44).  

1.4.1 Oral Polio vaccines and mucosal response 

Almost sixty years have passed since the development and implementation of the oral poliovirus 

vaccine (OPV). This led to the creation of the Global Polio Eradication Initiative (GPEI) in 1988, which 

involved a massive public health campaign for the widespread use of OPV in conjunction with an 

inactivated poliovirus vaccine (IPV), leading to a 99% reduction of the global incidence of wild 

poliovirus cases worldwide (45). Since then, OPV has become one of the classical oral mucosal vaccines 

and a cornerstone for elucidating fundamental aspects of human mucosal immune responses.  
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Poliovirus is a human enterovirus within the Picornaviridae family and the causing agent of polio (or 

poliomyelitis). This virus spread by faecal-oral route and multiplies in the intestine, where can also 

reach the central nervous system inducing a minor illness with mild symptoms to a severe paralytic 

disease, respectively. Three serotypes of wild poliovirus (type 1, type 2, and type 3) have been described 

according to differences in their capsid protein (45). Thanks to global immunization campaigns both 

type 2, and type 3 wild poliovirus has been declared eradicated in 2015 and 2019, respectively (46). 

The OPV has been an essential part of the joints efforts to eradicate wild-type poliovirus. This vaccine 

was originally formulated as a trivalent live-attenuated oral poliovirus (tOPV), which mimicked the 

immune response to natural exposure of the three poliovirus serotypes. Currently, there are three global 

formulations of OPVs in use: tOPV, bivalent or bOPV (types 1 and 3 WPV); and monovalent OPV or 

mOPV), which (two subtypes for serotypes 1 and 3; mOPV1 and mOPV3, respectively (45). After oral 

administration, OPVs replicates in the gastrointestinal tract producing a robust sIgA immune response 

in the intestinal mucosa (47). This local virus-specific antibody response has demonstrated to be crucial 

to decrease virus shedding after subsequent WPV exposures. Moreover, additional induction sites, 

including human tonsils and adenoids, have been described following oral OPV administration, as 

observed by reduction of poliovirus-specific IgA antibody titres in nasopharyngeal secretions after 

adenotonsillectomy procedures in OPV immunized children (41), supporting the role of human NALTs 

as key induction sites for oral vaccines and efficacy. In parallel, OPV promotes a mild systemic antibody 

production that will partially protect against myelitis by preventing the spread of poliovirus to the 

nervous system (47). However, the injectable IPV alone induced a stronger systemic response that 

protects from paralytic disease but failed to provide adequate protection from poliovirus shedding (47). 

Thus, a combined regimen of OPV with IPV was introduced in 1988 by the GPEI to provide a broaden 

immunity, including a strong seroconversion and robust intestinal immunity (48).  

1.4.2 Rotavirus Vaccines 

Four oral, live-attenuated rotavirus vaccines: a monovalent human rotavirus vaccine, RV1 (Rotarix®, 

GSK 2-dose series); a pentavalent bovine-human rotavirus reassortant, RV5, (Rotateq®, MERCK; 3-

dose series); a monovalent natural bovine-human G9P rotavirus reassortant (Rotavac®, Bharat 
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Biotech);and a pentavalent bovine-human reassortant with human G1, G2, G3 and G4 and bovine 

G6P[5] backbone (RotaSiil®, Serum Institute of India, 3-dose series) are available internationally and 

WHO prequalified. Particularly, RV1 and RV5 have been widely included into routine immunization 

programs worldwide and both followed the OPVs approach, as though that an orally administered live-

attenuated tissue-culture grown rotavirus would mimic the natural immunity by wild-type rotavirus 

within the GI tract (49). 

Rotarix (RV1) vaccine derived, after several passages in Vero cells, from a rotavirus candidate vaccine 

based on a clinical G1P[8] rotavirus isolate from Cincinnati, USA (human 89-12 strain) (50). The 

G1P[8] strain is the most common cause of AGE by human rotaviruses and was therefore chosen by 

the manufacturer to provide a serotype-specific immunity against rotavirus disease (50). On the other 

hand, Rotateq (RV5) is a pentavalent vaccine formed by a mixture of five live rotavirus strains, i.e., 

reassortants, using a bovine WC3 strain backbone (G6P[5]). Each genetically distinct human-bovine 

rotavirus reassortant contains a human gene encoding 1 of the outer capsid proteins: the VP7 capsid 

protein of four human rotaviruses (G1, G2, G3 and G4), and the human VP4 (type P8) commonly 

referred as P1 (49). Although these oral vaccines are less efficacious against rotavirus infection or mild 

disease, both have shown clear signs of protection against severe AGE and significantly decreased 

rotavirus disease burden worldwide. The introduction of rotavirus vaccines has globally contributed to 

22%-45% reduction in mortality from all-cause AGE in children younger than 5 years (51). 

Additionally, these vaccines have effectively prevented hospital admissions due to rotavirus AGE, with 

vaccine effectiveness ranging from 57% to 85% for RV1 and from 45% to 90% for RV5 according to 

countries' mortality distribution. However, a considerable variation has been noted among different 

regions as evidenced by higher efficacies in high-income countries (85-100%) compared to LMIC (< 

50%) (44, 49, 51). Same patterns have been observed in low socioeconomic settings for the live-

attenuated oral polio vaccine (52) and oral cholera vaccines (reviewed in (53), where impaired 

immunogenicity was described. Although the immunological basis of this phenomenon is currently not 

understood, several factors could be associated to poor oral vaccine responses against enteric pathogens, 

such as host nutritional status, genetic, gut microbiota, and pre-existing immunity  (44, 53). 
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1.4.2.1 Immune correlates of protection against Rotavirus vaccines 

The nature of the immune response generated by wildtype rotavirus infection and current licensed 

vaccines has been mainly studied using animal model, however absolute correlates of protection (CoP) 

and the underlying cellular responses against rotavirus in humans remains uncertain. A variable, not 

sterilizing, immune protection against subsequent symptomatic disease has been described in young 

children after natural rotavirus infection (reviewed in (44). Particularly, rotavirus-specific IgA and IgG 

antibody titres in sera have been significantly associated to provide protection against natural infection 

(both symptomatic and asymptomatic), which increase following rotavirus vaccination (54, 55). Thus, 

as rotavirus-specific antibody levels in sera increase, the lower is the risk of rotavirus-associated AGE, 

especially in regions with low mortality (55). This type of immune response has been mainly described 

as homotypic, i.e., against an initial circulating genotype, and may also vary depending on several host 

factors such as the number of infection episodes, the level of immunity, genetic predisposition, and 

individual settings. Apart from seroconversion, several studies have also examined rotavirus-specific 

IgA in stools as an indicator for local immunity (44). However, no absolute correlates have been found 

due to inconsistences between asymptomatic and symptomatic copro-IgA levels and the development 

of rotavirus disease.  

On the other hand, a heterotypic response is developed against other serotypes not present in the 

immunizing strain (or the initial natural infection strain). Thus, and despite the lack of an established 

correlate of protection induced by natural infection, widely licensed live-attenuated oral rotavirus 

vaccines as the monovalent RV1 and pentavalent RV5 have provided efficient protection against severe 

AGE. Although both vaccines are antigenically different, comparable efficacies (56) with similar levels 

of protection have been described including the induction of rotavirus-specific serum IgA and virus-

specific neutralizing antibodies against VP7 or VP4 epitopes (44, 55, 57, 58). Interestingly, a cross-

reactive IgA and IgG protection (independent of G and P-types) has been observed against the main 

immunogenic middle-capsid protein VP6 of rotavirus, supporting the generation of heterotypic 

responses after rotavirus vaccination (49, 57, 59) and the role of antibody-mediated intracellular 

neutralization (60). Moreover, the presence of mucosal immune mediator such as rotavirus-specific 
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sIgA has been also detected in sera and correlated with protection against rotavirus disease in children 

following RV1 vaccination (61). In terms of cellular immune response, a lower frequency of rotavirus 

specific CD4+ or CD8+ T cells in children has been described as compared with adults (62). However, 

an expansion of rotavirus specific CD4+T cells expressing gut homing receptors, has been detected in 

children PBMCs following monovalent RV1 vaccination (63). Nevertheless, further studies evaluating 

mucosal immune response in humans are necessary to provide humoral and cellular mechanistic 

correlates of protection associated to rotavirus vaccines.  

1.4.3 Novel norovirus vaccine candidates 

The development of a norovirus vaccine has confronted many obstacles, including the highly genetic 

and antigenic diversity of NoVs and the lack of a suitable cell line or animal models to further 

characterize the immunological determinants of NoV-associated disease. Although no absolute immune 

correlates of protection have been described against natural NoV infection to date, human challenge 

and vaccination studies have identified and correlated the presence of antibodies that block NoV-HBGA 

binding with protection against NoV-associated gastroenteritis and infection (64, 65). Moreover, 

HBGA-blocking antibodies has been recently described as a surrogate for human NoV neutralization 

using human intestinal enteroids (66). Additionally, a recent study in care homes settings highlight the 

role of mucosal antibodies as a correlate of protection, as observed by an increase of mucosal IgA levels 

(from saliva) in both symptomatic and asymptomatic (shedders) patients after GII.4 outbreak onset (67). 

This response remained up to 3 months later and correlated with systemic NoV-specific IgA levels and 

HBGA blockade antibodies titres (67). Moreover, both a genotype-specific and cross-reactive systemic 

immune response mediated by serum IgG has been described in children following exposure to GII.4 

NoV (68). Thus, a vaccine could be effective as primary homotypic NoV infection seems to protect 

against subsequent new symptomatic reinfections (68, 69). Currently clinical and pre-clinical studies 

with parenteral non-live vaccines mainly based on NoV virus-like particles (VLPs) have been 

performed, yet established correlates of protection and human mucosal immune responses remain 

undefined (70, 71). 
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1.4.3.1 Virus-Like particles-based vaccines   

Norovirus candidate vaccine strategies have focused on the outer capsid protein VP1, which 

spontaneously self-assemble into non-infectious, yet immunogenic virus-like particles (VLPs) when 

expressed in eukaryotic cells (71). Overall, VLPs are classified as a type of subunit vaccine, which 

morphologically and antigenically resembles to native virions and can be produced in large quantities. 

Three prophylactic VLP-based vaccines against human papilloma virus (HPV) have been approved and 

incorporated in national immunization programs, which have proven to be highly effective in the 

prevention of cervical HPV infection (72). These vaccines consist of major capsid protein (L1) VLPs, 

intramuscularly administered in 3-doses, providing a strong sterilizing immunity mediated by HPV-

specific antibodies (72). In case of NoV, both monovalent and multivalent VLP-based vaccines 

candidates from common human NoV genotypes (GI and GII) are currently being tested in pre-clinical 

and clinical trials. Additionally, subunit vaccine candidates based on viral particles formed exclusively 

by the P domain of VP1 have been also developed (all recently reviewed in (71, 73).  

1.4.3.2 Immune correlates of protection against Norovirus vaccines candidates 

Clinical (and preclinical) studies on NoV vaccine candidates have started to clarify some 

inconsistencies about correlates of protection against natural NoV infection.  

Monovalent GI.1 VLP-based vaccine. As an initial formulation, this vaccine candidate was adjuvanted 

with monophosphoryl lipid A (MPL), a detoxified bacterial lipopolysaccharide and TLR-4 agonist, and 

intranasally administered, inducing NoV-specific antibodies in sera from vaccinated subjects and 

homotypic protection against subsequent GI.1 challenges (65, 74). This initial phase 1 studies provided 

a proof of concept for safety and immunogenicity for mucosal NoV GI.1-derived VLP vaccine 

candidates (65, 74).  

Bivalent NoV vaccine. Further research has concentrated in the use of bivalent vaccine combinations 

of GI.1 and GII.4 VLPs as a way to improve NoV vaccine cross reactogenicity and considering the 

epidemiological impact of these genotypes. A dry powder formulation of a bivalent NoV GI and GII.4 

VLPs-based vaccine candidate, evaluated in guinea pigs, have shown a dose-dependent increase in 

systemic and mucosal antibody response against each of the VLPs after two intranasal doses (75). 
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Additionally, an intramuscular bivalent VLP-based vaccine based on GI.1 and 3 consensus sequences 

from GII.4 strains (2006a, Yerseke; 2006b, Den Haag; and 2002, Houston) have progressed into 

advanced stage of development (Takeda Nov Vaccine candidate: TAK-214) (76). These studies 

(reviewed in (73)) have evidenced the production of NoV-specific antibodies and HBGA-blocking 

antibody titres in sera. Moreover, antibody secreting cells (ASC) and memory B cells have been 

observed following vaccination, with presence of antigen-specific IgG memory B cells after 180 days 

postvaccination for both GI.1 and GII.4 VLPs (76, 77).  

1.4.3.3 Vaccine Adjuvants for VLP-based vaccines 

The utilization of adjuvants as immunomodulatory molecules may improve vaccine safety and 

immunogenicity and promote long-term protection in subunit vaccines. Moreover, adjuvants can help 

to reduce vaccine dosage and promote a stronger response among low-responders individuals, such as 

neonates and the elderly (78). Although VLP-based vaccines alone have been shown to be more 

efficacious than common subunit vaccines, adjuvants have been included in most VLP-based vaccine 

formulations, including several vaccine candidates for NoV infection (73, 77, 78). To date, most 

licensed VLP-based vaccines are mainly adjuvanted with aluminium salts, including Gardasil (HPV) 

(72), Engerix-B (HBV vaccine), and HEV (reviewed in (78)). In case of Norovirus, Takeda’s bivalent 

norovirus vaccine candidate (TAK-214) has also included aluminium (AlOH3; commonly referred as 

alum) in their first single-dose in-human efficacy trial, with significant efficacy against moderate to 

severe norovirus AGE (76).  

In other hand, the chitin polysaccharide-derivate Chitosan, have been reported as an effective mucosal 

adjuvant and delivery system promoting both systemic and mucosal immune responses by stimulating 

local phagocytes (78). Intranasal immunization with a VLP-based monovalent norovirus vaccine 

formulated with chitosan and MPL has demonstrated an effective protection against G1.1 NoV infection 

with virus-specific IgA serological response in vaccinees (74). However, to date no adjuvants have been 

included in licensed oral vaccines for enteric pathogens. Experimental studies in mice using α-

Galactosylceramide (α-GalCer), a sponge-derived sphingolipid and invariant Natural Killer T (iNKT) 

cell activator, have shown to increase mucosal immunogenicity of experimental oral-delivered vaccines 
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against enterotoxigenic Escherichia coli (ETEC) and Cholera (79). Further research is needed to better 

characterize the mucosal immune responses (and immune CoP) of NoV vaccine candidates along with 

mucosal adjuvant formulations.  

1.5 Host factors on enteric vaccine effectiveness 

From the nine current licensed mucosal vaccines, eight correspond to oral vaccines against cholera, 

salmonella, poliovirus, and rotavirus; the majority of which are live-attenuated formulations (all 

reviewed in (80). As described by Parker et al (53) relevant measures of oral vaccine responses can be 

grouped into immunogenicity, seroconversion, and post-vaccination shedding. This also includes 

vaccine efficacies and effectiveness parameters, defined as the percentage of disease reduction in 

vaccinees compared to unvaccinated under optimal conditions (e.g., clinical trials) and routinary use, 

respectively (53). Unfortunately, a considerable variation of protection levels (immunogenicity and 

efficacy) induced by oral-delivered vaccines - including enteric vaccines, such as rotavirus, OPV, and 

cholera - have been observed among different income settings, with lower efficacies in LMIC (44, 49, 

51-53). Although this poor immunogenicity has often documented for oral live-attenuated vaccines, 

inactivated vaccines, e.g., oral-killed cholera vaccine, have also shown similar variation among children 

in Nicaragua compared with Sweden (81). However, efficacies of new vaccines such as VLP-based 

vaccines have not been evaluated in low income-settings (82).  

Different environmental and host factors can contribute to poor oral vaccine responses, such as genetic, 

host nutritional status, gut microbiota, and pre-existing immunity, although the immunological 

mechanisms of this phenomenon are still incompletely understood (44, 53) (Fig. 1.9).  

 Figure 1.9. Risk Factors associated to oral vaccines failure. EED: Environmental enteric dysfunction; HBGA: 

Histo-blood group antigen. Figure modified from (53). 
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1.5.1 Genetic 

As we previously mentioned, host genetic predisposition to enteric pathogens, such as rotavirus and 

noroviruses, has been associated with the expression of Histo-blood group antigens (HBGAs) as a main 

factor for disease susceptibility (Box 1). In addition, strong strain-specific differences have been found 

in secretors (i.e., individuals with functional FUT2 gene), being significantly more susceptible to NoV 

GII.4 genotype and P[8]-type rotaviruses infection (83, 84). These findings opened the possibility that 

genotype-specific HBGA binding patterns may contribute to vaccine efficacy differences among 

countries, as norovirus GII.4 strains and P[8]-types rotaviruses are main components of  candidates and 

licensed vaccines for NoV and rotavirus, respectively. Nevertheless, a recent study from Malawi found 

no differences in virus faecal shedding nor seroconversion between HBGA phenotypes after rotavirus 

vaccination (RV1) and a reduced risk of vaccine failure among non-secretors (85). However, further 

investigation is required to evaluate maternal secretor status as a possible explanation for these results 

and to also examine the role of HBGA phenotypes on the efficacy of NoV vaccine candidates.  

1.5.2 Gut Microbiota 

The diversity of the gut microbiota is highly variable and unstable during early life until reaching an 

adult-like composition (by age 2-3 years), which subsequently decline with ageing (86). Significant 

differences in the composition of microbiota have been observed between industrialized or high-income 

countries and those with lower incomes, which in turn correlates with reduced vaccines immunogenicity 

(74). Most differences in the gut microbiota between these populations seem to be determined by 

environmental factors and diet rather than genetics, and for example, associated with a less diverse 

microbiota in industrialized countries (86). In terms of oral vaccines performance, studies from Pakistan 

and Ghana have reported significant differences in the gut microbiota from RV1 responders and non-

responders infants based on serological rotavirus-specific IgA response, where responders shared 

common microbiota signatures with healthy Dutch infants (RV1-associated conversion rates are >90% 

in infants from Northern Europe) (87, 88). 



 43 

1.5.3 Pre-existing immunity  

The baseline immune status of an individual prior to vaccination can shape the way they respond to a 

vaccine. This status is better known as pre-existing immunity, which is commonly associated to the 

baseline presence of antigen-specific antibodies due to maternal–foetal transmission, natural infection, 

or vaccination. As appropriate levels of protection against severe disease following subsequent natural 

infection have been associated with the baseline presence of specific antibodies to NoV and rotavirus 

(69, 89, 90), pre-existing humoral immunity appears as a main factor associated with vaccines 

underperformance in low-and middle-income settings, where high NoV and Rotavirus infection rates 

are present (53). Thus, while the presence of pre-existing antibodies can diminish the infectivity of 

rotaviruses and NoV, it may also interfere with the normal uptake and presentation pathways to oral 

vaccines. For example, high titres of rotavirus neutralizing antibodies (predominantly IgA) have been 

observed in breast milk from mothers in low-income countries (91). These virus-specific antibodies 

found in breast milk have the capacity to neutralize rotavirus vaccine strains and may affect the vaccine 

immunogenicity in infants (91, 92). Additionally, passively acquired serum IgG antibodies have also 

been associated with a reduction in the immunogenicity of OPV and oral rotavirus vaccines, such as 

Rotarix (53, 93). Similar outcomes have been documented in early natural infections, i.e., when 

pathogen exposure precedes the host vaccination phase (53, 92). Thus, a prior exposure to a pathogen 

may induce either a local IgA response or systemic specific immunity with a subsequent impairment of 

oral vaccine immunogenicity (53). Global Rotarix vaccination schedule has been applied in two-doses, 

4 weeks apart, starting at 8-weeks (2 months) and 12-to-16-weeks (3-4 months) respectively. A relevant 

factor considering that human rotavirus infection frequently occurs during the first 3 months of life in 

developing countries (44). Although the precise mechanisms of interference remain uncertain, overall, 

these factors may be also relevant for VLP-based vaccine investigations, as inactivated antigens could 

be masked by host pre-existing immunity (94) and the presence of pre-existing anti-VLP antibodies 

may decrease the efficacy of some VLP vaccines (95).  A recent study using sequential immunizations 

with multiple NoV VLP candidate vaccine, suggest that such interference may be given by the original 

antigenic sin, where the immune response to a priming antigen/vaccine (first exposure) shapes/interfere 

with the immunity of a closely related booster antigen (96).  
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1.6 HYPOTHESIS 

Using an ex vivo mucosal cell culture model with human tonsillar tissues (NALT), this project will 

focus on the evaluation of immunogenicity of enteric vaccines: 1) a live-attenuated oral rotavirus 

vaccine (RV1) and 2) a VLP-based GII.4 norovirus potential vaccine candidate, to comprehend the 

immunological mechanism associated with mucosal vaccine-mediated protection. Specifically, this 

project aimed to study the capacity and functional properties of T cells or B cell-mediated antibodies 

induced by enteric vaccines and will examine the potential effect of host pre-existing immunity on 

vaccine-induced immune responses. 

1.7 THESIS AIMS 

Main Aim 

To evaluate the immunogenicity of an oral live-attenuated rotavirus vaccine, Rotarix®, and a novel 

virus like-particle-based norovirus vaccine, ex vivo using tonsillar tissues (NALT) from children and 

adults and examine the relationship between pre-existing immunity and vaccine-induced T and B cells 

responses.  

Specific Aims 

1. To characterize the pre-existing immunity against rotavirus and NoV in children and adults. 

Virus-specific antibodies (IgG and IgA) will be analysed in serum samples by ELISA.  

2. To evaluate the immunogenicity of Rotarix and NoV vaccine candidate ex vivo using tonsillar 

mononuclear cell cultures from children and adult.  

3. To determine the relationship between the pre-existing natural immunity and enteric vaccine-

induced mucosal immune response.  
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CHAPTER II 

Material and Methods 

 

2.1 Study subjects 

Ninety-four immunocompetent children (1.5-16 years) and adults (17-45 years) referred to 

adenotonsillectomy due to upper-airway obstructions or tonsillitis were included in this study. All 

subjects were recruited at Alder Hey Children’s Hospital and Aintree University Hospital, Liverpool, 

UK. Patients who received immunosuppressant treatment, or with any known immunodeficiency were 

excluded from the study. The study was ethically approved by the National Research Ethics Committee 

(REC No: 14/SS/1058), and written informed consents were obtained from all subjects or their legal 

guardians.  

2.2 Samples 

2.2.1 Adenotonsillar tissues 

Human tonsillar tissue samples were collected following the patient´s adenotonsillectomy. Fresh 

tonsillar tissues were stored in Hank’s Balanced Salt Solution (HBSS) (Sigma Aldrich, UK) 

supplemented with 100 U/ml penicillin, 100 µg/ml streptomycin and 1% L-glutamine (all Sigma 

Aldrich, UK) and delivered to the Department of Clinical Infection, Microbiology, and Immunology at 

University of Liverpool for processing. Grossly inflamed tonsillar tissues were excluded from the study. 

2.2.2 Peripheral Blood and Serum  

Venous blood was collected from recruited patients undergoing adenotonsillectomy as mentioned 

above. Between 1-10 mL of blood were collected into a 25-ml universal tube containing 100 µl of 

heparin (LEO Pharma, UK). Whole blood was centrifuged at 400 x g for 10 min to collect serum 

samples which were then kept at -80°C until assay.  

2.3 Vaccines and Viral Antigens 

2.3.1 Live Attenuated Oral Rotavirus Vaccine 

A live-attenuated oral vaccine against Rotavirus (Rotarix®), was purchased from GSK. 
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Rotarix®, referred to as RV1, is an oral rotavirus vaccine derived from the human rotavirus RIX4414 

strain (live-attenuated, G1P[8] type). The oral RV1 suspension (1.5 mL) contains approximately 106 

Cell Culture Infective Dose (CCID50) of live, attenuated rotavirus. 

2.3.2 Inactivated rotavirus antigens 

Rotavirus grade 3 antigens (Microbix Biosystems) consist of inactivated Group A rotavirus-derived 

antigens (SA-11-strain) partially purified from infected MA104 cell culture.  Simian S11A rotavirus is 

a readily obtainable prototype group A rotavirus strain widely used for serological detection of 

rotavirus-specific human antibodies (97). This commercial antigen preparation derives from whole 

inactivated SA11 rotavirus particles, assuring a wide range of antigenic epitopes available and therefore 

used as coating antigen for measurement of rotavirus-specific human antibodies by ELISA (e.g., as 

surrogate for the evaluation of heterotypic response and/or pre-existing immunity to rotavirus).    

2.3.3 Live Attenuated Influenza Vaccine 

FluMist® (season 2011-2012, NR-36465, BEI resources, USA) is a trivalent live attenuated influenza 

vaccine (LAIV), derived from a reassortant of A/California/07/2009 (H1N1) pdm09, A/Perth/16/2009 

(H3N2) and B/Brisbane/60/2008 influenza viruses. Each 0.2 mL formulation contains 106.5-107.5 

fluorescent focus units (FFU) of each of the three virus strains.  

2.3.4 Norovirus-derived Virus Like Particles  

Human norovirus virus-like particles (VLP) were produced on Spodoptera frugiperda (Sf9) insect cells 

by using a recombinant GII-4 norovirus-strain baculovirus2 (BAC-GII4v2) previously described by 

Allen et al (98). Sf9 cells were grown and maintained at 27°C with shaking in SF900-II Insect Cell 

Media (GibcoTM, Thermo-Fisher) supplemented with 2% FBS plus 1% of Antibiotic-Antimycotic 

(penicillin, streptomycin, and Amphotericin B) (GibcoTM, Thermo-Fisher). Cell culture suspension of 

Sf9 insect cells were infected at multiplicity of infection (MOI) of between 2-3 PFU/cell with the rNoV 

baculovirus (BAC-GII4v2) and incubated at 28°C for 48-72 hours. Intracellular-phase VLPs were 

 
2 The recombinant baculovirus for NoV VLP production, i.e., BAC-GII4v2, was kindly provided by Dr Daniel 

Kelly (The London School of Hygiene & Tropical Medicine, London) and previously generated by Dr Allen´s 

method after cloning the major and minor structural proteins, VP1 and VP2, respectively, from a NoV positive 

clinical sample (GII-4 Sydney-2012 strain) into a bacmid expression system (98). 
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purified by sequential centrifugation and concentrated using 15%-60% sucrose gradient 

ultracentrifugation (Fig. 2.1). Purified fractions were analysed by sodium dodecyl sulphate (SDS)-12% 

polyacrylamide gel electrophoresis (PAGE) (NuPAGE kit, Invitrogen) according to manufacturer's 

instructions. Presence of the capsid protein was observed at 58KDa molecular weight (See Appendix 

A, Fig. A1). The protein concentration of the VLP preparation was measured using the Qubit Protein 

Assay Kit (Fisher Scientific, Leicestershire, UK). Purified human norovirus VLP, referred to as NoV1, 

were used and evaluated as a novel VLP-based vaccine candidate (Fig. 2.1).   

2.4 Adjuvant: α-Galactosylceramide 

α-Galactosylceramide (Adipogen, Caltag Medsystems Ltd, UK) was solubilized in DMSO following 

manufacturer’s instructions. Briefly, α-GalCer was dissolved at 1mg/ml by heating at 80°C and 

sonicated for 2 h until completely dissolved. Stock solution was stored at -20°C until use and further 

diluted in 1X PBS at a desired concentration for mice and human tonsillar cell stimulation assays.  

2.5 Antibodies 

Antibody standards and enzyme-conjugated secondary antibodies used for enzyme-linked 

immunosorbent assays (ELISA) were obtained from SIGMA (Sigma Aldrich, UK), and will be detailed 

in each result chapter accordingly.  

2.6 Tissue sample processing and cell isolation 

Human palatine tonsils were washed with Hank’s balanced salt solution (HBSS) upon arrival to remove 

any debris and contaminated blood and stored at 2-8°C until being processed. Tonsillar mononuclear 

cells (MNCs) were freshly isolated according to a previously described method (99).  Briefly, tonsils 

were minced in HBSS with a sterile scalpel and filtered through a 70-μm cell strainer (Fisherbrand, 

Fisher Scientific UK) to collect cell suspension. MNCs were isolated by density gradient centrifugation 

at 400 x g for 30 mins using Ficoll-Paque Premium (Cytiva, UK). Tonsillar MNCs were collected and 

washed with Dulbecco's Phosphate-Buffered Saline (DPBS, 1X) (Gibco, Thermo Fisher Scientific UK) 

and finally resuspended in RPMI 1640 (Gibco, Thermo Fisher Scientific UK) supplemented with 10% 

heat-inactivated fetal bovine serum (FBS) (Sigma-Aldrich), 2 mmol/L L-Glutamine, 100 U/mL 
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penicillin and 100 U/mL streptomycin (Thermo Fisher Scientific, UK), and referred to as supplemented 

RPMI. Cells were counted using a haemocytometer and kept at a concentration of 4 x 106 cells/mL in 

supplemented RPMI until use.  

Figure 2.1. Norovirus virus like particles purification.  
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2.7 Magnetic cell separation  

In some experiments, CD45RO+ cells (memory and activated T cells) were depleted from tonsillar MNC 

in order to analyse naïve T cell response. Tonsillar MNCs were depleted of CD45RO+ cells by using 

beads-based magnetic-activated cell separation (MACS) (Miltenyi Biotec, Germany) according to 

manufacturer´s instructions. Briefly, tonsillar MNCs (5 x 107 – 1 x 108 cells) were washed once with 

1X DPBS (Gibco, Thermo Fisher Scientific UK) and resuspended in MACS buffer (0.5% BSA in 1X 

DPBS). Cells were incubated with CD45RO Microbeads (magnetic labelled anti-human CD45RO 

antibodies) for 15 min at 4°C. Cell suspension was washed with 5 mL of MACS buffer and centrifuged 

at 400 x g for 5 minutes. Cells were resuspended in 0.5 mL of MACS buffer and passed through an LS-

column placed previously on a magnetic separator. Microbead-labelled cells (CD45RO+ memory T 

cells) were magnetically retained in the LS-column, and CD45RO+-depleted cells (CD45RO- MNCs) 

were eluted twice with 1 mL of MACS buffer and collected immediately into a new sterile universal 

tube. Finally, cells were centrifuged at 400 x g for 5 minutes and resuspended in supplemented RPMI 

until use as described before. Purity of CD45RO+-depleted cells (CD45RO- MNC) (>99%) was 

confirmed by Flow cytometry (See Appendix B, Fig. B1).  

2.8 Carboxyfluorescein succinimidyl ester (CFSE)  

To monitor Human NALT T cell proliferation following vaccine stimulation, tonsillar MNCs (and 

CD45RO+-depleted cells) were labelled with Carboxyfluorescein succinimidyl ester (CFSE) (CellTrace 

CFSE Cell Proliferation Kit, Thermo Scientific, UK). Briefly, tonsillar MNC (5 x 107 – 1 x 108 cells) 

were washed with 1X DPBS and centrifuged at 400 x g for 5 minutes. Cells were resuspended in 2 mL 

of 1X DPBS. A 1:4000 dilution from the 5mM CFSE stock was made by previously making a 2000-

fold dilution in 1X DPBS and then adding 2 mL from this working stock to the resuspended cells (i.e., 

a final concentration of 1,25 μM of CFSE was used). Cells were mixed thoroughly and incubated at 

37°C in 5% CO2 for 8 minutes. CFSE staining was stopped by washing the cells with ice cold 

supplemented RPMI. Labelled cells were centrifuged at 400 x g for 5 minutes and resuspended in 

supplemented RPMI. Cells were counted using a haemocytometer and reconstituted at a concentration 

of 4 x 106 cells/mL in supplemented RPMI until use.  
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2.9 Flow cytometry  

2.9.1 Cell surface and intracellular staining 

Multicolour antibody panels were designed and used to evaluate tonsillar cell phenotypes and 

functionality by flow cytometry (FACS). Fluorochrome-conjugated monoclonal antibodies used for 

flow cytometry were purchased from Biolegend (UK). To stain human NALT cells for FACS analysis, 

tonsillar MNCs were harvested after individual vaccine stimulation. Briefly, cells were transferred to 

1.5-mL microtubes, and washed with 1 mL of FACS staining buffer (0.2% BSA in 1X PBS) followed 

by centrifugation at 500 x g for 5 minutes. Cells were later resuspended with 50 μl of fluorochrome-

conjugated antibody mix designed for cell surface markers (e.g., CD4, CD3, CD8) and incubated at 4°C 

for 30 minutes. For T cells analyses, tonsillar MNCs were stained with Pacific Blue or PE/Cy7 anti-

human CD3 (clone HIT3a; Biolegend), PerCP/Cy5.5 anti-human CD8a (clone HIT8a; Biolegend) and 

APC/Cy7 or APC/Fire 750 anti-Human CD4 (clone RPAT4; Biolegend). Additionally, cells were 

stained with FITC anti-human CD49d (clone 9F1; Biolegend) and APC anti-human/mouse Integrin β7 

(clone FIB504; Biolegend) for the analysis of gut homing α4+β7+ tonsillar T cells. Stained cells were 

then washed by adding 1 mL of FACS buffer and centrifuged at 500 x g for 5 minutes. Cells were 

carefully resuspended in 300-500 μl of FACS buffer and analysed immediately by Flow cytometry. In 

case of intracellular staining (e.g., cytokines) was needed, surface-stained cells were resuspended in 

200 μl of intracellular fixation buffer (eBioscience, UK) and incubated in the dark at room temperature 

for 30 min after mixing well by pipetting. Fixative solution was later washed out by adding 1 mL of 1X 

permeabilization buffer (eBioscience, UK) into the cells and centrifuging at 700 x g for 5 min. Last step 

was repeated by adding 1 mL of 1X permeabilization buffer. Permeabilized cells were resuspended with 

30 μl of fluorochrome-conjugated antibodies mix for any intracellular cytokine (e.g., IFN-γ) and 

incubated in the dark for 30 minutes. Cells were washed by adding 1 mL of 1X permeabilization buffer 

and centrifuged at 1000 x g for 5 min. Supernatant was discarded and cells were finally resuspended in 

200 μl of FACS buffer. All labelled cells were kept in the fridge at 2-8°C and protected from light until 

measured by flow cytometry. 
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2.9.1.1 Calculation of antibody cocktail volume  

The total volume (μl) of each antibody needed for staining each sample/vial of cells was previously 

optimized for the assay. Single volumes were multiplied accordingly by the total number of vials to 

stain based on a final mix volume of 50 µl per vial. For example, if we wish to prepare 50 μl (i.e., one 

vial of cells) of surface antibody cocktail for T cells, using 2 μl of anti-human CD4, CD8 and CD3 

antibodies per vial, respectively, we will need to consider a total antibody cocktail volume of 6 μl, plus 

44 μl of FACS buffer to complete the final 50ul antibody mix volume (Table 1). Additionally, to prepare 

the same mix for 5 sample vials, you will need to multiply each antibody volume by 5 (see Table 1).   

2.9.2 Zombie LIVE/DEAD labelling  

Dead cells from tonsillar MNC were discriminated by flow cytometry using the Zombie Aqua™ Fixable 

Viability Kit (Biolegend, UK). Zombie dyes are amine-reactive fluorescent dyes able to penetrate cells 

with compromised membranes (Fig. 2.2). Thus, dead cells incorporate this dye into their cytoplasm 

while live cells exclude it (or will be slightly stained on surface). Dead cells are significatively 

represented by a brighter population due to an increased number of labelled proteins (Fig. 2.3). Cells 

were labelled with Zombie Aqua™ along with the surface antibodies staining mix following the same 

protocol for surface marker staining as described previously. Harvested cells were washed with 1 mL 

of FACS staining buffer (0.2% BSA in 1X PBS) and centrifuged at 500 x g for 5 minutes. Zombie dye 

was previously reconstituted in 100 ul of DMSO according to manufacturer’s instructions and stored in 

5 ul aliquots at -20°C until use. Zombie dye was added in the antibody cocktail mix and used at 1:1000 

dilution (see Table 1).  

Figure 2.2. Zombie LIVE/DEAD labelling principle. 
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Table 1. Antibody cocktail volumes for flow cytometry staining.  

Antibody Name Volume per 1 vial Volume per 5 vials 

Anti-human CD3 2 μl 10 μl 

Anti-human CD4 2 μl 10 μl 

Anti-human CD8 2 μl 10 μl 

FACS Buffer 44 μl 220 μl 

TOTAL volume 50 μl 250 μl 

Zombie Aqua™ dye 0.044 μl 0.22 μl 

 

 

Figure 2.3. Cell viability analysis by Zombie LIVE/DEAD labelling. Human tonsillar MNCs were 

harvested 72 hours after processing and left untreated or heated at 56°C for 45 minutes for cell viability evaluation. 

A 1:1 mix of both controls (untreated and heat killed cells) were included as Live/dead control (50/50). Cells were 

stained with Zombie aqua LIVE/DEAD dye and PerCP-Cy7 anti-human CD3 antibody and analysed by flow 

cytometry. Representative dot plots show the percentage of both dead and live cells for (A) Total or (B) CD3+ 

tonsillar MNCs, respectively. Lymphocytes from whole tonsillar MNCs were gated based on cell size (FSC-H) 

and granularity (SSC-H), respectively. Doublets were excluded from the analysis by singlets selection.  
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2.9.3 Flow cytometry analysis 

Fluorescence-labelled cells were measured immediately by flow cytometry. Briefly, cells were carefully 

transferred to a FACS tube (Corning, UK) and acquired using a BD FACS Canto II flow cytometer (BD 

Biosciences, USA). The number of recorded events was dependent upon each study. FACS data was 

analysed using FlowJo X v10.0.7 software. Cell population and gating strategies were specified in each 

result chapter Appendix.   

2.10 Enzyme-linked Immunosorbent Assay (ELISA)  

2.10.1 Measurement of IFN-γ concentration  

Human tonsillar cell culture supernatants were collected at day 3 following vaccine stimulation (i.e., 

Rotarix or Norovirus VLPs) for the measurement of IFN-γ production by enzyme-linked 

immunosorbent assay (ELISA). Interferon-γ concentrations were determined using the Human IFN-γ 

Duo set ELISA kit (R&D Systems, USA) according to manufacturer´s instructions. Briefly, 96-well flat 

bottom plates (High binding, Corning™ Costar™, USA) were coated with 100 μl per well of 3 μg/ml 

Mouse Anti-Human IFN-γ capture antibody previously reconstituted in 1X PBS. Plates were sealed and 

incubated overnight at 4°C. Plates were then washed 3 times with 300 μl of washing buffer (0.05% 

Tween-20 in 1X PBS) and blocked with 200 μl/well of Reagent Diluent (2% BSA in 1X PBS) at room 

temperature for 60-90 min. For IFN-γ standard, a 10-fold dilution from the reconstituted recombinant 

Human IFN-γ Standard (190 ng/mL stock) was added in duplicates to the first wells followed by a 2-

fold serial dilution. A 5-fold dilution was used for cell culture supernatants. Both standard and samples 

were diluted in Reagent diluent and used at 100 μl and 50 μl per well, respectively. Plate was incubated 

for 2 hours at room temperature and washed 3 times afterwards. A 100 μl of 1:60 diluted Biotinylated 

Mouse Anti-Human IFN-γ Detection Antibody was added to each well and incubated for another 2 

hours at room temperature. Then, 100 μl of the working dilution of Streptavidin-HRP B was added to 

each well and incubated for 30 minutes at room temperature. Finally, 100 μl/well of TMB (SIGMA) 

were added and incubated for 10-20 min until colour development. The absorbance was read at 450nm 

after addition of 2N H2SO4 by using an ELISA plate reader (Thermo Scientific, UK).   
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2.10.2 Detection of virus-specific antibody production by tonsillar MNC 

Supernatants from tonsillar MNC cultures were collected at day 7 and 14 post stimulation with 

Rotavirus or Norovirus vaccines and analysed for virus-specific antibody production by ELISA, 

respectively. Standardized protocols for each antibody response were specified in chapter IV. Antibody 

reference standards and enzyme-conjugated antibodies used for ELISA were obtained from SIGMA 

(Sigma Aldrich, UK), and will be detailed in each result chapter accordingly.   

2.10.3 Detection of Norovirus-specific antibody production in mice 

Norovirus-specific IgA and IgG levels from NoV1-immunized mice were quantified by ELISA. 

Procedure standardization for each antibody response with mouse experimental details were specified 

in chapter III. Immunoglobulin standards and enzyme-conjugated antibodies used for ELISA were 

obtained from SIGMA (Sigma Aldrich, UK), and will be detailed in each chapter accordingly.    

2.11 Statistical analysis 

All statistical analyses were performed using GraphPad Prism 9.0. Two groups difference were 

analysed using paired t-test. Fold change analyses against unstimulated control were included 

considering tonsillar MNCs inherent baseline response and/or activation due to continuous exposure to 

external antigens; Fold-changes analyses were made by two-way ANOVA multiple comparisons. 

Correlations between variables were analysed using Pearson´s correlation coefficient. Linear 

regressions (2nd order polynomial) were performed accordingly as a representative fit to express the 

relationship between data.  P<0.05 was considered statistically significant.  
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CHAPTER III 

Evaluation of norovirus-specific systemic and mucosal antibody response in 

mice following oral immunisation with norovirus VLP-based vaccine 

candidate 

 

Difficulties to culture noroviruses have been a major obstacle to study in dept the virus immunobiology 

and develop effective antiviral strategies. Although there is no licensed NoV vaccine available, pre-

clinical and advanced clinical studies with parenteral non-live subunit vaccines candidates, mainly 

based on NoV virus-like particles (VLPs) have been developed (70, 71). The expression of NoV capsid 

protein VP1 leads to self-assembly of non-infectious, yet immunogenic, VLPs (100). These NoV 

capsid-based particles are morphologically and antigenically similar to native virions, and can be 

synthetized in large quantities, being a promising vaccine candidate for norovirus disease. Adjuvants 

have been also included in most VLP-based vaccine formulations, including several vaccine candidates 

for NoV infection (73, 77, 78).  The use of adjuvants as immunomodulatory molecules improves 

vaccine safety and immunogenicity in subunit vaccines promoting a stronger response, especially 

among unexposed and/or low-responders individuals, such as infants (76). Based on these properties, 

we evaluated the immunogenicity of human norovirus VLPs by examining the systemic and mucosal 

antibody response in mice after repeated oral immunisation with norovirus GII-4 Sydney-2012 strain-

derived VLPs (comprised of NoV viral capsid structural proteins VP1 and VP2; coined NoV1) as a 

potential vaccine candidate. Moreover, we evaluated the potential role of a-Galactosylceramide (α-

GalCer) as mucosal adjuvant to promote a stronger VLP-induced immune response. These findings will 

work as a proof of concept for the evaluation of α-GalCer with viral antigens and their translation in 

human NALT model. 

3.1 Immunization with NoV virus-like particles using adjuvant α-Galactosylceramide 

An in vivo experiment, summarized in Figure 3.1, was performed to evaluate the immunogenicity of 

norovirus VLP and the role of α-Galactosylceramide (α-GalCer) as mucosal adjuvant in mice. This 
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experiment was performed by former laboratory members3 as part of a collaboration from Professor 

Miren Iturriza-Gomara at Institute of Infection, Veterinary and Ecological Sciences (former institute of 

Infection and Global health, IGH), University of Liverpool. This chapter presents the results from 

analysis of the samples collected from the experiment described in Figure 3.1 which were processed 

and analysed as part of this thesis. 

3.1.1 NoV1: Norovirus VLP-based vaccine candidate 

Norovirus GII-4 strain virus like particles, comprised of norovirus viral capsid structural proteins VP1 

and VP2, were produced on Sf9 insect cells infected with a recombinant baculovirus, BAC-GII4v2, as 

previously described by Allen et al. (98). Norovirus VLPs were purified by ultracentrifugation through 

a sucrose cushion as previously detailed in Materials and methods section in Chapter II (98). Purified 

norovirus VLPs were further evaluated as a novel VLP-based vaccine candidate, referred to as NoV1.   

Figure 3.1. Mice oral immunization schedule for Norovirus VLP and α-GalCer evaluation. C57BL/6 mice 

(N=40, 10 per arm) were orally immunised with 3 ug of NoV VLP (NoV1) or in combination with 10μg of α-

GalCer adjuvant. Control mice were given PBS or α-GalCer, respectively. Mice were distributed in two groups 

of 5 animals each per arm. A boost was applied at day 14 and 28 post immunization. Blood from tails was collected 

at days 7, 21 and 35 post immunization. Faecal pellets were pooled per cage at same intervals. 

 

 
3 Performed by Dr Stavros Panagiotou and Dr Daniel Kelly at The University of Liverpool 
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3.1.2 Oral immunization and sample collection.  

Eight-weeks old, females, C57BL/6 mice (N=40, 10 per arm) were immunised by orally administering 

3 μg of NoV1, in the presence or absence of 10 μg α-Galactosylceramide (α-GalCer) (Adipogen Life 

Sciences) as adjuvant. Additionally, same-dose boosts were applied at day 14 and 28 post-

immunization, comprising a total 3-dose immunization regimen. All preparations were made up to 

200μl volume in sterile 1X PBS (Thermo Fisher Scientific, UK). Control mice were given 1X PBS and 

10 μg of α-GalCer, separately. Mice were distributed in 2 cages with 5 animal each, per treatment, 

respectively. Mice were closely monitored for the visual development of clinical signs of side-effects 

according to specific COSHH assessment standards by the Department of Clinical Infection 

Microbiology Immunology, University of Liverpool. Blood samples were collected by tail bleed at days 

7, 21 and 35 post immunization. Stool pellets were collected and pooled per cage, i.e., five animals per 

treatment in duplicate, following the same time intervals (Fig. 3.1). Faecal samples were weighted and 

processed by making a 10% wt/vol suspension, depending on the weight of each sample, in sterile 1X 

PBS. Samples were centrifuged at 400g for 5 min and supernatants were collected for ELISA 

measurements. All samples were stored at 80°C until use for virus-specific antibody analyses. 

3.2 Development and optimization of an in-house Enzyme-Linked Immunosorbent 

Assay for detection of norovirus-specific antibodies 

An in-house indirect ELISA (Enzyme-Linked Immunosorbent Assay) for immunological quantification 

of norovirus-specific antibodies in mouse serum and stool samples was developed to evaluate the 

immunogenic performance of NoV1 and the adjuvant role of α-GalCer in mice. A standardised protocol 

was optimized for both IgG and IgA antibodies measurements using the above-mentioned purified 

norovirus virus-like particles, NoV1, as a coating antigen (Fig. 3.2). 

3.2.1 Preparation of Norovirus VLP-coated microtiter plates 

Ninety-six microtiter plates (High binding, Corning™ Costar™) were coated directly with 100 μl of 5 

μg/mL NoV-VLP (0.5 μg per well). Assay coating conditions were previously chosen according to 

optimal signal/background ratio values from three different VLP coating concentrations (0.5, 1.0 and 

2.0 μg/well) (Fig. 3.2. B). Virus-like particles were diluted in carbonate-bicarbonate buffer, pH 9.6 
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(Sigma-Aldrich). Plates were covered with adhesive seal and kept 48 hours at 4°C. Non-specific protein 

binding was blocked by adding 250 μl/well of 5% Skimmed milk in 1X PBS for 60 minutes at 37°C. 

Microtiter plates were kept in a humidity chamber through all assay incubations to minimize the liquid 

evaporation and cross contamination. 

3.2.2 Preparation of IgG and IgA Standard 

Purified mouse immunoglobulins were used as theorical norovirus-specific antibodies standard due to 

lack of specific mouse NoV-specific polyclonal antibodies available. A 100-fold or 20-fold dilution of 

purified mouse IgG (PMP01, BioRad) or mouse IgA (553476, BD Biosciences) were added directly to 

96-microtiter plates, respectively, to prepare a standard curve in each experiment. Briefly, 2-fold serial 

dilutions were performed seven times in duplicate for IgG (starting concentration 10 μg/mL) or IgA 

(starting concentration 25 μg/mL) using carbonate-bicarbonate buffer, pH 9.6. Plates were incubated 

for 48 h at 4°C for immunoglobulins adsorption along with NoV-VLPs.  

3.2.3 Norovirus-specific IgG and IgA detection in serum  

Assay performance using NoV VLP-coated plates was evaluated by testing serum samples from mice 

immunized with NoV1 and α-GalCer adjuvant. The presence of NoV-specific antibodies was assessed 

from mouse sera collected at day 21 post immunization (i.e., 7 days after the first boost). Sera from PBS 

control group were also included to determine the assay specificity.  

NoV VLP-precoated plates were washed 3 times with 300 μl of 1X PBS containing 0.05% Tween-20 

(washing buffer). Plates were loaded with 50 μl of mice serum dilutions (50-fold for control sera, and 

50- or 100-fold for the immunized groups), prepared in 1% Skimmed Milk/1X PBS (dilution Buffer), 

and incubated for 90 min at 37°C on a humidity chamber. Dilution buffer was used as a negative control. 

Plates were washed 3 times after sample incubation and 100 μl of horseradish peroxidase conjugated 

secondary antibody for IgG (goat anti-mouse IgG, sc-2005, Santa Cruz Biotechnology) or IgA (goat 

anti-mouse IgA, 1040-05, Southern Biotech) were added. Enzyme-conjugated secondary antibodies 

were used at 1:4000 or 1:1000 dilution for mouse IgG or IgA detection, respectively. Plates were 

incubated for 60 min at 37°C and washed again as mentioned above. Lastly, a 100 μl per well of 

supersensitive 3´3´5´5´-TMB peroxidase substrate (Sigma Aldrich, UK) was added, and plates were 
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incubated in darkness for 10-20 min. Absorbances readings were recorded 10 to 20 min after the stop 

solution (H2SO4, [2N]) addition at 450 nm by using a Multiskan Spectrum spectrophotometer (Thermo 

Fisher Scientific, UK). Quantitative analyses were performed using 4-Parameter Logistic (4PL) curve 

fitting by MyAssays software (MyAssays Limited, UK). Assay steps were summarized in Figure 3.2.  

Figure 3.2. In-house ELISA for norovirus-specific antibodies detection. An indirect ELISA for detection of 

IgG or IgA antibodies against norovirus was developed using 96-well microtiter plates coated with GII.4 norovirus 

virus-like particles (NoV-VLPs) (A). Representative data from virus-specific serum IgG levels  evaluated in 

C57BL/6 mice 21 days after immunization with NoV-VLP (NoV1) and α-GalCer adjuvant, or with PBS as 

negative control (B, C). Absorbances from sera dilutions (1:50 or 1:100) were recorded at 450 nm using different 

assay coating concentration (0.5, 1.0 and 2.0 μg/well) (B). A standard curve using purified mouse IgG (BioRad) 

was included. Data was quantified using a 4-parameter logistic (4PL, red line) curve regression by MyAssays 

software (C).   
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3.2.4 Norovirus IgG assay optimisation results 

As shown in figure 3.2, a significative presence of norovirus-specific IgG antibodies was successfully 

detected from mice immune sera using ELISA test described above. Absorbance values were not altered 

by different VLP coating concentrations, suggesting an appropriate adsorption of NoV-VLP to the well 

surface (Fig. 3.2. B). No significant improvement in particles adsorption were observed using purified 

porcine gastric mucin type III (Sigma)4 pre-treated microtiter plates (data not shown). Additionally, an 

optimal assay specificity was evidenced by low background absorbance values observed in PBS control 

groups (Fig. 3.2. B). No unspecific signal was detected using dilution buffer as negative control. 

Therefore, considering the assay performance and to minimize the consumption of a critical reagent, 

the lower VLP-coating concentration (0.5 μg/well) was chosen. Assay quantification using 0.5 μg/well 

of NoV-antigen coating for both VLP-stimulated and PBS control groups are described in Figure 3.2. 

As shown in figure 3.2 C, a symmetrical sigmoidal curve using four-parameter logistic regression 

(MyAssays) were observed after 20 min of HPR-substrate addition. A starting IgG concentration of 10 

μg/mL was assigned using purified mouse IgG as a reference standard. Theoretical norovirus-specific 

IgG concentrations were interpolated from the standard curve based on standard curve absorbance 

values (Fig. 3.2. C). 

3.3 Norovirus-specific systemic and mucosal antibody response after repeated oral 

immunization with α-GalCer and norovirus VLPs.  

The immunogenicity of human norovirus-VLP based vaccine candidate, NoV1, and the adjuvanticity 

of α-GalCer, was evaluated in mice by examining both systemic and mucosal antibody response 

following a 3-dose immunization regimen, as previously described in Figure 3.1. Norovirus-specific 

IgA and IgG levels from mice immunization experiments were quantified using the in-house ELISA 

methodology as described above. Briefly, 96-well microtiter plates were coated with 0.5 μg/well of 

NoV VLPs in carbonate-bicarbonate buffer at 4°C. For IgG systemic response evaluation, plates were 

incubated with individual mouse serum dilutions (100-fold dilution for control sera and 100, 200 or 

 
4 Human NoV VLPs can bind to glycoproteins from animal gastric mucosa (e.g., purified porcine gastric 

mucin type III) through the carbohydrate moieties (101). 

 



 63 

400-fold sera dilution for immunized groups). A 40-fold dilution of mouse sera was used in parallel for 

IgA detection in all experimental groups. Additionally, detection of NoV-specific IgA in stool pellets 

was performed following the same assay conditions. Stool pellets were previously weighted by group 

and homogenized in 1X PBS to a final 10% w/v solution. Stool samples were finally added in duplicate 

following a 2-fold dilution series pattern from 1:5 to 1:40 per well. Norovirus-specific antibody 

detection was done using HRP conjugated anti-mouse IgA or anti mouse IgG antibodies and 

supersensitive TMB as a chromogen. Assay quantification was performed against 2-fold serial dilutions 

of commercial immunoglobulin standard for mouse IgG (starting at 10 μg/ml) or IgA (starting at 25 

μg/ml), respectively. Data analysis was performed using four parameter logistic regression curves by 

MyAssays software. Assay cut-off threshold for positive readings was defined as the average 

absorbance from PBS-treated control group (negative control) plus 3 times the standard deviation (SD) 

of same control group absorbances: All ELISA measurements were performed in duplicate. 

𝐴𝑠𝑠𝑎𝑦 𝐶𝑢𝑡𝑜𝑓𝑓 =  𝐴𝑣𝑒𝑟𝑎𝑔𝑒 (𝑂𝐷 𝑉𝑎𝑙𝑢𝑒𝑠 𝑜𝑓 𝑃𝐵𝑆 𝑐𝑜𝑛𝑡𝑟𝑜𝑙) +  3 × 𝑆𝐷(𝑂𝐷 𝑉𝑎𝑙𝑢𝑒𝑠 𝑜𝑓 𝑃𝐵𝑆 𝑐𝑜𝑛𝑡𝑟𝑜𝑙) 

The presence of norovirus-specific antibody levels in serum and stool samples were calculated using 

the average of two positive readings, i.e., values over the assay cut-off threshold and within the standard 

curve linear range.  

3.3.1 NoV1 vaccination induces Norovirus-specific IgG and IgA levels  

The immunogenicity of the norovirus VLP-based candidate vaccine, NoV1, was recorded from 2 cages 

of 5 animals each, per arm (N=40, 10 per arm) after orally delivered in the presence and absence of the 

adjuvant α-GalCer (detailed in Figure 3.1).  
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Figure. 3.3. Repeated oral immunization 

with Norovirus VLPs and α-GalCer 

adjuvant induces a robust norovirus-

specific antibody response in mice. 

C57BL/6 mice (N=40, 10 per arm) were orally 

immunised with 3 μg of VLP-based norovirus 

vaccine candidate (NoV1) alone or in 

combination with 10 μg of α-GalCer adjuvant. 

Negative control groups were administered 

PBS or α-GalCer, respectively. Boost doses 

were applied 14 and 28 days after 

immunization. Serum norovirus-specific IgG 

(A) and IgA (B) antibodies were measured by 

ELISA at days 7, 21 and 35 post immunization 

(p.i.). The presence of virus-specific IgA 

antibodies in stool samples was evaluated at 

same time intervals (C). Data analysis was 

performed by four parameter logistic curve 

regression using MyAssays. Assay cut-off 

threshold for positive readings was defined as 

the mean OD value of PBS control group (X) 

+ 3SD. Data were represented as mean + 

SEM. Stool pellets were pooled per cage (2 

cages with 5 animals each per treatment arm). 

Statistical analysis was performed in 

GraphPad Prism by 2way ANOVA: n=10 per 

group, a, b: p<0.0001, b, c: p = 0.0003.  
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As shown in Figure 3.3. a robust NoV-specific antibody response was induced after the oral delivery 

of NoV1 vaccine in combination with α-GalCer adjuvant (NoV1/α-GalCer). A systemic IgG response 

was observed after the first and second vaccine boost, as evidenced in mice sera from day 21 and 35 

post-oral immunization, respectively (Fig. 3.3. A). A cut-off threshold of 1 μg/mL was considered for 

positive readings, which was estimated as the mean plus 3 times the SD absorbance values from the 

PBS negative control group. Interestingly, the highest serum IgG production was reached 7 days after 

completed the 3-dose immunization regimen (35 days p.i.) exclusively using NoV1 in combination with 

α-GalCer (Fig. 3.3. A). No substantial serum NoV-IgG levels were observed after NoV1 administration 

alone. In addition, a significant production of NoV-specific IgA antibodies was detected in mice sera 

35 days after VLP immunization in presence of α-GalCer adjuvant (Fig. 3.3. B). A cut-off threshold 

over 0.2 μg/mL was considered for positive serum NoV-IgA readings, as previously calculated from 

PBS control group absorbance values. Similarly, no significant serum NoV-IgA response was observed 

using NoV1 vaccine in absence of α-GalCer adjuvant.  

Furthermore, a strong mucosal immune response was evidenced by the presence of NoV-specific IgA 

antibodies in stool samples from NoV1/α-GalCer immunized mice (Fig. 3.3. C). Concentration values 

over 3.125 μg/mL (cut-off threshold) were considered as positive for NoV-IgA readings in stool 

samples. Notably, mucosal NoV-specific IgA levels were only detected in mice stool after receiving the 

3-dose immunization regimen with NoV1/α-GalCer (Fig. 3.3. C). No NoV-specific IgA was detected 

in stool using either NoV1 or α-GalCer adjuvant alone.  

3.4 Conclusion  

In this chapter, we successfully presented an in-house ELISA-based method for the detection and 

quantification of norovirus specific antibodies in serum and stool samples from mice. This method 

consisted of an indirect ELISA, with GII.4 NoV VLPs directly adsorbed on 96-well plates. Although 

polyclonal antibodies (102) or porcine gastric mucin (101) can be used to capture NoV VLPs to ELISA 

plates, other authors have suggested that when NoV VLPs are directly adsorbed to microtiter plates, 

conformational changes may occur exposing masked VLP epitopes for recognition (102). Nevertheless, 

no changes in OD signal were observed when plates were pre-treated with PGM type III before NoV 
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VLP coating following our experimental conditions. In fact, experimental settings such as coating 

temperature and blocking agents are crucial for a correct VLP adsorption (103).    

We also evaluated both systemic and mucosal immune responses in mice after a repeated oral 

immunization with GII.4-SYD NoV-derived VLPs (NoV1). Notably from NoV1-immunized groups, 

only the ones adjuvanted with the sponge-derived sphingolipid and iNKT cell activator; α-GalCer, were 

able to develop a systemic and mucosal immune response after a 3-dose sequential oral immunization 

regimen, as shown by increased levels of NoV-specific serum IgG and IgA and stool NoV-specific IgA, 

respectively. Although other studies have described the mucosal adjuvanticity of α-GalCer when orally 

administered with whole-killed bacteria vaccines (34) (35), here we provided the first evidence on the 

role of α-GalCer as a mucosal adjuvant for virus-derived antigens and VLP delivery. Interestingly, a 

lack of immune response was observed following the first and second dose of NoV1 alone. This result 

contrast with other studies where high serum levels of NoV-specific antibodies has been obtained after 

one dose of GII.4 NoV VLPs (10 μg; via intramuscular, intradermal or intranasal delivery) (104-106), 

highlighting the immunogenicity of NoV VLP per se. Although VLP parental administration was unable 

to induce mucosal responses (106), these studies might suggest a dose-response re-evaluation including 

both higher and lower NoV1 dose for future experiments. Importantly, as presented in this chapter, the 

high immunogenic response for NoV1 in combination with α-GalCer support a dose sparing effect and 

evidenced both the role of α-GalCer as a mucosal adjuvant and the use of human norovirus-derived 

VLP as orally delivered immunogens. Although similar results have been reported for IM delivery of 

GII.4 NoV VLPs co-administered with Al(OH)3 or MPLA adjuvants, no mucosal IgA antibodies were 

detected, indicating that mucosal delivery of NoV VLPs is needed for induction of strong mucosal 

responses (106). Thus, our findings support the potential for a mucosal delivery of a non-replicating 

NoV VLP, for a human Norovirus vaccination. Moreover, this chapter provides an important proof of 

concept for the use of α-GalCer with particulate viral antigens (e.g., NoV-VLPs) and for subsequent 

NoV1 translation into our human NALT model, using human tonsillar tissues as a key mucosal 

compartment mediating mucosal immunity. These results will be presented accordingly in Chapter V 

and VI and will contribute to our understanding of the mucosal immune response against human NoV.  
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CHAPTER IV 

Serological Evaluation of Pre-Existing Immunity to Rotavirus and 

Norovirus in Humans by Enzyme-linked Immunosorbent Assay (ELISA) 

 

4.1 PART I: Optimisation of Enzyme-linked Immunosorbent Assays (ELISA) for 

Rotavirus-and Norovirus-specific antibody detection in Human samples  

ELISA is a widely used method for laboratory diagnosis of enteric viruses, such as rotavirus and 

norovirus. This technique provides a quantitative tool to identify the status of infection and to evaluate 

the immune response of a subject. The presence of virus antigens and virus-specific antibodies can be 

found in mucosal secretions like saliva or stool, or systemically in serum samples. Additionally, ELISA 

can be extrapolated for vaccine studies in ex vivo cell culture systems by analysing correlates of 

protection for a particular infection or disease in cell culture supernatants. In order to characterise the 

pre-existing levels and production of rotavirus and norovirus-specific antibodies in human samples and 

evaluate the antibody response to enteric vaccines, described in Chapter VI, we first developed and 

optimized different ELISA protocols, which will be presented accordingly on this Chapter. 

4.1.1 ELISA optimization for detection of rotavirus-specific human antibodies 

4.1.1.1 Detection of rotavirus-specific human IgG by ELISA 

Serum levels of rotavirus-specific immunoglobulin G (IgG) were evaluated by ELISA. An indirect 

ELISA protocol was performed and optimized by evaluating different concentrations of coating antigen. 

Ninety-six well microtiter plates (High binding, Corning™ Costar™) were coated overnight at 4°C 

with either 10, 50 or 100-fold dilution of rotavirus antigens5 (Microbix Biosystems). Plates were washed 

five times with 300 μl of washing buffer (0.05% Tween-20 in 1X PBS) using a microplate washing 

machine and blocked for 60 minutes with 10% FBS in 1X PBS (Blocking buffer).  

Rotavirus IgG antibodies in huma serum were estimated by reference to a standard curve (107). A 50 

mg IgG/mL solution of human intravenous immunoglobulin (IVIg) (Intratect, Biotest Pharma, UK) was 

 
5 Group A rotavirus-antigens purified from Simian rotavirus SA11-infected MA104 cell culture supernatants. 
 



 69 

used as an IgG reference standard. IVIg is a human normal immunoglobin solution prepared from 

pooled plasma of > 1000 human donors and contains a broad spectrum of natural IgG subclasses against 

several infectious agents. The presence of anti-rotavirus antibodies in commercially available 

immunoglobulin preparations has been described previously by others (107, 108). Therefore, given the 

high prevalence of rotavirus during childhood and recurrent exposures throughout life, and due to 

unavailability of specific standard reagent, IVIg was considered a suitable assay reference standard. 

Briefly, 100 μl per well of IVIg at a standard dilution of 1:200 was incorporated in duplicate and diluted 

serially by 2-fold using blocking buffer. Blocking buffer was also used as a negative control. Plates 

were incubated at room temperature with 200 rpm agitation for 90 min and then washed five times with 

300 μl of washing buffer. Rotavirus-specific IgG levels were detected using 50 μl of 1:2000 mouse 

monoclonal anti-human IgG-Alkaline Phosphatase conjugated antibody (Sigma Aldrich, UK) and 

incubated for 90 minutes. Absorbances were recorded at 405nm from 30 minutes after p-Nitrophenyl 

Phosphate (pNPP) (Sigma-Aldrich) substrate addition (see appendix C) by using the Multiskan 

Spectrum spectrophotometer (Thermo Fisher Scientific, UK). Quantitative analyses were performed 

using 4-Parameter Logistic (4PL) curve fitting by MyAssays online software (MyAssays Limited, UK).  

Steps for indirect ELISA protocol were summarized in Figure 4.1. As shown in figure 4.1 B, 

symmetrical sigmoidal curves were observed after 30 min of pNPP substrate addition indicating the 

presence of rotavirus-specific IgG antibodies in the commercial human immunoglobulin preparation. 

Absorbance readings showed similar magnitudes for all three rotavirus-antigen dilutions used for plate 

coating (Fig. 4.1. B). The highest signal/background ratio was observed at 100-fold of rotavirus antigen 

dilution and considered for all assays.  

Although a 200-fold dilution of IVIg stock was preliminary defined as 250 Units of rotavirus-specific 

IgG antibodies per mL of serum, an indirect ELISA for total IgG was performed in parallel to estimate 

the absolute amount of rotavirus-specific IgG antibodies present in the IVIg reference standard. Serial 

dilutions of the IVIg stock solution (50 mg/mL) were prepared in duplicate on a 96-well microtiter plate 

(High binding, Corning™ Costar™) with or without rotavirus antigen coating (Fig. 4.1. C). Doubling 
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dilutions of IVIg starting from 1:2000 (i.e., 25μg IgG per ml) were used for total IgG detection; and 

1:400 (i.e., 125 rotavirus-specific IgG U/ml) for rotavirus IgG detection, respectively.  

Figure 4.1. Detection of rotavirus-specific IgG in human plasma solution by ELISA. An indirect ELISA for 

rotavirus-specific IgG detection in human intravenous immunoglobulin (IVIg) solution was assessed (A). 

Absorbances were measured at 405nm after 60 min from substrate addition. (B) Representative curves for 

rotavirus-specific antibodies in human IVIg solution for 10, 50 and 100-fold dilutions of rotavirus-antigen coating. 

(C) Total IgG levels in IVIg were also measured by ELISA. (D) Two-fold serial dilutions of IVIg for total (red 

circles) and virus-specific (white squares) IgG detection were used, respectively. Quantitative analyses of 

rotavirus-specific antibodies using four-parameter-logistic (4PL) curve fit were performed by MyAssays software. 

ELISA was performed following the same steps as described above. Absorbance readings were 

collected 60 minutes after pNPP substrate addition to obtain a well-defined saturation curve (Fig. 4.1). 

For rotavirus-specific IgG measurements, IVIg serial dilutions were analysed as unknown samples and 
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OD values were converted into the equivalent antibody IgG concentration by reference to the IVIg 

standard curve, i.e., by extrapolating the antibodies amount from the linear range of the total IgG 

standard curve (Fig. 4.1. D). An approximated concentration of 6.6 mg/mL of RV-specific IgG 

antibodies was observed in the 50 mg/mL IVIg standard solution and used as a reference amount for 

calculation of virus-specific IgG concentrations in the following experiments, with a starting dilution 

of 1:400 for standard curve preparation. Additionally, a 400-fold dilution for human serum samples, 

and a 1:10 dilution for cell culture supernatants from tonsillar MNCs, were the most suitable for 

rotavirus-IgG ELISA detection (data not shown) and used for all the assays (Table 2). 

4.1.1.2 Detection of rotavirus-specific human IgA by ELISA 

Primary and secondary infections caused by rotavirus can promote the production of immunoglobulin 

A (IgA) in serum, saliva and primarily in the small intestine mucosa (109). Following similar conditions 

as previously described for human IgG evaluation, we designed an indirect ELISA protocol to detect 

the presence of rotavirus-specific IgA in human samples by using a solution of purified human IgA 

from human colostrum as a reference standard. Purified human IgA was purchased from Sigma-Aldrich 

as a commercial isolate from pooled normal human colostrum. A total protein concentration of 2.1 

mg/mL from IgA stock was obtained after absorbance measurements at 280 nm according to 

manufacturer’s instructions. Ninety-six well flat bottom plates (High binding, Corning™ Costar™) 

were coated overnight at 4°C with 100-fold dilution of rotavirus antigens (Group A rotavirus, Microbix 

Biosystems). In parallel, twelve two-fold serial dilutions of purified human IgA from human colostrum 

(Sigma-Aldrich) were included and adsorbed as a coating protein to directly quantify the total IgA levels 

(Fig. 4.2. A). Serial dilutions were made from 25-fold diluted purified human colostrum IgA stock (84 

μg/mL total protein). Plates were washed three times with 300 μl of washing buffer (0.05% Tween-20 

in 1X PBS) and blocked for 120 minutes with 10% FBS in 1X PBS (Blocking buffer). To evaluate the 

presence of rotavirus-specific IgA antibodies, a 1:3 dilution of purified human IgA from human 

colostrum (700 μg/mL total protein) was added in duplicate as an unknown sample and diluted serially 

by 2-fold (Fig. 4.2. A). Fifty-microliters from a pool of human serum samples were also included as a 

positive control. Same volumes of blocking buffer were added to all the remaining wells coated earlier 
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with human colostrum IgA. ELISA plates were incubated overnight at 4°C with 200 rpm agitation. 

Immunoglobulin A levels were detected by using 50 μl of 1:1000 mouse monoclonal anti-human IgA-

Alkaline Phosphatase conjugated antibody (Sigma Aldrich, UK).  Plates were incubated for 2 hrs at 

room temperature. Absorbance was frequently monitored after pNPP substrate addition and recorded at 

405nm by using Multiskan Spectrum spectrophotometer (Thermo Fisher Scientific, UK). Quantitative 

analyses were performed by MyAssays software using a 4PL curve fitting. Rotavirus-specific IgA levels 

were calculated following the same methodology described above, by using the total IgA standard curve 

from human colostrum IgA as reference. As shown in figure 4.2. B, sigmoidal regression curves were 

observed for both total IgA and rotavirus-specific IgA assays after 120 minutes from substrate addition. 

Absorbance values from human colostrum IgA dilutions, i.e., unknown sample, evidenced the presence 

of rotavirus-specific IgA in commercially purified human colostrum (Fig. 4.2. B). OD values fitted 

within the linear range of the total IgA standard curve and were equivalent to a final concentration of 

60 μg/mL of rotavirus-specific IgA from purified colostrum IgA solution (Table 2). 

Figure. 4.2. Detection of total and rotavirus-specific IgA antibodies in human colostrum. The presence of 

rotavirus-specific IgA antibodies in a commercial purified human colostrum was assessed by ELISA using a Total 

IgA standard curve as reference. (A) Plates were coated overnight with purified human colostrum IgA (red) or 

with rotavirus-specific antigens (green), respectively. Two-fold serial dilution of purified IgA from human 

colostrum were added as unknown samples. (B) Representative four-parameter-logistic (4PL) curve fit for total 

IgA (black line) and rotavirus-specific IgA (green line) in purified human colostrum. Absorbances were measured 

at 405nm after 120 minutes from substrate addition. Quantitative analyses using 4PL curves were performed by 

MyAssays software.   
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4.1.2 ELISA optimization for detection of norovirus-specific human antibodies 

As described previously in Chapter III, norovirus-specific antibodies in serum and stool samples from 

mice were successfully detected by ELISA using purified norovirus virus-like particles as a coating 

antigen. Norovirus VLP were generated from a positive clinical sample, GII-4 Sydney-2012 strain 

(GII.4-SYD), which mainly consist of major capsid protein VP1. Mapping studies have described B 

and T cell epitopes within VP1 domains, being relevant for potential vaccines evaluation (44, 110). 

Therefore, and based on the methodology used in mice, we assessed the capacity to detect and quantify 

norovirus-specific antibodies in human samples by ELISA, particularly from serum and tonsillar cell 

culture supernatants from recruited patients, by using passively adsorbed human norovirus-VLPs as 

coating proteins. 

4.1.2.1 Detection of norovirus-specific human IgG by ELISA 

The presence of norovirus-specific human IgG antibodies was evaluated by ELISA using IVIg 

(Intratect, Biotest Pharma) as a reference sample. An indirect ELISA protocol was performed and 

optimized for this approach, following a similar methodology described for the detection of rotavirus-

specific antibodies in human samples. Ninety-six microtiter plates (High binding, Corning™ Costar™) 

were coated with 100 μl of 5 μg/mL norovirus-VLP (0.5 ug per well). Norovirus VLP were diluted in 

carbonate-bicarbonate buffer (Sigma-Aldrich). Coating concentration was determined from previous 

assays using mice samples (See Chapter III). As shown in Figure 4.3, plates were divided for both total 

and norovirus-specific IgG detection, respectively. Two-fold serial dilutions from IVIg solution, 

starting at 1:500 (100 μg/mL), were used as coating for total IgG detection (Fig. 4.3. B). Plates were 

adhesive sealed and incubated 48 hrs at 4°C. To prevent liquids evaporation, microtiter plates were kept 

in a humidity chamber during all incubations along this protocol. Plates were washed three times with 

300 μl of washing buffer (0.05% TWEEN-20 in 1X PBS) and then blocked with 200 μl of 2% BSA 

(Sigma-Aldrich) in 1X PBS (VLP-blocking buffer) for 60 min at 37°C. Plates content were discarded 

before samples addition and gently blotted on an absorbent towel. For NoV-specific IgG measurement, 

100 μl of 1:100 human IVIg solution were added at the top wells from the VLP-coated section and two-

fold serial dilutions were prepared in duplicate. Additionally, 50 μl of 200-fold diluted human serum 
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samples from previous recruited patients, were included as unknown samples. Plates were incubated 

for 2 h at 37°C in a humidity chamber.  

Due to low signal/background ratio observed in human tonsillar cell culture supernatants (data not 

shown), a biotin-streptavidin system was included in this methodology to increase the sensitivity of this 

assay and improve ELISA detection. (See summary in Fig. 4.3. A).  

Plate contents were discarded, and wells were washed three times. Washing buffer remnants were gently 

blotted on an absorbent towel. Norovirus-specific IgG detection was performed using 1:4000 goat anti-

Human IgG (γ-chain specific)-Biotinylated antibody (Sigma Aldrich, UK). Plates were incubated for 

90 min at 37°C. Streptavidin-conjugated HRP (DY998, R&D systems, UK) was added later according 

to manufacturer’s instructions after washing steps. A 1:40 dilution was made using VLP-blocking 

buffer. Plates were incubated for 60 min at 37°C. Finally, supersensitive TMB peroxidase substrate 

(Sigma Aldrich, UK) was added (100 μl/well) and incubated in darkness for 10-20 min. Absorbances 

were monitored over time at 650nm and recorded at 450nm after stop solution addition (H2SO4, [2N]). 

As shown in Figure 4.3, a HRP saturation curve was obtained for total IgG measurements at 45 min 

after substrate addition. Absorbance values from norovirus-specific IgG levels in human IVIg dilutions 

fitted within the total IgG standard curve and evidenced the presence of virus-specific IgG in 

commercial purified human normal serum sample (IVIg) (Fig. 4.3. C). Extrapolated measurements by 

4PL-curve analysis revealed a total concentration of 1.3 mg/mL NoV-specific IgG antibodies in purified 

IVIg solution. Two-fold serial dilutions of 1:1600 human IVIg solution were further used as a reference 

human NoV-IgG standard curve (see Table 2). Additionally, NoV-specific IgG antibodies were also 

detected in human serum samples from recruited children and adults’ subjects (Fig. 4.3. C). The 

presence of pre-existing virus-specific antibodies in human serum samples will be detailed in Part II of 

this chapter.  
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Figure. 4.3. Detection of Norovirus-specific antibodies in human samples by ELISA. Norovirus-specific 

antibodies were measured by ELISA using GII.4 norovirus virus-like particles adsorbed plates (A). Levels of IgG 

(B, C) and IgA (D, E) antibodies were detected from human purified intravenous immunoglobulin (IVIg) and 

colostrum IgA solution, respectively. Total immunoglobin analyses were performed in parallel to quantify the 

amount of virus-specific antibodies in samples (B, D). Two-fold serial dilutions from purified solutions were used 

as protein coating and reference samples, respectively (B, D). Representative curve fit analyses for both total and 

virus-specific IgG (C) or IgA (E) assays. Absorbances were monitored at 650nm after substrate addition. 

Quantitative analyses using 4-paremeter logistic curves were performed by MyAssays software. 
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4.1.2.2 Detection of norovirus-specific human IgA by ELISA 

Following the same ELISA methodology as described above, we evaluated the presence of norovirus-

specific human immunoglobulin A in a purified solution of IgA antibodies from human colostrum 

(Sigma-Aldrich). Assay steps and plate design were summarized in Figure 4.3 accordingly. For total 

IgA detection, two-fold serial dilutions from human colostrum IgA solution, starting at 1:50 (42 μg/mL), 

were carefully adsorbed in ninety-six microtiter plates (High binding, Corning™ Costar™) for 48 hrs 

at 4°C (Fig. 4.3. B). In parallel, 50 μl per well from 3-fold diluted human colostrum IgA solution were 

serially diluted by 2-fold to evaluate the presence of NoV-specific IgA antibodies. Additionally, 50 μl 

of 20-fold diluted human serum samples were included as unknown samples. Plates were incubated for 

2 h at 37°C in a humidity chamber. Norovirus-specific IgA detection was done using 1:1000 rabbit anti-

Human IgA (α -chain specific)-Biotinylated antibody (Sigma Aldrich, UK). Plates were incubated for 

90 min at 37°C. Additionally, Streptavidin-conjugated HRP (DY998, R&D systems, UK) was added 

following manufacturer’s instructions. Absorbances were monitored at 650nm and recorded at 450nm 

after TMB substrate addition (Sigma Aldrich, UK). Figure 4.3 E shows HRP saturation curve for total 

IgA measurements after 60 min of substate addition. Absorbance from norovirus-specific IgA 

measurements were clearly distributed within the total IgA standard curve, showing the presence of 

virus-specific IgA antibodies in purified IgA from commercial human colostrum (Fig. 4.3. E).  

Table 2. Assays details for Virus-specific antibody detection by ELISA 

Virus-specific IgG detection For Rotavirus assays For Norovirus assays 

Standard Human IVIg 6.6 mg/mL of RV-specific IgG 

Start from 1:400 dilution 

1.3 mg/mL NoV-specific IgG 

Start from 1:1600 dilution 

Samples 
Human serum Use 1:400 or 1:800 dilution Use 1:400 or 1:800 dilution 

TS cell supernatants Use 1:10 dilution Use 1:5 dilution 

Virus-specific IgA detection For Rotavirus assays For Norovirus assays 

Standard Human colostrum IgA 60 μg/mL of RV-specific IgA 

Start from 1:3 dilution 

800 μg/mL NoV-specific IgA 

Start from 1:50 dilution 

Samples 
Human serum Use 1:20 dilution Use 1:50 dilution 

TS cell supernatants Use 1:10 or 1:5 dilution Use 1:5 dilution 
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An estimated concentration of 800 μg/ml NoV-specific IgA antibodies were detected in human 

colostrum sample by 4PL-curve analysis using Myassays software. Additionally, absorbances values 

from human serum samples were over the detection range (data not shown), considering a higher sample 

dilution for the next assays (Table 2). 

4.1.2.3 Detection of human serum antibodies against enteric viruses by ELISA 

Once the protocols for both rotavirus and norovirus specific antibody detection were standardized, we 

evaluated the assay performance using random serum samples from immunocompetent children and 

adults referred to adenotonsillectomy included in this study (Table 3). Sample dilutions were performed 

as described in Table 2. Representative curves for virus-specific IgG antibodies are summarized in 

Figure 4.4. Sigmoidal saturation curves from IVIg standard were observed for both rotavirus and 

norovirus antibody detection (Fig. 4.4). As observed in figure 4.4, a higher level of rotavirus-specific 

IgG antibodies was detected in adult samples as compared to children. Although the antibody titres in 

the measured serum samples fitted within assay detection range, respectively, an extra dilution (1:800) 

was included in future analyses, especially for those samples with high levels of virus-specific 

antibodies. A detailed analysis of the presence of pre-existing virus-specific antibodies in human serum 

samples will be presented in Part II of this chapter. 

Figure 4.4. Detection of virus-specific IgG antibodies in human serum samples by ELISA. Presence of virus-

specific antibodies were evaluated in children and adult serum samples by an in-house ELISA method using Group 

A rotavirus antigens (A) or GII.4 norovirus virus-like particles (B) adsorbed plates. Human purified intravenous 

immunoglobulin (IVIg) was used as a reference standard (red dots). Representative four parameter logistic (4PL) 

curve fit analyses indicate the presence of (A) rotavirus or (B) NoV specific IgG antibodies in children (blue 

diamond) and adults (yellow triangle). Quantitative analyses using 4PL were performed by MyAssays software. 
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4.2 PART II: Pre-existing immunity to Rotavirus and Norovirus in human sera  

A wide range of specific host factors, e.g., genetic, gut microbiota or pre-existing immunity, can shape 

our immunological status and influence the quality of the immune response to vaccination (86, 111). 

These factors have also been associated with host intrinsic elements/demographics, such as age, gender, 

and socioeconomical factors (1-3). The efficacies of live orally-delivered vaccines, such as OPV and 

ORV, have been shown considerable variation among countries with different socioeconomic settings, 

where poor vaccine effectiveness has been evidenced in low-and-middle-income countries (LMIC) (51-

53). It has been suggested that pre-existing immunity, i.e., the baseline presence of antigen-specific 

antibodies due to maternal–foetal transmission, natural infection, or vaccination, as one important 

baseline factor that may impact vaccine-induced immune responses and effectiveness (112). Previous 

exposure to prevalent virus strains, which share similar antigenic regions with LAV, Viral-vectored or 

VLP-based vaccines may impair the normal processing of and potentially decrease their efficacies (92, 

95, 112, 113). In this section, we aimed to examine the level of pre-existing immunity to rotavirus and 

norovirus in children and adults by measuring the presence of virus-specific antibodies in serum 

samples using ELISA.    

4.2.1 Pre-existing serum levels of human rotavirus-specific antibodies 

Serum samples were collected from ninety-four immunocompetent children (1.5-16 years) and adults 

(17-45 years) referred to adenotonsillectomy due to upper-airway obstructions or tonsillitis (Table 3). 

Patients who received immunosuppressant treatment, or with any known immunodeficiency were 

excluded from this study. Baseline presence of rotavirus-specific IgG and IgA levels in sera were 

determined by ELISA as previously described above (section 4.1). Briefly, whole blood from recruited 

patients was centrifuged at 400 x g for 10 min to collect serum samples and kept at -80°C until assay. 

Ninety-six well microtiter plates (High binding, Corning™ Costar™) were coated overnight with a 100-

fold diluted SA11 rotavirus antigens (Group A rotavirus, Microbix Biosystems).  

Human serum samples (1:400 dilution) were added to the well and incubated at room temperature, with 

200 rpm agitation for 90 min. Virus-specific antibodies detection was performed using alkaline 

phosphatase conjugated mouse anti-human IgG or anti-human IgA, respectively 
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Table 3. Characteristic of recruited patients for rotavirus immunity analyses. 

 Total subjects 

(N=94) 

Children 

(N=73) 

Adults 

(N=21) 

Age range (median) 1.5-45 (5) 1.5-16 (4) 17-45 (23) 

Sex, N of females (%) 51 (54) 34 (45) 17 (81) 

Serum RV-IgG Titers (μg/ml), mean + SD,  

(Geometric mean titer) 

986.7 + 581.3 

(810.7) 

853.1 + 472.6 

(710.4) 

1430.0 + 693.5 

(1528.7) 

Serum RV-IgA Titers, (μg/ml), mean + SD,  

(Geometric mean titer) 

45.3 + 37.2 

(28.79) 

41.1 + 35.4 

(25.01) 

60.6 + 40.3 

(47.65) 

 

Absorbance values were collected at 405nm after PNPP substrate addition with an ELISA plate reader 

(Multiskan Spectrum spectrophotometer, Thermo Fisher Scientific, UK). Quantitative analyses were 

performed using 4-Parameter Logistic (4PL) curve fitting by MyAssays online software (MyAssays 

Limited, UK).  

An heterogenous distribution of rotavirus-specific serum antibody levels were detected among patients 

(Fig. 4.5). Pre-existing rotavirus-specific IgG titres in sera were significantly higher than rotavirus-

specific IgA levels with a geometric mean titre (GMT) of 810.7 ug/mL and 28.8 ug/mL, respectively 

(Fig. 4.5. B). A positive correlation (Pearson r: 0.50, P<0.001) between rotavirus-specific IgG levels 

and patients´ age was observed (Fig. 4.5. C). Higher rotavirus-specific IgG levels were evidenced 

among adults (mean of 1430.0 + 693.5 ug/mL) as compared to children (mean of 853.1 + 472.6 ug/mL) 

and significantly increased by age groups (Fig. 4.5. C, E). A similar increase was also observed for 

serum rotavirus-specific IgA antibodies (Pearson r: 0.25, P<0.04) with significantly higher IgA 

presence among adults (mean of 60.7 + 40.3 ug/mL) as compared to children (mean of 41.05 + 35.4 

ug/mL) (Fig. 4.5. E, F). These results evidenced a baseline presence of rotavirus-specific antibodies in 

human sera and were used as an indicator of “pre-existing immunity” among recruited patients for 

further RV1 vaccine immunogenicity analysis for T cell and B cells presented in Chapters V and VI, 

respectively.  
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 Figure 4.5. Serum Rotavirus-specific antibodies titres increases with age. Ninety-four serum samples from 

children (1.5-16 years) and adults (17-45 years) were analysed by ELISA for rotavirus-specific IgG and IgA 

detection. (A, B). Correlation between rotavirus-specific antibody levels and patient age (C, D), and antibody 

levels by age-group (E, F) were analysed by GraphPad prism 9 software, *P <0.05, ** P <0.01, *** P <0.001. 

4.2.2 Pre-existing serum antibody levels to human Norovirus 

Fifty immunocompetent children (1.5-16 years, median: 4 years) and adults (17-45 years, median: 23 

years) referred to adenotonsillectomy due to upper-airway obstructions or tonsillitis were included in 

this analysis. Serum samples from patients were collected to evaluate their baseline IgG antibody levels 

to norovirus (i.e., Pre-existing immunity) (Table 4). The presence of norovirus-specific IgG in sera was 

determined by ELISA as described above (section 4.1.2).  
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Table 4. Characteristic of recruited patients for rotavirus immunity analyses. 

 Total subjects 

(N=50)  

Children 

(N=37) 

Adults 

 (N=13) 

Age range (median) 1.5-45 (5) 1.5-16 (4) 17-45 (23) 

Sex, N of females (%) 26 (52) 16 (43) 10 (77) 

Serum NoV-IgG Titers (μg/ml), mean + SD, 

(Geometric mean titer) 

331.6 + 244.1 

(236.3) 

284.3 + 230.7 

(196.3)  

455.2 + 243.3 

(383.7) 

 

Briefly, 96-well microtiter plates (Corning™ Costar™) were coated overnight with 5 μg/mL norovirus-

VLP and incubated with patients´ serum samples for 2 h at 37°C. Levels of norovirus-specific IgG 

antibodies were detected by using a combination of Biotinylated-anti-Human IgG antibody and 

Streptavidin-conjugated HRP. Absorbances were recorded after TMB substrate addition at 450 nm by 

an ELISA plate reader and quantified using 4-Parameter Logistic (4PL) curve fitting by MyAssays 

software (MyAssays Ltd., UK). Pre-existing serum anti-NoV-specific IgG antibodies were shown to 

positively correlate with patients age (Pearson r: 0.50, P<0.001) (Fig. 4.6. A), and appeared significantly 

increased after the first few years in life (Fig. 4.6. B), with NoV-specific IgG geometric mean titres of 

383.7 ug/mL and 196.3 ug/mL for adults and children, respectively (Table 4).  

Figure 4.6. Serum Norovirus-specific antibodies titres distribution with age. Fifty serum samples from 

children (1.5-16 years, median: 4 years) and adults (17-45 years, median: 23 years) were analysed by ELISA for 

NoV-specific IgG detection. Correlation between NoV-specific antibody levels and patients age (A) and NoV-

specific antibody levels by age-group (B) were performed by GraphPad prism 9 software, *P <0.05, *** P <0.001. 
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4.3 Conclusion  

In this chapter, we provided the methodology and design of an in-house indirect ELISA for both 

rotavirus and norovirus specific antibodies detection in human serum samples. Serum rotavirus-specific 

levels were determined by a modified indirect ELISA previously described by Grimwood et al (114). 

This method involved coating microwell ELISA plates with G3, SA11 antigen, followed by addition of 

serum samples in test. Currently, simian-derived rotavirus antigens (SA11 strain) are easily obtainable 

and a commercially available source of group A rotavirus, providing a wide range of antigenic epitopes 

used widely for serological detection of rotavirus-specific human antibodies (97, 114, 115). Thus, by 

directly adsorbing a commercial rotavirus antigen preparation derived from whole inactivated SA11 

rotavirus particles into 96-well EIA plates, we successfully detected a baseline presence of serum 

rotavirus-specific IgG and rotavirus-specific IgA titres among recruited patients.  

Interestingly, we showed that pre-existing rotavirus-specific serum antibody levels follow an 

heterogenous distribution and increased with patients' age. This cohort was recruited from Liverpool`s 

hospitals within the UK and  included children (1.5-16 years) and adults (17-45 years) referred to 

adenotonsillectomy from 2017 to 2021. Despite we were not able to access to the vaccination history 

of these patients, by considering both patients' age and recruitment date we can infer that all subjects 

who born since 2013 (Rotarix® vaccine was incorporated in UK’s national immunization program in 

2013) has been vaccinated. However, no significant differences were observed between “vaccinated” 

and unvaccinated groups (data not shown) suggesting that the variable rotavirus-specific antibody levels 

detected in this study were not due to patients’ vaccination history. Moreover, our results are in line 

with a birth-cohort study where pre-existing serum anti-rotavirus IgG and IgA titres increased children 

age and with previous rotavirus infections, supporting their protective role against rotavirus infection 

and illness (116). Thus, although natural rotavirus infection (117) and rotavirus vaccination have proven 

to elicit a heterotypic immune response (58, 118), the use of a non-vaccine strain (SA11-derived 

antigens) for antibody detection may help to reduce possible inaccuracies associated to Rotarix® 

(G1P[8]) vaccination history and reflect instead the natural rotavirus history from this cohort. These 

may explain the higher titres of both IgG and IgA rotavirus-specific antibodies found in adults as 
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compared to children serum samples, suggesting that a cumulative pre-existing immunity may be 

associated with multiple rotavirus infections throughout life as described elsewhere for rotavirus (119) 

(116) and influenza virus (120).  

Additionally, by using GII.4-SYD-derived NoV VLPs as coating antigens, we showed that pre-existing 

serum levels of GII.4 NoV-specific IgG antibodies followed a similar pattern and significantly increased 

with age. These findings are consistent with the high global prevalence of GII.4 NoV strains suggesting 

that patient’s natural exposure history to NoV begins after the first few years in life and accumulates 

throughout the years (121-123). A similar increasing trend has been observed in children`s serum IgG 

antibody levels against NoV GI.3 and GII.4 VLPs and rotavirus VP 6 protein, all of which remained at 

high levels at the age of four (124).  

Therefore, by analysing a wider group-age cohort, our findings showed a representative picture of the 

pre-existing immunity to both rotavirus and norovirus in children and adults and provided a valuable 

immune parameter to evaluate the potential impact of immunological imprinting on the mucosal 

immune response to enteric vaccines.  
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CHAPTER V 

Evaluation of T Cell Responses elicited by Enteric Vaccines in Ex Vivo 

Human NALT  

 

As major components of mucosal-associated lymphoid tissues (MALT), Human Nasopharynx 

associated lymphoid tissues (NALT) sits at the entrance of the Oro-respiratory tract, where are 

frequently exposed to foreign antigens and thereby containing a substantial proportion of antigen-

experienced cells. Human adenotonsillar tissues (i.e., NALT) contain a diverse repertoire of T cells, 

including both central memory and effector memory T cells, and are recognized as important induction 

sites for adaptive immune responses. T lymphocytes play essential protective roles against many 

infections. T cells can recognise and target virus-infected cells as well as promote the production of 

antibodies. Thus, the activation of a robust and long-term T cell response may considered crucial for 

vaccine effectiveness (125). Although there still sparse data on the underlying T-cell immune responses 

to both norovirus and rotavirus infection (and vaccination), the current understanding achieved through 

animal models have shown a crucial role for T-cells in suppression and clearance of infection of 

rotavirus (126) and Murine NoV (127) and generation of antibody responses associated with protection 

(128). Thus, to study the mucosal immunity activated by enteric vaccines, we have examined the 

magnitude of human tonsillar T cell immune responses to a live attenuated oral Rotavirus vaccine 

(RV1), and a VLP-based Norovirus vaccine candidate (NoV1). The cellular immune responses in 

human NALT following vaccine stimulation were focused on three parameters; 1) the frequency of 

IFN-γ-producing T cells, 2) the level of tonsillar T cell proliferative response, and 3) the capacity of T 

cells to express gut-homing receptors in response to above mentioned vaccines. 

5.1 Human NALT samples 

Tonsils from 33 immunocompetent patients; 21 children (2-16 years, median: 4 years) and  12 adults 

(19-41 years, median: 23 years); were collected following adenotonsillectomy procedures due to upper-

airway obstructions or tonsillitis.  All subjects analysed in this chapter were recruited at Alder Hey 

Children’s Hospital and Aintree University Hospital, Liverpool, UK. Patients who received 
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immunosuppressant treatment, or with any known immunodeficiency were excluded from the study. 

Processing and isolation of mononuclear cells (MNCs) from patient`s tonsillar tissues were performed 

as described in Materials and Methods (Chapter II). Variation in data sample size (n) per T cell 

outcomes were due to 1) intrinsic conditions of some samples after fresh tonsil collection: tissue 

inflammation, or damage; and/or low tonsillar MNC viability and/or 2) sample use for dose-response 

standardization experiments. Grossly inflamed tonsillar tissues were excluded from the study.  

5.2 PART I: T cell response to Rotavirus vaccine in human NALT 

5.2.1 Methodology 

Human tonsils tissues were collected from 15 patients undergoing adenotonsillectomy to evaluate the 

immunogenicity of Rotarix (RV1), a live attenuated oral vaccine against human rotavirus. Processing 

and isolation of mononuclear cells (MNCs) from human tonsillar tissues were performed as described 

in Materials and Methods (Chapter II). Briefly, tonsillar MNC were cultured at a density of 2 x 106 

cells/well (volume 0.5 ml) on 48-well plates (CytoOne®, STARLAB International GmbH, UK) and 

stimulated with 1 x 103 cell culture infectious dose 50% (CCID50) per mL of RV1 (Rotarix®, GSK) or 

media alone as unstimulated control (supplemented RPMI). Optimal RV1 dose was selected based on 

tonsillar T cell and B cell antibody response (see Appendix C, Fig.C1). Tonsillar MNC were incubated 

at 37°C with 5% CO2 and T cell responses following vaccine stimulation were measured at day 3 for 

IFN-γ production, and day 5 for T cell proliferative response and expression of gut homing markers, 

respectively. 

5.2.2 IFN-γ response to Rotavirus Vaccine 

Interferon-γ has been widely recognized as a key cytokine in the clearance of many viral infections and 

thus, their expression/production by mucosal T cells can be a good indicator for activation of the 

antigen-specific T cell response elicited by enteric vaccines. We evaluated the frequency of IFN-γ 

producing T cells in Human NALTs following RV1 stimulation. Fresh tonsillar MNC from 12 

individuals undergoing adenotonsillectomy were stimulated with 1 x 103 CCID50 mL-1 of RV1 and 

analysed 72 h later by IFN-γ intracellular staining and by FACS. All cells were treated with 1x Brefeldin 

(Biolegend) for 12-18 hours prior to cell harvesting. PMA/ionomycin (cell activation cocktail, 
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Biolegend) was used as a positive control according to manufacturer’s instructions. Gating strategies 

used for tonsillar T cells and IFN-γ expression are shown in Appendix D (Fig. D1). As shown in Figure 

5.1, rotavirus vaccine stimulation induced a marked IFN-γ production in human tonsillar MNC (Fig. 

5.1). Increased frequencies of both CD4+ and CD8+ IFN-γ producing T cells were observed 3 days after 

vaccine stimulation as compared to unstimulated controls (Fig. 5.1. A-C, G, H). Additionally, increased 

IFN-γ secretion was also detected by ELISA in RV1-stimulated human tonsillar cell culture 

supernatants (Fig. 5.1. I, n=12).     

5.2.3 Human Tonsillar T cell proliferation  

A main characteristic of T cell activation is a proliferative response follow an infection or antigen 

exposure. Tonsillar MNC from 13 individuals undergoing adenotonsillectomy were stimulated with 

RV1 (1 x 103 CCID50 mL-1) and evaluated 5 days later for cell proliferation using CFSE staining. Anti-

human CD3 antibody (Ultra-LEAF™ purified HIT3a, Biolegend) was used as a T cell activation 

positive control. Both CD4+ and CD8+ T cell proliferation levels were analysed by FACS following 

rotavirus vaccine stimulation (RV1). Gating strategies used for CFSE dilution/cell proliferation 

analyses are shown in Appendix D (Fig. D2).  

As summarized in Figure 5.1, rotavirus vaccine elicited marked CD4+ and CD8+ T cell proliferative 

responses in NALT of children and adults (n=13, 4 adults) (Fig. 5.1. D-F). Unlike PBMCs, tonsillar 

MNCs are frequently exposed to external antigens and may contain activated cells as evidenced by the 

base level of proliferation in the unstimulated medium controls in some subjects (Fig. 5.1. D). Notably, 

an increased T cell proliferative response was observed in RV1-stimulated tonsillar MNCs as compared 

to unstimulated control after analysis using fold increases (Fig. 5.1. G, H).  
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Figure. 5.1. Rotavirus Vaccine activates T cell immune response on human NALTs. Human tonsillar MNC 

were stimulated with 1x103 CCID50 mL-1 of Rotarix vaccine (RV1) or left with media alone as an unstimulated 

control (UT). IFN-γ expression (A-C) and cell proliferative response (D-F) from tonsillar CD4+ and CD8+ T cells 

were analysed after 3 or 5 days by flow cytometry, respectively (n=13). Fold changes were obtained dividing 

RV1-stimulated values by unstimulated counterpart (G, H). IFN-γ secretion in cell culture supernatants was 

measured by ELISA at day 3 post-stimulation (I). Bars and error bars represent means + SEM. Statistical analysis 

was performed by GraphPad paired t-test or 2way ANOVA (Fold change). * P <0.05, ** P<0.01. 
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5.2.4 Gut-Homing receptor expression in human tonsillar T cells following RV1 stimulation 

Oral delivered vaccines, such as rotavirus and poliovirus vaccines, have been widely used in many parts 

of the world and are associated with protective immunity in the gastrointestinal tract (42, 43). The 

migration and homing of lymphocytes from/to mucosal induction sites, such as gut-associated lymphoid 

tissues (GALT), have important implications in vaccine development and induction of specific immune 

responses (129, 130). The expression of α4β7 integrins, one of the main gut-homing receptors expressed 

by lymphocytes in the gastrointestinal (GI) tract, can predispose the homing of activated T cells to 

effector sites in the gut mucosa (131). Although the existence of a common mucosal immune system 

has been well described (129, 132), data is lacking on the expression of gut-homing receptors at related 

mucosal induction sites other than intestinal tract following enteric vaccines stimulation. Here, we 

examined the expression of α4β7 integrins in human NALTs in response to stimulation by RV1, a live 

attenuated oral Rotavirus vaccine. Freshly isolated tonsillar MNCs from 15 healthy donors were 

stimulated with RV1 (1 x 103 CCID50 mL-1) as described above and analysed 5 days later for gut-

homing receptor expression by flow cytometry. A combination of FITC-labelled anti-human CD49d, 

i.e., Integrin α4, (clone 9F1; Biolegend) and APC-labelled anti-human/mouse Integrin β7 (clone 

FIB504; Biolegend) antibodies were used for the analysis of gut-homing receptor in human tonsillar 

MNCs. Double positive (α4+β7+) populations were selected as gut-homing receptor expressing cells by 

flow cytometry (Appendix D, Fig. D3). Representative figures demonstrating expression of α4β7 gut-

homing receptor in CD4+ and CD8+ T cell populations were shown in Figure 5.2 (Fig. 5.2. A, B). 

Increased levels of α4+β7+ cells were observed in RV1-stimulated tonsillar MNCs as compared to 

unstimulated controls (Fig. 5.2. C-E).  
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Figure 5.2. Expression of gut homing receptor on T cells from RV1-stimulated tonsillar MNC. Human 

tonsillar MNC were stimulated with rotavirus vaccine (RV1, 1 x 103 CCID50 mL-1) and analysed after 5 days for 

the expression of α4β7 homing receptor by flow cytometry. Representative dot plots show the expression of α4β7 

in CD4+ (A) or CD8+ (B) tonsillar T cells. Top right values represent the percentage of gut-homing receptor 

expressing cells as defined by double positive populations (α4+β7+ cells) among CD4+ or CD8+ T cells (circles), 

respectively. Population percentages were summarized for CD4+ (C) and CD8+ (D) tonsillar T cells (n=15). Fold 

increase analysis as compared to unstimulated control was also included (E). Data were presented as means + 

SEM. Statistical analyses were performed by GraphPad paired t-test or 2way ANOVA (fold change), *P <0.05, 

**P<0.01, *** P <0.001.  

5.2.5 Rotavirus Vaccine response in human naïve tonsillar T cells  

As NALT has previously been shown to be important for polio vaccine-induced immunity, it raised the 

possibility that orally delivered enteric vaccines may also utilise NALT as additional induction sites for 

immunity (38). We therefore examined the induction of primary T cell response by rotavirus vaccine 

by using naïve T cells from tonsillar MNC.  

As CD45RO is expressed on the cell surface of memory and activated, but not naïve T cells, the 

activation of naïve T cell response was studied using CD45RO+ T cell depleted tonsillar MNC by 



 91 

magnetic cell sorting. Briefly, memory T cells (CD45RO+ cells) were removed using MACS columns 

(Miltenyi Biotec, Germany) according to manufacturer´s instructions. CD45RO+ cell depleted tonsillar 

MNC from the same subjects described above were used. As shown in Appendix B, the efficiency of 

CD45RO+ T cell depletion procedure was over 99% (i.e., >99% of CD45RO+ CD4+ and CD8+ T cells 

were removed following the magnetic cell sorting procedure) (Appendix B, Fig. B1). CD45RO+ cell-

depleted tonsillar MNCs (n=14, 5 adult) were stimulated with RV1 (1 x 103 CCID50 mL-1) and analysed 

3 or 5 days later for IFN-γ production or cell proliferation respectively, as previously described.  

Figure 5.3. Rotavirus Vaccine induces a marked T cell immune response in naïve tonsillar T cells. CD45RO+ 

cell-depleted tonsillar MNCs were stimulated with rotavirus vaccine (RV1, 1 x 103 CCID50 mL-1) and compared 

to unstimulated control by flow cytometry analysis. Representatives dot plots shows the percentages of IFN-γ 

expression (A, B) and cell proliferative response (C, D) from CD45RO+ cell-depleted (naïve) tonsillar T cells 

(n=15) at 3- or 5-days following vaccine stimulation, respectively. Percentages were summarized for CD4+ (E, G) 

and CD8+ (F, H) naïve tonsillar T cells. Bars and error bars represent means + SEM. Statistical analysis was 

performed using GraphPad Prism 9, paired t-test * P <0.05, ** P <0.01. 
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As shown in Figure 5.3, an increased cellular response was observed for naïve tonsillar T cells 

following rotavirus vaccine stimulation. These were evidenced by a high frequency of both CD4+ and 

CD8+ IFN-γ producing T cells from RV1-stimulated naïve T cells (Fig. 5.3. A, B, E, F). Additionally, 

as shown in Figure 5.3, an increase was also observed in CD4+ and CD8+ T cell proliferation from naïve 

tonsillar T cells following stimulation with rotavirus vaccine as compared to unstimulated controls (Fig. 

5.3. G, H).  

5.3 PART II: T cell response to VLP-based NoV vaccine candidate in human NALT 

While several monovalent and multivalent VLP-based vaccine candidates against human NoV have 

been developed, different doses, adjuvants formulations and delivery routes are still being evaluated 

(70, 71). Based on our promising findings previously shown in mice by following repeated oral 

immunizations with NoV1, a VLP-based GII.4-Norovirus vaccine candidate, in combination with α-

GalCer as a mucosal adjuvant (see Chapter III), we have further evaluated the mucosal immune 

response to NoV1, using tonsillar tissues as an ex vivo human NALT culture model. As presented above 

for the rotavirus vaccine, an analysis approach comprised by T cell proliferative and IFN-γ response 

and T cell gut-homing receptors expression levels, was followed to evaluate the cellular immune 

response of human NALT following NoV1 vaccine stimulation.   

5.3.1 Methodology 

Human tonsils were collected from 10 immunocompetent patients undergoing adenotonsillectomy to 

evaluate the immunogenicity of NoV1 vaccine. Tissue processing and mononuclear cell isolation of 

mononuclear cells (MNCs) were performed as previously described in Materials and Methods (Chapter 

II, Section 2.6). Briefly, 500 μl of freshly isolated tonsillar MNC (4 x 106 cells/mL) were seeded on 48-

well plates (CytoOne®, STARLAB International GmbH, UK). Cells were immediately stimulated with 

50 ng of purified VLP-based NoV vaccine candidate, NoV1, in presence or absence of pre-warmed 50 

ng α-GalCer. All solutions were made in supplemented RPMI. A volume of 10 ul was added per well 

obtaining a final working dose of 0.1 μg/ml of either vaccine or adjuvant, respectively. Supplemented 

RPMI media alone was used as unstimulated control. Vaccine dose selection was based on tonsillar T 

cell proliferative and B cell antibody responses (see Appendix C, Fig.C1). Adjuvant formulation was 
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chosen from cell viability analyses when used in combination with optimal NoV1 vaccine dose (data 

not shown). Tonsillar MNC were incubated with 5% CO2 at 37°C and evaluated at day 3 and day 5 

following vaccine stimulation for T cell responses: intracellular IFN-γ production, T cell proliferative 

response and expression of gut homing receptors, respectively. 

5.3.2 IFN-γ response to norovirus VLP 

Vaccine studies in mice have widely evidenced the importance of T cell stimulation and activation 

through increased IFN- γ levels. Both CD4+ and CD8+ T cells can recognize norovirus VP1 peptides 

(110, 133) and upregulate IFN-γ production contributing to the control of norovirus infection in vivo 

(127). In order to characterize the immune response to norovirus VLP ex vivo, we evaluated the 

frequency of IFN-γ producing T cells in Human NALTs following NoV1 stimulation. Tonsillar MNC 

from ten immunocompetent subjects were stimulated with 0.1 μg/ml of NoV1 and analysed after 72 h 

for intracellular IFN-γ production by flow cytometry. Cells were also stimulated with 0.1 μg/ml of α-

GalCer alone or in combination with NoV1. Cells were pre-treated 12-18 hours prior to cell harvesting 

with 1x Brefeldin (Biolegend) and PMA/ionomycin (cell activation cocktail, Biolegend) according to 

manufacturer’s instructions. Interferon-γ producing tonsillar T cells were analysed by flow cytometry 

according to gating strategies used for rotavirus vaccine experiments (Appendix D, Fig. D1). As shown 

in Figure 5.4, frequencies of both CD4+ and CD8+ IFN-γ producing T cells were observed 3 days after 

NoV1 vaccine stimulation (Fig. 5.4. A-C). Increased IFN-γ levels were observed in VLP-stimulated 

human tonsillar MNC using fold increase analyses against unstimulated control (Fig. 5.4. G, H). IFN-γ 

secretion was also detected by ELISA in cell culture supernatants from NoV1-stimulated tonsillar MNC 

(Fig. 5.4. I, n=7). No significant differences were observed using α-GalCer as adjuvant (Fig. 5.4). 

5.3.3 Human Tonsillar T cell proliferation to norovirus VLPs  

Tonsillar MNC from 10 healthy subjects were labelled with CFSE and stimulated with 0.1 μg/ml of 

VLP-based vaccine candidate (NoV1) in presence or absence of α-GalCer as adjuvant. One μl per well 

of anti-human CD3 antibody (Ultra-LEAF™ purified HIT3a, Biolegend) was used as a positive cell 

activation control. Cell proliferative response from both CD4+ and CD8+ tonsillar T cells was evaluated 

by flow cytometry after 5 days of stimulation.  
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Figure 5.4. Norovirus VLP activates T cell immune response in human NALT. Human tonsillar MNC were 

stimulated with 0.1 μg/ml of VLP-based norovirus vaccine candidate (NoV1) in presence (NoV1/αGalCer) or 

absence (αGalCer) of α-GalCer adjuvant. Media was used for unstimulated control (UT). CD4+ and CD8+ T cells 

were analysed after 3 or 5 days by flow cytometry for IFN-γ expression (A-C) (n=7) and cell proliferation levels 

(D-F) (n=10). Fold increases were compared between NoV1-stimulated and UT values (G, H). Presence of IFN-

γ in cell culture supernatants was measured at day 3 post-stimulation by ELISA (I). Data were presented as mean 

+ SEM. Statistical analysis was performed by GraphPad paired t-test or 2way ANOVA (fold change) * P <0.05. 
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Gating strategies for T cell populations and CFSE dilution analyses are described in Appendix D (Fig. 

D2). As shown in Figure 5.4, VLP-based vaccine stimulation elicited a mild T cell proliferative 

response in human NALT (Fig. 5.4. D-F). Although preactivated cells from unstimulated tonsillar 

tissues were observed, fold increase analyses revealed a higher CD4+ and CD8+ T cell proliferative 

response in NoV1-stimulated tonsillar cells (Fig. 5.4. G, H). 

5.3.4 Gut-Homing receptor expression in human tonsillar T cells following VLP stimulation  

The expression of α4β7 gut-homing receptor has been used as a biomarker for mucosal immunity in 

oral vaccine studies, such as OPV and other norovirus vaccine candidates (134, 135). However, little is 

known about α4β7 expression levels in mucosal T cells using VLP vaccines. Here, we evaluated the 

expression of α4β7 receptor in human NALTs in response to NoV1 vaccine stimulation as a VLP-based 

norovirus immunogen. Freshly isolated human tonsillar MNCs from 8 healthy volunteers were 

stimulated with 0.1 μg/ml of NoV1 in presence or absence of 0.1 μg/ml α-GalCer as a mucosal adjuvant. 

Tonsillar T cells were analysed after 5 days post-stimulation for α4β7 gut-homing receptor expression 

by flow cytometry as previously described for live-attenuated rotavirus vaccine experiments (Appendix 

D, Fig. D3). Background fluorescence was subtracted from double positive (α4+β7+) frequency analyses 

by using either fluorescence minus two (FM2) (Fig. D3) or isotype controls (data not shown). 

Representatives dot plots for α4β7 gut-homing receptor expression in human CD4+ and CD8+ T cell 

populations were shown in Figure 5.5. (Fig. 5.5. A, B). Interestingly, a higher frequency and fold 

increase of α4β7-expressing tonsillar T cells were observed following VLP vaccine stimulation (NoV1) 

when compared to unstimulated controls (Fig. 5.5. C-E). The same trend was observed for the NoV1/α-

GalCer combination, however, VLP effect was not substantially potentiated by α-GalCer adjuvant.  

5.3.5 Human tonsillar naïve T cell response to norovirus VLP vaccine 

We evaluated the capacity of the NoV1 candidate, as a particulate immunogen, to induce a primary 

mucosal response in human NALT. For this purpose and following a similar approach as described for 

the live-attenuated rotavirus vaccine, naïve T cells from human tonsillar MNC (CD45RO+ depleted 

cells, n=8) were stimulated with either 0.1 μg/ml of NoV VLPs (NoV1) or media alone as unstimulated 

control (UT). Additionally, we evaluated the adjuvanticity of α-GalCer during cell culture stimulation 
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by using 0.1 μg/ml α-GalCer alone or in combination with the NoV1 vaccine candidate. Human tonsillar 

T cells were harvested after 3- or 5-days post-stimulation and analysed for IFN-γ production or cell 

proliferation, respectively. Memory T cells were successfully removed from Tonsillar MNCs 

preparation using MACS column-based cell separation (Miltenyi Biotec, Germany) (Appendix B) 

Figure 5.5. Norovirus VLP vaccine promotes α4β7 gut-homing receptor expression in human tonsillar T 

cells. Human tonsillar MNC were stimulated with norovirus VLP vaccine (NoV1, 0.1 μg/ml) or left with media 

as unstimulated control (UT) and analysed 5 days later for α4β7 gut-homing receptor the expression by flow 

cytometry. Adjuvant alone (α-GalCer) or in combination with the NoV1 (NoV1/αGalCer) was also assessed. 

Representative dot plots show the gut-homing receptor expression in human tonsillar CD4+ (A) or CD8+ (B) T 

cells. Frequency of double positive populations (α4+β7+) were summarized for CD4+ (C) and CD8+ (D) T cells. 

Fold increase analyses against paired UT control were also included (E). Data were presented as means + SEM. 

Statistical analyses were performed by GraphPad, paired t-test or 2way ANOVA (fold change), *P <0.05.  
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As shown in Figure 5.6, T cell response was induced modestly by the NoV1 vaccine candidate in 

human NALT (Fig. 5.6). Interestingly, a significant increase of both IFN-γ and cell proliferative 

response was observed in tonsillar CD8+ T cells following NoV1 vaccine stimulation (Fig. 5.6. F, H).    

 

Figure 5.6. Norovirus VLP vaccine-induced response in naïve tonsillar T cells. CD45RO+ cell-depleted 

tonsillar MNCs (naïve T cells) were stimulated with 0.1 μg/ml of VLP-based Norovirus vaccine candidate 

(NoV1), in presence or absence of α-GalCer adjuvant (NoV1/αGalCer or αGalCer, respectively), and compared 

to unstimulated control (UT) by flow cytometry analyses. Representatives dot plots shows the percentages of IFN-

γ (A, B) and cell proliferation (C, D) from naïve tonsillar T cells at 3- or 5-days post-stimulation, respectively. 

Data were summarized for naïve CD4+ (E, G) and CD8+ (F, H) tonsillar T cells. Bars and error bars represent 

means + SEM. Statistical analysis was performed by GraphPad Prism 9, paired t-test * P <0.05. 
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5.4 PART III: Evaluation of the Effect of Pre-Existing Immunity on Rotavirus and 

Norovirus Vaccine-Induced T cell immune responses.   

As detailed on previous sections of this Chapter, tonsillar T cell responses to rotavirus vaccine (RV1) 

and VLP-based NoV vaccine candidate (NoV1) stimulation were analysed with three main outcomes: 

1) the frequency of IFN-γ-producing T cells, 2) the tonsillar T cell proliferative response, and 3) the T 

cell expression of the gut-homing receptor α4β7. These findings provided relevant information to 

elucidate the role of T cell-mediated immunity to both rotavirus and norovirus. Given the current 

evidence on reduced efficacies of rotavirus vaccines in LMICs (92), we further analysed the relationship 

between vaccine-induced mucosal T cell responses and pre-existing immunity to rotavirus and 

norovirus; defined in Chapter IV as the baseline presence of virus-specific antibodies in sera, as a 

potential factor that may impact on vaccines immunogenicity and effectiveness. These findings will 

contribute to better understand the relationship between T cell immunity and seroconversion rates and 

the role of vaccine-induced T cell response as a potential immune correlate of protection to rotavirus 

and norovirus. 

5.4.1 Relationship between Pre-existing Immunity and rotavirus vaccine-induced Mucosal T 

cell response  

We first analysed the relationship between RV1-induced mucosal T cell responses and pre-existing 

serum anti-rotavirus antibody levels. Data on rotavirus pre-existing immunity were collected from 33 

children (2-16 years, median: 4 years) and adults (19-41 years, median: 23 years) undergoing 

adenotonsillectomy and paired with tonsillar T cell immune responses detected ex vivo following RV1-

stimulation. Fold change of T cell responses, i.e., the ratio of RV1-stimulated with respect to 

unstimulated control (baseline), and Log10-transformed serum antibody levels (Elisa Units; EU) were 

used for respective correlation analyses.  For T cell outcomes, vaccine responder subjects were defined 

as all values over baseline (Fold Change >1); whereas values <1 as non-responders. Finally, correlations 

between patients´ pre-existing serum antibody levels to rotavirus and RV1-induced mucosal T cell 

responses were performed using GraphPad Prism 9 software. Pearson correlation coefficient (r) and 

linear regression were included for all analyses.  
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The distribution of RV1 vaccine responders and non-responders for every T cell outcome evaluated 

previously in tonsillar MNCs is shown in Figure 5.7. We found that pre-existing anti-rotavirus IgG 

levels in sera positively correlated with vaccine-induced gut homing receptor α4β7 expression in 

tonsillar CD4+ T cells (N=19, Pearson r=0.5 p<0.047) (Fig. 5.7. C). On contrary, we observed no 

significant correlation between the mucosal T cell response indicators (i.e., IFN-γ and T cell 

proliferative response) and the pre-existing serum antibody titres (Fig. 5.7). However, when analysed 

individually, a group of non-responder children with low frequency of IFN-γ-producing CD4+ and CD8+ 

cells (i.e., fold Change <1) shown a significant inverse correlation with their pre-existing immunity 

(Pearson r:0.76 and 0.75 for CD4+ and CD8+, respectively) (Fig. 5.8). No associations were observed 

between RV1-induced T cell proliferative response and serum pre-existing anti-rotavirus IgG levels. 

Figure 5.7. Relationship between pre-existing anti-rotavirus IgG levels and Mucosal T cell response to 

rotavirus vaccine. Fold Change mucosal CD4+ (A, B, C) and CD8+ (D, E, F) T cell responses from Rotarix 

(RV1)-stimulated human tonsillar MNC were correlated with patients’ rotavirus-specific serum IgG titres (Log10-

transformed ELISA units; EU). Fold increase data for IFN-γ expression (A, D), T cell proliferative response (B, 

E) and α4β7 homing receptor expression (C, F) were included in the analyses. Statistical analyses including 

Pearson correlation coefficient (r) and linear regression (red line) were performed by GraphPad prism 9.  
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Figure 5.8. Relationship between pre-existing anti-rotavirus IgG levels and RV1-induced mucosal  IFN-γ-

producing T cell response. Fold Change of IFN-γ-producing CD4+ (A) and CD8+ (B) mucosal T cell responses 

from RV1-stimulated human tonsillar MNC were correlated with patients’ rotavirus-specific serum IgG titres 

(Log10-transformed ELISA units; EU). RV1 responders (values > 1; green) and non-responders (values <1; red) 

were defined based on tonsillar T cell outcomes as the ratio between RV1-stimulated and unstimulated control. 

Pearson correlation coefficient (r) and linear regression analyses were performed by GraphPad prism 9; * P <0.05.  

5.4.2 Pre-existing norovirus immunity effect on NoV1 vaccine-induced Mucosal T cell response  

We further examined whether there is any effect of pre-existing immunity to human norovirus on 

tonsillar T cell immune responses induced by a VLP-based norovirus vaccine candidate (NoV1). Data 

on pre-existing NoV-specific antibodies were collected from 11 children (4-16 years, mean: 6 years) 

and adults (28-41 years, mean: 32 years) and paired with ex vivo tonsillar T cell immune responses 

induced by NoV1 (i.e., IFN-γ-production, proliferative response and gut-homing α4β7 receptor 

expression by human tonsillar T Cells). Fold change data between NoV1-stimulated and unstimulated 

control from T cell outcomes were considered for correlation analyses against patients´ pre-existing 

immunity. Pearson correlation coefficient (r) and linear regression analyses were included using 

GraphPad prism 9.  
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As shown in Figure 5.9, a positive trend was observed for correlation between pre-existing serum IgG 

levels to norovirus and vaccine-induced IFN-γ expression in tonsillar CD4+ T cells (N=10, r=0.68, 

p<0.04) and CD8+ T cells (N=10, r=0.58, p<0.07) (Fig. 5.9. A, D). Interestingly, this trend was 

significantly correlated when NoV1 was adjuvanted with α-Galcer (Appendix E, n=10; CD4+ T cells, 

r=0.75 p<0.01; CD8+ T cells, r=0.77, p<0.01). No significant associations were found between NoV 

pre-existing immunity and the proliferative response or gut-homing receptor expression by NoV1-

stimulated tonsillar T cells, respectively (Fig. 5.9). 

 

Figure 5.9. Effect of pre-existing norovirus immunity on NoV1 vaccine-induced Mucosal T cell response. 

CD4+ (A-C) and CD8+ (D-F) mucosal T cell responses recorded after stimulation of human tonsillar MNC with 

a VLP-based norovirus vaccine candidate (NoV1) were paired and correlated with patients’ norovirus-specific 

serum IgG titres (Log10-transformed ELISA units; EU). Fold increase data from and IFN-γ production (A, D) T 

cell proliferation (B, E) and α4β7 homing receptor expression (C, F) by T cells were considered in the analyses. 

Pearson correlation (r) and linear regression (red line) were performed by GraphPad prism 9 software. 
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5.5 Conclusion 

On this chapter, we performed a comprehensive evaluation of the mucosal T cell immune response to 

rotavirus and norovirus antigens using children and adults NALTs. We showed that Rotarix®, a live-

attenuated oral rotavirus vaccine (RV1), elicited a marked T cell response in tonsillar MNC; with 

increased frequencies of both CD4+ and CD8+ IFN-γ producing T cells and T cell proliferative 

responses. Moreover, using CD45RO+cell depleted tonsillar MNC, we found that RV1 induced a 

significant native T cell response in both children and adults NALTs. In parallel, we found a modest 

yet significant increase of both IFN-γ and cell proliferative response in tonsillar T cells following 

stimulation with non-replicating NoV VLPs (NoV1) as a potential vaccine candidate.  

Evidence from animal models and human studies (particularly using human PMBCs) have described 

cell-mediated responses following stimulation with rotavirus (126)(62, 136, 137) or NoV antigens (127) 

(138) (124), respectively. However, there still sparse data on the underlying T cell immune responses 

to rotavirus vaccination (139) and norovirus candidate vaccines trials. Clinical trials studies for rotavirus 

vaccines have observed a reduction in viral shedding implying the generation of local protective 

immune response mediated by mucosal effectors (140). In this regard, murine models have described 

mucosal immune responses, characterized by Th1 cellular responses and higher production of IFN-γ 

after parenteral rotavirus vaccination (141). Similarly, increased IFN-γ production in human PBMCs 

have been observed after NoV-VLP immunizations (138). Notably, we showed that NoV1-induced 

IFN-γ response in tonsillar T cells positively correlated with patients` pre-existing immunity to GII.4 

NoV. On contrary, a trend of inverse correlation was observed particularly in those individuals who 

demonstrated low/no mucosal T cell response following RV1-stimulation.   

Therefore, using human NALT as a mucosal model, our findings confirm that either a live attenuated 

rotavirus vaccines or particulate norovirus antigens were able to induce at different degrees, a cell-

mediated immune response. Importantly, to the best of our knowledge, this is the first ex vivo study to 

describe the magnitude of local mucosal T cell responses elicited by rotavirus vaccines and VLP-based 

NoV antigens in children and adults.  
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In term of gut-homing response, we described an increased expression of the gut-homing receptor α4β7 

in both RV1 and NoV1-stimulated human tonsillar T cells. Studies using human PBMCs have described 

increased proportions of rotavirus-experienced T cells expressing the gut homing receptor α4β7 in 

children following acute rotavirus infection and vaccination (63, 142, 143). In this line, we found high 

frequencies of α4β7-expressing CD4+ and CD8+ T cells in NALT of children and adults following RV1-

stimulation, however, only a mild increase was observed using non-replicating NoV VLPs alone or in 

combination with αGalCer. This may suggest the need for  a strong stimulus or dose adjustment to 

activate a NoV-specific T cell memory repertoire among patients when using particulate antigens. 

Although there is no evidence to date about T cell gut-homing properties following NoV antigens 

stimulation, previous studies have found VLP-specific B cells expressing β7 homing marker after 

human PBMCs stimulation with human NoV-like particle vaccines (144, 145), highlighting the 

importance of considering B-cell mediated response for future NoV studies (data currently in progress).  

Collectively, our results support the role of human NALT (e.g., tonsils) as important induction sites for 

adaptive immune responses induced by rotavirus and norovirus vaccines. Our findings suggest human 

NALT may be an important reservoir of activated memory and effector T cells with potential intestinal 

homing-properties. Further studies are needed to evaluate whether immune protection to rotavirus and 

norovirus is mediated by homing of immune cells to the gut mucosa.  

Finally, this chapter provided insights into the use of tonsils as an important source of human immune 

tissue to study key cell-mediated responses induced by non-parenteral vaccines and underlying immune 

mechanisms of protection for mucosal vaccines and adjuvants. Given the high cell density obtained 

from freshly collected tonsillar MNCs, the use of new molecular tools such as antigen loaded-tetramers 

may be considered in future human NALT studies to elucidate with higher sensitivity the presence 

antigen-specific T cells responses induced by vaccine and could help to overcome the high inherent 

baseline activation human tonsillar MNCs. 
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CHAPTER VI 

Evaluation of B Cell Antibody Response to Enteric vaccines in ex vivo 

Human NALT 

 

B cells are responsible for the production of antigen-specific antibody responses and the development 

of long-term protective humoral immunity against infectious diseases. B cells also remains a crucial 

parameter of protection induced by vaccines. Many studies have described the formation of germinal 

centre (GC) structures and a predominant B cell distribution within human tonsillar tissues (37, 39, 

146). Here we assessed the mucosal B cell antibody response to a live-attenuated rotavirus vaccine and 

a VLP-based norovirus vaccine candidate in human NALT, using tonsillar tissues as an ex vivo system 

to examine the antigen-specific mucosal immune response to enteric vaccines.  

6.1 PART I: Mucosal B cell antibody response to Rotavirus vaccine in human NALT 

Human tonsillar tissues were collected from 41 immunocompetent subjects (aged 2-43) undergoing 

adenotonsillectomy to evaluate the mucosal B cell antibody response following stimulation of tonsillar 

MNC with a live-attenuated rotavirus vaccine (Rotarix®, GSK) (RV1). Tissue processing and isolation 

of mononuclear cells (MNCs) from human tonsils were performed as described in Materials and 

methods (Chapter II, section 2.6 - Tissue Processing and cell isolation).  

6.1.1 Methodology 

The magnitude of mucosal B cell antibody response to rotavirus vaccine stimulation was evaluated by 

co-culturing the vaccine with tonsillar MNC. Briefly, human tonsillar MNC were stimulated with 1 x 

103 CCID50 mL-1 of RV1, or with media alone as unstimulated control (UT), and incubated for up to 

14 days at 37°C with 5% CO2. Cell culture supernatants (100-200 μl per stimulation) were collected at 

7- and 14-days post-stimulation. Equal volumes of fresh media (supplemented RPMI) were replaced 

per well at day 7 following supernatants collection. The Rotavirus vaccine dose for stimulation was 

previously selected based on T cell and B cell responses in Human NALTs (see Appendix C, Fig.C1). 

The presence of rotavirus-specific IgG and IgA antibodies in tonsillar cell culture supernatants were 

quantified by ELISA as previously described in Chapter IV (see section 4.1).  
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Briefly, ninety-six well microtiter plates (High binding, Corning™ Costar™) were coated overnight at 

4°C with 100-fold dilution of purified rotavirus antigens (Microbix Biosystems). 100 ul of tonsillar cell 

culture supernatants (1:10 dilution) was subsequently added per well for antibody detection. 

Quantification of rotavirus-specific IgG and IgA antibodies was done against reference standard curves 

of human intravenous immunoglobulin (IVIg) (Intratect, Biotest Pharma, UK) or purified IgA from 

human colostrum, respectively. Two-fold serial dilutions of reference standard were made, starting at 

16.5 μg/ml or 20 μg/ml of RV-specific IgG or IgA respectively (summarized in Chapter IV, Table 4). 

Assay cut-off threshold for positive readings was defined as the average absorbance from unstimulated 

controls + 3SD. Quantitative analysis was done using 4-Parameter logistic curve fitting (MyAssays 

Limited, UK).  

 

 

 

 

 

 

 

 

 

Figure. 6.1. Rotavirus vaccine induces the production of rotavirus-specific antibodies in human tonsillar 

MNC. Culture supernatants from human tonsillar MNCs were collected at 7- and 14-days post stimulation with 

RV1 vaccine (103 CCID50/mL). Rotavirus-specific IgG (A, C) and IgA (B, D) antibody levels were quantified by 

ELISA; A and B shows data collected at day 14 post RV1-stimulation. Data were presented as mean plus SEM. 

Statistical analysis was performed by GraphPad 9, using paired t-test. *** P <0.001; ns, not significant. 
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6.1.2 Rotavirus-specific antibody production in human NALT 

As shown in Figure 6.1, significant rotavirus-specific antibody responses were detected in human 

tonsillar cell culture supernatants following RV1 vaccine stimulation. We observed that a Rotarix dose 

of 103 CCID50/mL induced production of both rotavirus-specific IgG (N=41) and IgA (N=33) 

antibodies in human tonsillar MNC after 14 days of stimulation as compared to unstimulated controls 

(Fig. 6.1 A, B). Rotavirus-specific IgG levels were also observed at day 7 after RV1 vaccine stimulation, 

followed by a further increase at day 14 (Fig. 6.1. C). Additionally, human mucosal rotavirus-specific 

IgA antibody production was also observed at day 7 post RV1-stimulation (Fig. 6.1. D).  

Interestingly, the mucosal IgG and IgA antibody responses following rotavirus vaccine stimulation were 

shown to be positively correlated with sample donors age (Fig. 6.2). As shown in Figure 6.2, stronger 

responses in rotavirus-specific IgG (Fig. 6.2. B) and IgA (Fig. 6.2. D) antibodies were observed in 

tonsillar MNC from adults as compared to children following RV1 vaccine stimulation. 

 

 

 

 

 

 

 

 

Figure 6.2. Rotavirus vaccine-induced antibody responses in human NALT by Age. Rotavirus-specific IgG 

(A, B) and IgA (C, D) antibody responses to rotavirus vaccine stimulation in human NALT (day 14) were analysed 

in association with donors’ age. Data were obtained from 40 patients, including 23 children (2-16 years; age 

median: 4.8 years) and 17 adults (17-45 years; age median 24.5 years), and presented as mean + SEM. Statistical 

analysis was performed by GraphPad 9, using paired t-test. *P <0.05; ** P <0.01; ***P <0.001.  
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6.2 PART II: Antibody response to VLP-based Norovirus vaccine in human NALT 

It was previously shown that our VLP-based norovirus vaccine candidate (referred as NoV1) induced 

both systemic and mucosal norovirus-specific antibody responses in mice after 3-dose oral 

immunizations in combination with α-GalCer adjuvant (NoV1/α-GalCer) (detailed in Chapter III). 

Here, we further characterized the immunogenicity of this particulate norovirus vaccine by studying the 

mucosal B cell antibody response in human NALT following NoV1 stimulation. Additionally, we also 

evaluated the adjuvant effect of α-GalCer on the ex vivo NoV1-induced mucosal antibody response.  

6.2.1 Methodology 

Human tonsillar tissues were collected from 20 immunocompetent patients (aged 2.9-43) undergoing 

elective adenotonsillectomy and processed for tonsillar mononuclear cells (MNCs) isolation as 

described in Chapter II, section 2.6. Human tonsillar B cell antibody response to NoV1 was evaluated 

under the same ex vivo conditions as described for T cells assays (Chapter V, section 5.2.1). Briefly, 

tonsillar MNC were stimulated with 0.1 μg/ml of NoV1, or with media alone as unstimulated control, 

and incubated at 5% CO2, 37°C for 14 days. The adjuvanticity of α-GalCer was evaluated in parallel by 

using 0.1 μg/ml of α-GalCer alone or combined with NoV1 for human tonsillar MNC stimulation. Both 

vaccine and adjuvant concentrations were previously chosen according to cell viability analyses (data 

not shown) and optimal immune responses in human NALT (see Appendix C, Fig.C1). Aliquots of 100-

150 μl from cell culture supernatants were collected at days 7 and 14 post-stimulation and production 

of norovirus-specific IgG antibodies were quantified by ELISA, as described in Chapter IV - section 

4.1. Ninety-six well microtiter plates (High binding, Corning™ Costar™) were coated with norovirus 

VP1-based VLP as coating antigen and incubated for 48 h at 4°C. 100 ul of each supernatant sample 

(1:4 dilution) was applied to each well for antibody analysis. Quantification of NoV-specific IgG was 

done against a reference IVIg (Intratect, Biotest Pharma, UK) standard curve starting at 1:800 dilution 

from stock (1340 μg/ml NoV-specific IgG). Antibody levels were presented as stimulated minus 

unstimulated control. Quantitative analysis was done using 4-Parameter logistic curve fitting 

(MyAssays Limited, UK).  
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Figure 6.3. Norovirus VLP vaccine induces the production of NoV-specific IgG in human tonsillar MNC. 

Culture supernatants from tonsillar MNCs were collected 7-and 14-days post stimulation with 0.1μg/ml of VLP-

based vaccine candidate (NoV1). Norovirus-specific IgG antibodies were detected by ELISA using norovirus 

VLP as coating antigen and quantified against a IVIg reference standard curve. Data were represented as mean + 

SEM. Statistical analyses were performed by GraphPad 9 using paired t test; ***P <0.001. 

6.2.2 Mucosal B cell antibody response to Norovirus VLP Vaccine in Human NALT 

B cell-mediated mucosal IgG response to norovirus was determined by ELISA following human NALT 

ex vivo stimulation with NoV1. As shown in Figure 6.3, significant levels of norovirus-specific IgG 

antibody were observed in human tonsillar cell culture supernatants after stimulation with NoV1 

vaccine (n=20; 10 adults). Marked production of norovirus-specific IgG antibodies was detected at both 

7-and-14 days after vaccine stimulation as compared to unstimulated controls (Fig. 6.3. A, B).   

Furthermore, we evaluated the adjuvant capacity of α-GalCer during NoV1 vaccine stimulation in 

human NALT. Notably, an increased norovirus-specific IgG response was observed using the NoV1/α-

GalCer combination as compared to either vaccine or adjuvant alone controls (Fig. 6.4). Norovirus-

specific IgG responses were observed in human tonsillar cell culture supernatants at both day 7 and day 

14 following NoV1/α-GalCer stimulation (Fig. 6.4) 
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 Figure 6.4. α-GalCer enhances NoV1 vaccine-induced IgG production to norovirus in human tonsillar 

MNC. Human tonsillar MNC were stimulated for 14 days with either 0.1μg/ml norovirus VLP vaccine (NoV1) 

alone or in combination with 0.1μg/ml α-GalCer (NoV1/α-GalCer). Presence of norovirus-specific IgG antibodies 

in cell culture supernatants were evaluated by ELISA at day 7 (A) and day 14 (B) post-stimulation. Data was 

represented as mean + SEM. Statistical analyses were performed by GraphPad 9 using ANOVA multiple 

comparison *p <0.05, ns: not significant.  

6.3 PART III: Evaluation of the Effect of Pre-Existing Immunity on Rotavirus and 

Norovirus Vaccine-Induced Antibody Immune Responses.   

On this section, we aimed to examine the relationship between pre-existing immunity, i.e., serum 

virus-specific antibody levels as described in Chapter IV, and the mucosal antibody response induced 

by a live-attenuated monovalent rotavirus vaccine (RV1). In addition, we also studied the relationship 

between pre-existing immunity to human NoV and the mucosal antibody response induced by VLP-

based NoV vaccine candidate (NoV1).  

For correlation analyses, samples with undetectable antibody titre for each assay (virus-specific IgG 

and IgA) were assigned a value of half of the lower detection limit as previously described elsewhere 

(147). The lower limit of detection was calculated from the respective 4-Parameter Logistic (4PL) 

standard curves derived from purified human IgG or IgA by MyAssays software using parameter “a”; 

which represent the minimum value that can be obtained (i.e., at dose zero or unstimulated control). 

Final concentration values for all samples were multiplied by 10 (referred as ELISA units, EU) and then 

Log10-transformed for correlation analyses.  
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6.3.1 Relationship between Pre-existing Immunity and Rotavirus Vaccine-Induced Mucosal B 

Cell Antibody Response  

Mucosal antibody responses in tonsillar MNC following rotavirus vaccine stimulation were studied 

using tonsillar tissue samples from fifty-one children (2-16 years, median: 5 years) and adults (17-43 

years, median: 23 years) as described above. The relationship between the mucosal antibody response 

and pre-existing immunity, i.e., rotavirus-specific antibody levels in sera, was further analysed.  

Figure 6.5. Rotavirus vaccine-induced Mucosal B cell antibody response correlates with pre-existing virus-

specific serum antibody titres. Culture supernatants from human tonsillar MNCs were collected at 7-and 14-

days after RV1 vaccine stimulation and rotavirus-specific antibody levels were determined by ELISA. Log10-

transformed data from vaccine-induced mucosal B cell IgG (A, B) and IgA (C, D) responses to rotavirus and 

patients’ pre-existing rotavirus-specific serum IgG titres were correlated respectively. Statistical analysis using 

Pearson correlation (r) was performed by GraphPad prism 9; Red line: linear regression.  
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As shown in Figure 6.5, the tonsillar B cell antibody response following rotavirus vaccine stimulation 

was positively correlated with rotavirus-specific IgG titres found in patients´ sera. Statistical analyses 

using Pearson correlation and linear regression were performed using GraphPad prism 9. A strong 

correlation was observed between pre-existing serum anti-rotavirus IgG antibodies and RV1-induced 

IgG responses in tonsillar MNC at day 7 (N= 44, Pearson r: 0.60, P<0.001) and day 14 (N= 44, Pearson 

r: 0.48, P<0.001) post vaccine stimulation (Fig. 6.5. A, B). Additionally, a positive correlation was also 

observed for rotavirus-specific IgA responses in tonsillar MNC and pre-existing serum IgG levels (Fig. 

6.5. C, D) (N= 33; Pearson r: 0.43, P<0.01, and r: 0.54, P<0.002 were observed at D7 and D14 

respectively).  

6.3.2 Pre-existing Immunity and vaccine-induced antibody response to human Norovirus 

Fifty immunocompetent children (1.5-16 years, median: 4 years) and adults (17-45 years, median: 23 

years) referred to adenotonsillectomy due to upper-airway obstructions or tonsillitis were included in 

this study. From the total recruited participants, 20 were analysed for NoV1-induced mucosal B cell 

antibody response in human NALTs and further used for correlations analyses based on their pre-

existing immunity data (i.e., serum NoV-specific serum IgG levels). As shown in Figure 6.6, NoV1-

induced IgG response in the tonsillar MNC was positively correlated with the serum pre-existing 

immunity to norovirus. A positive correlation was observed between serum NoV-specific IgG levels 

and NoV1-induced IgG response from day 7 (Pearson r: 0.45, P<0.068) and day 14 (Pearson r: 0.64, 

P<0.005) post stimulation (Fig. 6.6. C, D). A positive trend was also observed between patients pre-

existing norovirus immunity and the virus-specific mucosal IgG response induced by NoV1 vaccine in 

combination with α-GalCer adjuvant (data not shown).  
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Figure 6.6. Relationships between pre-existing serum anti-NoV IgG antibody levels and NoV1 vaccine-

induced Mucosal IgG antibody response. Log10-transformed data from serum anti-NoV IgG titres were analysed 

in association with NoV1 vaccine-induced mucosal B cell IgG responses from day 7 (C) or day 14 (D). Statistical 

analysis using Pearson correlation (r) were performed by GraphPad prism 9; Red line: linear regression. 

6.4 Conclusion 

In this chapter, we described the mucosal B cell antibody response to rotavirus vaccine and VLP-based 

norovirus antigens using human tonsillar tissues from children and adults as a key compartment for 

mucosal immunity. 

We show that a live attenuated rotavirus vaccine (RV1, Rotarix®) induced a robust virus-specific 

mucosal B cell antibody response in NALT of children and adults. Particularly, we show that both IgG 

and IgA rotavirus-specific antibodies significantly increased following tonsillar MNC stimulation with 

RV1 and positively correlated with patients’ pre-existing immunity to rotavirus. These results confirm 

the high efficacy and immunogenicity of Rotarix in the UK, where high shedding and seroconversion 

rates has been described in RV1-vaccinated infants, born even from mothers with high RV-IgA levels 

in breast milk and serum (148). In this line, our results suggest that patient`s pre-existing immunity 

(shown as baseline IgG levels to rotavirus) may reflect the immunogenic nature of cumulative rotavirus 

exposures (i.e., early exposures and mild or asymptomatic re-infection), which translates to high 

vaccine-induced mucosal responses in subjects from high-income countries. However, pre-existing 

antibodies has been negatively correlated with oral-rotavirus vaccine response in LMIC (148) and 
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merits further study, considering for example a broad human NALT cohort, particularly from 

developing countries. 

On the other hand, we also showed that non-replicating NoV VLP-based antigens (NoV1) significantly 

induced GII.4 norovirus-specific IgG responses in NALT of children and adults. Interestingly, the 

NoV1-induced mucosal antibody response positively correlated with patients pre-existing serum anti-

NoV IgG levels and may indicate a potential a correlate of immune protection against norovirus. 

HBGA-blocking antibodies have been widely correlated with protection against norovirus illness and 

disease severity and must be considered in future vaccines studies using human NALT (64). 

Interestingly, NoV1 when co-administered with α-Galactosylceramide (α-GalCer) showed a higher 

NoV1-specific mucosal antibody response in NALT of children and adults. Non-parenteral 

coadministration of α-GalCer with immunizing antigen results in enhanced production of antigen-

specific antibodies in mice (149). Thus, our result provides new evidence about the mucosal 

adjuvanticity of α-GalCer, as previously described for experimental oral-delivered vaccines against 

enterotoxigenic Escherichia coli (ETEC) and Cholera (79), and its potential application for VLP-based 

candidates formulation. Although α-GalCer function was not directly evaluated on this chapter, its 

known that αGalCer-activated iNKT cells can provide non-cognate B cell help for the generation of B 

cell memory and long-lived antibody responses directed against protein antigens (150, 151). Moreover, 

the activation of NK T cells by α-GalCer rapidly induces in vivo DCs maturation promoting both CD4+ 

and CD8+ T cell immunity to a co-administered protein (152). However, we previously shown only a 

mild T cell response induced by NoV1/α-GalCer in human NALT (Chapter 5). Therefore, further 

studies are needed to determine which other populations, such as DC and/or NKT cells and follicular 

helper T cells are involved in α-GalCer mucosal adjuvanticity. 

Collectively, this chapter also confirm the capacity of human NALTs as induction sites for virus-

specific adaptive immune responses induced by enteric vaccines and new mucosal adjuvants, and at the 

same time highlight the potential impact of immunological imprinting on mucosal antibody immune 

responses to both rotavirus vaccine and VLP-based norovirus antigens and their potential implication 

for future vaccine trials.  
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CHAPTER VII 

General Discussion 

Human rotavirus and noroviruses (NoV) are the leading cause of acute gastroenteritis (AGE) in children 

under five years of age and a major public health burden in the human population causing globally over 

0.4 million deaths per year due to diarrhoeal diseases. Two antigenically distinct oral live-attenuated 

rotavirus vaccines have been licensed and used widely over the past 15 years. This study focused on 

Rotarix®, or RV1 (GlaxoSmithKline), a monovalent rotavirus vaccine licensed in Europe and Latin 

America in 2006 and in 2008 in the United States. In the UK, RV1 was introduced into the national 

childhood immunisation schedule in July 2013 and currently is commercially available worldwide in 

over 100 countries. Despite such progress, the lack of absolute correlates of protection and considerable 

variations in rotavirus vaccine efficacies among different socioeconomic settings remains a major 

concern to address. On the other hand, while research efforts to develop a safe and efficient NoV vaccine 

are still in progress, the immune correlates of protection remain incompletely understood. In this PhD 

project, I studied mucosal immune responses in human NALT to RV1 vaccine and a candidate NoV 

vaccine. The results provide important insights into mucosal immunity to enteric vaccines and to our 

current understanding of the immune response against human rotavirus and norovirus.  

7.1 Vaccine-Induced Mucosal Immune Response and Their Associated Mechanisms of 

Protection 

The present study provided a comprehensive evaluation of the mucosal immunity in children and adults 

to both rotavirus vaccine and norovirus antigens. We used human tonsillar tissues as an ex vivo cell 

culture system modelling nasopharynx-associated lymphoid tissue (NALT) to describe the 

immunogenicity of two different oral enteric vaccines/immunogens: a live-attenuated monovalent 

rotavirus vaccine (RV1) and a VLP-based GII.4 norovirus potential vaccine candidate (NoV1). Tonsils 

are organised mucosal lymphoid tissues and known induction sites for immune responses against many 

pathogens, including Poliovirus and Influenza (39, 40). Freshly isolated tonsillar MNCs contain 

essential cellular components necessary to mount a protective antigen-specific adaptive response, such 
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as CD3+ T cells (34-45%) and high percentages of CD19+ B cells (up to 75%) (37). Human tonsillar 

MNC can be isolated at high yields (1x108-2x109 cells per pair of tonsils) functioning also as an 

important source of NK cells and antigen presenting cells, i.e., DCs (153, 154). These components are 

essential for the development of adaptive immune responses to LAV (39).     

7.1.1 Mucosal immune response induced by live-attenuated rotavirus vaccine in human NALT 

We have shown that RV1 vaccine (Rotarix®, GSK) promotes a robust mucosal rotavirus-specific 

antibody production in NALT from children and adults. Several studies have provided evidence of 

protective antibodies induced by natural rotavirus infection (116, 155) and oral rotavirus vaccines (55, 

118, 156, 157) highlighting the importance of rotavirus-specific antibody response against disease 

severity. Most of these serological studies have focused on rotavirus-specific IgA and IgG antibodies 

yet with mixed results. Therefore, studies on the mucosal antibody response may provide valuable 

insights on the protective role against rotavirus illness (128). The presence of rotavirus-specific IgA 

and IgG antibodies in the gut (measured as copro-antibodies) have shown to be associated with disease 

protection in animal models (158-160) and human studies (109, 161, 162). By using tonsils of children 

and adults as a mucosal model, we evidenced that mucosal B cell antibody responses to RV1 vaccine 

were characterized by an increased production of both rotavirus-specific IgG and IgA antibodies in 

tonsillar cell culture supernatants at day 7 and day 14 following RV1-stimulation. These results confirm 

the high mucosal efficacy and immunogenicity of Rotarix in a high-income country cohort (148). 

Contrary to the predominant intestinal IgA response to rotavirus, we observed a higher ratio of 

rotavirus-specific IgG/IgA in NALT from children and adults following RV1-stimulaton. This 

particular difference may be related to the general predominance of IgG (55–72%) over IgA (13–18%) 

immunoglobulin-producing cells, i.e., plasmablast or PCs, in human NALT tissues (163, 164). Previous 

studies using a similar tissue culture strategy, have described a predominant virus-specific IgG antibody 

response in human tonsillar MNCs following stimulation with live-attenuated vaccines such as LAIV 

and MMR (39). A recent study has suggested a protective neutralizing role of rotavirus-specific IgG 

antibodies, after IgG-deficient mice shown a significant deficit in intracellular antibody-mediated 

protection against rotavirus (60). Moreover, intracellular rotavirus neutralization may be mediated by 
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VP6-specific IgG more efficiently than VP6-specific IgA antibodies (60). Although rotavirus-

neutralization assays were not included in this study, the significant rotavirus-specific IgG responses 

evidenced in NALT from both children and adults strongly support the role of IgG antibodies as an 

essential component of mucosal immune responses against rotavirus.  

We also showed that rotavirus vaccine (RV1) elicited a marked T cell immune response in human 

NALT. Human tonsillar T cells are composed of predominantly CD4+ subsets (>80%) and CD8+ T cells 

(37). We found increased frequencies of IFN--producing cells and proliferative responses from both 

CD3+CD4+ and CD3+CD8+ subsets in RV1-stimulated tonsillar MNCs. Although several studies using 

human PBMCs have shown cell-mediated responses following rotavirus stimulation (62, 136, 137), to 

our knowledge this is the first ex vivo study supporting mucosal antigen-specific T cells responses to a 

live-attenuated rotavirus vaccine in children and adults. Natural rotavirus infection is generally a poor 

inducer of circulating T cells that secrete IFN-γ, however higher frequencies of rotavirus-specific IFN-

-secreting CD4+ and CD8+ T cells have been detected in infected adults as compared to both healthy 

adults and children with acute rotavirus diarrhoea (62, 136). CD4+ T cells have proven to be essential 

for plasmablast differentiation and for the magnitude and affinity of the antibody response to LAV (39). 

Additionally, CD4+ T cells are also important for the development of rotavirus-specific intestinal IgA 

response in mice (137). We showed that T cell responses in tonsillar MNCs were not homogenous with 

significant variations.  Overall, our data suggest the presence of both IFN--producing and proliferative 

rotavirus-specific T cells (both CD8+ and CD4+ T cells) and the activation of local immunity by RV1 

stimulation. Further, using CD45RO+ cell depleted tonsillar MNC, we found that RV1 induced a 

significant native T cell response, demonstrated by the increase in frequencies of IFN- producing and 

proliferative T cell responses from both children and adults NALTs. Therefore, our findings support 

the role of tonsils as a mucosal induction site for rotavirus vaccines. 

7.1.2 Mucosal immune response induced by a Norovirus VLP vaccine candidate in human 

NALT 

Clinical trials on Norovirus vaccines have been performed using VP1-based VLPs made from the most 

commonly circulating human NoV strains (71, 73, 165). Most clinical studies have been performed in 



 119 

healthy adults, which may not represent the immunological behaviour of infants and young children, 

who are exposed most to the infection/disease, and thus, with a higher antigenic diversity among strains 

(165). Moreover, the lack of mucosal immune correlates of protection in both adults and children 

remains a significant challenge to guarantee the success of NoV vaccines. We therefore studied and 

provided the first data on mucosal immunity to norovirus GII.4 VLPs (referred to as NoV1) using NALT 

from children and adults.  

We showed that NoV1 vaccine candidate elicits a marked production of GII.4 NoV-specific IgG 

antibodies 7-and-14 days after tonsillar MNCs stimulation. VLP-based vaccines alone have been shown 

to be more efficacious than common subunit vaccines (78).  However, studies with adult volunteers 

have described higher NoV-specific IgG antibody responses in sera after challenge with live wild-type 

Norwalk virus than oral vaccination with Norwalk VLPs, suggesting that mucosal adjuvants may 

improve the immunogenicity of VLP-based formulations against norovirus (138, 166). 

Indeed, we provided evidence that NoV1 immunogenicity was potentiated after VLP combination with 

the adjuvant -GalCer, with an overall NoV-specific IgG response rate of 92% (100% in adults and 

80% in children) as compared to NoV1 vaccine alone (65% overall; 70% in adults and 60 % children). 

These findings were consistent with data from an oral immunization experiment in mice using VLPs, 

where we observed that only vaccinated groups who received GII.4 NoV VLPs (NoV1) adjuvanted 

with α-GalCer were able to develop both mucosal and systemic NoV-specific antibody responses. To 

date, most licensed VLP-based vaccines, including NoV vaccine candidates, have incorporated 

adjuvants in their formulations. Takeda’s bivalent NoV vaccine candidate (TAK-214), as an 

intramuscular injection of purified GI.1 and GII.4 (2006a, Yerseke; 2006b, Den Haag; and 2002, 

Houston) VP1-based VLPs using Al(OH)3 as adjuvant, have progressed into an advanced stage of 

development showing a 62% efficacy against moderate/severe NoV-associated AGE in healthy US 

adults (76). However, while several adjuvants are licensed for use in parenteral vaccines, there are 

currently no adjuvants included in clinically applied oral vaccines (73, 76-78, 167). Only experimental 

studies performed in mice have described the mucosal adjuvanticity of α-GalCer when orally 

administered with whole-cell killed vaccines against Enterotoxigenic Escherichia coli (ETEC) (168) 
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and Cholera (79), showing a significant increase in both mucosal and systemic antigen-specific IgA and 

IgG antibody production. Our results provided supporting evidence on the potential role of α-GalCer as 

a human mucosal adjuvant for VLP delivery.  

Adjuvants can also help to reduce vaccine dosage and promote a stronger response among low-

responders individuals, such as neonates and the elderly (78, 167). Notably, while the use of NoV1 

alone (0.1 μg/ml) elicited GII.4 NoV-specific mucosal B cell antibody response in tonsillar MNCs from 

children and adults, we observed that higher VLP concentrations (0.5-2.5 μg/ml) did not improve this 

response (Appendix C). Similar results have been described using two-times or higher oral dosage of 

Norwalk VLPs in humans, suggesting that mucosal antigen uptake and processing sites could be 

saturated at higher dose of VLP particles (138). Using a low dose NoV VLP (0.1 μg/ml) adjuvanted 

with α-GalCer we demonstrated a significantly increased GII.4-specific IgG response in both adults and 

children. Therefore, our study supports the use of α-GalCer adjuvant and NoV VLP as an orally 

delivered vaccine formulation in subsequent human challenges studies and for potential vaccine dose-

sparing evaluation making vaccine production costs more affordable.  

7.2 Characterization of Pre-Existing Immunity to Rotavirus and Norovirus in 

Children and Adults 

We further described the serological levels of pre-existing antibodies to rotavirus and norovirus in a 

cohort of patients referred to adenotonsillectomy from 2017 to 2021. Overall, we observed an 

heterogenous distribution of both Rotavirus and Norovirus-specific antibody levels among patients, 

which significantly increased with age. As described for influenza virus, immune system imprinting by 

natural infection and the accumulation of antigen-specific antibody responses through life involves 

complex individual antibody profiles reflecting both recent and past exposures (120).  

7.2.1 Pre-existing norovirus-specific immunity and its relationship with mucosal immune 

response  

Using VP1-based VLP from a GII.4 2012-Sydney strain (GII.4-SYD), we showed that pre-existing 

serum GII.4 NoV-specific IgG antibody levels significantly increase after the first few years in life. 
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These findings are consistent with the increased prevalence of NoV infection and NoV-specific 

antibodies described in children (124). Moreover, by analysing a wider age range (1.5 - 43 years), we 

showed that GII.4-2012 NoV-specific IgG antibodies are also present in adolescent and adults. In 

agreement with a previous report performed in samples from adults for antibodies to GII.4-SYD and 

GII.4-99 strains (169), our results confirmed that GII.4-SYD NoV-specific antibodies were present in 

all subjects analysed in this study (N=50). Additionally, we found that GII.4-SYD NoV-specific 

antibodies positively correlates with patients’ age, suggesting that NoV previous exposure history 

accumulates throughout the years. These findings are consistent with described global prevalence of 

GII.4 NoV strains (26, 121, 122, 124, 170). Since 2012 pandemic, GII.4-SYD has emerged as the 

primary norovirus strain in most countries (123, 171). In addition, a novel NoV lineage (GII.P16-GII.4 

Sydney 2012; referred as GII.4-2015) containing GII.4-SYD capsid has been detected in Asia and 

Germany, while parallelly circulating in the UK and USA since 2014 (172). Although a recent study 

suggests that antigenic variation in GII.4-2015 capsid may impact on antibody blocking activities (26), 

we cannot fully exclude the presence of antibody levels to this novel strain using our VP1-based VLP 

approach.  

While the serological diversity was not directly evaluated in the present study, previous reports have 

demonstrated the generation of both homotypic and heterotypic immunity in adults’ sera following 

GII.4 infection and vaccination (173, 174). Particularly, homotypic antibody responses to GII.4 strains 

seem to be stronger and long-lasting as comparted to heterotypic counterpart (173-175), suggesting that 

previous exposure history to a dominant circulating genotype (e.g., natural infection to GII.4-SYD) may 

have a significant impact on vaccine-induced antibody response. Indeed, we showed that pre-existing 

serum IgG levels to GII.4-SYD positively correlated with homotypic NoV-specific IgG antibody 

response in human NALT following stimulation with NoV1 vaccine candidate. Notably, we found that 

pre-existing NoV-specific immunity also correlates with NoV1-induced mucosal IFN-γ responses 

mediated by both CD4+ and CD8+ subsets in tonsillar MNCs. Although little information is available 

regarding the role of T cells during NoV infection, human challenge studies describing both GI. I and 

GII NoV-induced responses have shown increased CD4+ T cell responses characterized by a significant 
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IFN-γ production (176, 177). Similarly, NoV VLPs immunization studies in adults have reported an 

increased IFN-γ response by NoV-specific T cells (138). Recent reports have described an increased 

magnitude of T cell response to NoV GII.4-VLPs in children and adults, however no correlation 

between cell-mediated responses and previous NoV immunity (measured by NoV-specific IgG 

seroconversion) was observed (124, 169). Nevertheless, all these studies have been performed in human 

PBMCs and might not represent the mucosal immune environment associated with enteric virus-

specific immune responses.  

Current advances using human intestinal enteroid (HIE) cultures have shown an upregulation of IFN 

signalling during NoV infection and a strain-specific sensitivity to different host interferon pathways, 

as both type I and III responses were not enough to control GII.4 NoV infection (178). GII.4 SYD strain 

has shown major antigenic differences with previous circulating outbreaks strains, which are associated 

with GII.4 escape from herd immunity (123, 171), however conserved T cell epitopes among different 

strains have been described (110, 179, 180). Interestingly, we also observed a significant relationship 

between pre-existing NoV Immunity and T cell-mediated IFN-γ response induced by NoV1 vaccine 

adjuvant with α-Galcer. Therefore, further studies are needed to evaluate the role of mucosal T cell 

mediated IFN response against NoV infection. Although a larger sample size is needed to support our 

findings, the present study provides novel evidence which correlates both T cell and B cell-mediated 

mucosal immunity to NoV with pre-existing homotypic immunity in children and adults, suggesting a 

protective role of both mucosal IFN-γ and NoV-specific IgG antibodies against Norovirus. Moreover, 

these findings support the potential for mucosal delivery of non-replicating NoV VLPs for a human 

NoV vaccination, although complementary functional assays of vaccine-induced mucosal T cell and B-

cell mediated responses against NoV infection requires further investigation.  

7.2.2 Pre-exiting rotavirus-specific immunity and its relationship with mucosal immune response  

We showed that pre-existing serum rotavirus-specific IgG antibody titres were detected in all the 

individuals studied, and that significantly increased with age. Our ELISA approach used antigens 

derived from whole SA11 rotavirus particles, a prototype strain of group A rotaviruses which has been 

widely used for serological detection of rotavirus-specific antibodies (97). In this regard, the use of 
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whole purified virus may increase the range of antigenic epitopes likely recognized by patients` sera. 

In the same way, cell-grown animal strains have been used in human rotavirus vaccine studies (181), 

which in general are based on a Jennerian approach defined by the presence of a common rotavirus 

group antigen (VP6) shared between animal and human rotaviruses. Rotavirus VP6 is highly conserved 

and immunogenic, and most rotavirus-specific antibodies are likely directed to this protein (182). 

Therefore, the pre-existing rotavirus-specific antibodies detected among the patients in our study are 

likely a combination of both homotypic and heterotypic response (i.e., polygenic and cross-reactive 

when compared to RV1 vaccine strain). While serum rotavirus-specific IgA has commonly been used 

for determination of rotavirus infection and vaccine-induced antibody responses in clinical trials, others 

have recognized serum rotavirus-specific IgG antibodies as the most reliable marker for seroconversion 

and as a proxy for protection against severe disease in children (183). Moreover, maternal rotavirus-

specific IgG antibodies was the most important predictor of post-vaccination RV-IgA among infants 

with neonatal infection (148). Indeed, we showed a strong positive correlation between pre-existing 

IgG levels and mucosal antibody response following RV1-stimulation in both children and adults. Thus, 

in line with the natural history of rotaviruses, our findings indicate that increasing pre-existing immunity 

levels may be associated with multiple infections throughout life, suggesting that serum rotavirus-

specific IgG levels as a more accurate and long-term indicator of pre-existing immunity as compared 

to acute infection markers such as described for rotavirus-specific IgA and IgM (183).  

High levels of pre-existing serum IgG antibodies against rotavirus have shown inhibitory effects on 

RV1 immunogenicity among infants, while may contribute to decreased vaccine efficacy in low-income 

countries (93). A possible hypothesis is that neutralization of live-attenuated vaccines by pre-existing 

antibodies could consequently decrease the amount of viral antigens below the threshold for immune 

detection and recognition (91). Interestingly, in this study, while the mucosal rotavirus-specific 

antibody response induced by RV1 was positively correlated with pre-existing serum antibody titres, 

by contrast, the relationship between RV1-induced cellular responses in tonsillar MNCs and the pre-

existing immunity appeared rather different. Overall, there were no statistically significant correlations 

between the several T cell response indicators and the pre-existing serum antibody titres. However, in 
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contrast to the markedly positive correlation observed in the antibody responses, a trend of inverse 

correlations was noted between the pre-existing immunity and both CD4+ and CD8+ T cell-mediated 

mucosal IFN-γ responses. As the sample size (number of patients) is small and a more variable T cell 

responses detected, a potential negative association cannot be ruled out, and further studies with large 

sample sizes are warranted to define this relationship. Weak correlations between seroconversion and 

cell-mediated IFN-γ response to rotavirus have been described in children under 5 years, with high 

individual variations (44). Of particular interest, detailed analysis of a small number of six children (3-

16 years, median 4.5) revealed a strong negative correlation (Pearson r = -0.76, p=0.038) between the 

pre-existing immunity and IFN-γ producing CD4+T cell response induced by RV1. Specifically, this 

group shown a marked low/non-response of IFN-γ-producing T cells following tonsillar MNC 

stimulation with RV1 as compared to unstimulated control (Fold change < 1) and therefore was 

analysed separately. Interestingly, a similar inverse relationship between the pre-existing immunity and 

IFN-γ producing CD8+T cell response induced by RV1 (Pearson r = -0.75, p=0.044) was also shown 

by analysing the same group of children. Further analysis from this group also revealed a low mucosal 

rotavirus-specific IgG response in RV1-stimulated Tonsillar MNCs. These findings may suggest a 

possible novel hypothesis that pre-existing immunity (antibody levels) due to previous exposure history 

may play an important role in affecting the vaccine-induced mucosal T cell responses which could be a 

crucial immune correlate of vaccine-induced protection, especially in the highly susceptible young 

patient groups. However, a more robust analysis with larger sample size needs to be performed to 

support this notion.  

We have shown that RV1-stimulation induce the expression of the gut homing receptor α4β7 in human 

tonsillar CD4+ and CD8+ T cells. Reports using children PBMCs after acute rotavirus infection (142) or 

vaccination with a live-attenuated precursor of RV1 vaccine (RIX-4414) (63) have described the 

presence of circulating rotavirus-specific memory CD4+ T cells expressing α4β7, yet little is known 

about the immune protective role of this subset. To date only studies with memory B cells expressing 

α4β7 have shown their importance for clearance and protection against rotavirus infection (143, 184). 

α4β7 interacts with MAdCAM-1 expressed on venules within different gastrointestinal tissues 
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facilitating the homing of α4β7+ cells to the gut (185). However, only a weak correlation between 

circulating rotavirus-specific α4β7+ memory B cells and disease protection (measured as rotavirus-

specific IgA seroconversion) have been described in a RIX4414 vaccine trial using both vaccinees and 

placebo recipients (162). Here we showed that increased frequencies of RV1-induced tonsillar 

α4β7+CD4+T cells positively correlate with pre-existing immunity to rotavirus (i.e., rotavirus-specific 

IgG levels in patient`s sera; two-tailed Pearson test: r = 0.46, p<0.047). As we showed that human 

NALT tissues are good induction sites for rotavirus vaccine-induced T and B cell immune responses, 

they may constitute an important reservoir of activated memory and effector T cells capable of 

migrating to other tissues via efferent lymph and blood. In fact, a previous study has described the 

induction of both local and systemic B-cell responses, with circulating specific memory B cell, after the 

direct immunization of the palatine and nasopharyngeal tonsils in adult volunteers (186). Another study 

exploiting latent Epstein-Barr Virus (EBV) infection of memory B cells have suggested that B-cell 

trafficking from Waldeyer`s ring may migrate mainly to peripheral blood and to a less extent into 

systemic lymphoid organs, such as mesenteric lymph nodes (187). In addition, a study using class II 

tetramers loaded with rotavirus peptides have suggest that human blood rotavirus-specific CD4+ T cells 

expressing α4β7 homing receptor may be primed locally at the intestine and therefore represent their 

intestinal counterparts (63). The findings in this study suggest a local activation of mucosal T cells in 

NALT from children and adults expressing the α4β7 homing receptor following RV1-stimulation, 

therefore a potential source of effector RV-specific T cells migrating to intestinal sites against RV 

infection. Further detailed studies with larger sample size will increase our understanding on the 

importance of these RV vaccine-induced specific T cell population with intestinal homing potential. 

Closing Remarks 

This study has several important implications for the testing of present and new mucosal vaccines. We 

provided evidence that human NALT may be an important immune induction sites for enteric mucosal 

vaccines, and that human NALT immune tissue could be used to study both vaccine-induced responses 

and underlying immune mechanisms of protection by mucosal vaccines. Following ex vivo stimulation, 

we demonstrated that either a live attenuated rotavirus vaccine (RV1) or a non-replicating NoV VLP-
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based vaccine candidate (NoV1) elicited virus-specific mucosal B cell antibody responses in NALT of 

children and adults. Moreover, we showed a positive relationship between the virus-specific mucosal 

antibody responses induced by these mucosal vaccines and patients’ pre-existing immunity to either 

rotavirus or norovirus, respectively. We first evidenced that both pre-existing rotavirus-specific and 

GII.4 NoV-specific IgG antibody titres in sera increase with age. Secondly, the magnitude of either 

RV1 or NoV1 induced mucosal antibody response in human NALT correlated with their respective 

virus-specific IgG levels in sera, suggesting a role of natural infections on the accumulation of antigen-

specific antibodies through life and the potential impact of immunological imprinting on the immune 

response induced by mucosal vaccines. We also show that the rotavirus vaccine elicited marked T cell 

responses in NALT of children and adults, with increased frequencies of both CD4+ and CD8+ IFN-γ-

producing T cells, T cell proliferative responses and α4β7-expressing tonsillar T cells.  

Although no significant correlation was found between mucosal T cell responses and pre-existing 

antibody titres, there was a trend of inverse correlation particularly in those individuals who 

demonstrated low/no mucosal T cell response following rotavirus vaccine stimulation. This finding, if 

confirmed by further studies, would suggest pre-existing antibodies affect mucosal T cell responses 

induced by enteric vaccines, which may be an important correlate of vaccine-induced protection.  

findings in this study. 

However, these findings are subject to some limitations and cautious interpretation of vaccine-induced 

immune responses must be considered. First, HBGA expression patterns were not evaluated between 

recruited individuals and may shape subsequent immune susceptibility to both rotavirus and norovirus 

and vaccines efficacy. Second, we cannot discard the presence of an asymptomatic or symptomatic 

infection when samples were collected. Thus, future studies will need to examine patients’ profiles, 

including their vaccination history and a wide range of related illness (mild to severe). Lastly, given 

tonsils are an accessible source of human tissue containing key cell types involved in adaptive 

immunity, future studies with a larger cohort including patients from LMIC would help to investigate 

the role of immunological imprinting on patients from high viral prevalence areas and the potential 

impact of pre-existing immunity on vaccine-induced immune response and efficacies. 
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APPENDIX 

Appendix A. Gel analysis for purified Norovirus VLPs 
 

 

 

 

 

 

 

Figure A1. Analysis of NoV VP1 Protein by SDS PAGE. NuPAGE 12% Bis-Tris protein gels (Invitrogen) were 

stained using SimplyBlue Safe Stain and run for 50 minutes at 200V for the visualization of purified fractions. A 

~58kDa band (Black arrows) was observed in lanes 1, 2, 4, 6 and 11, which is equivalent to VP1 molecular weight 

from norovirus GII.4 strain. All VP1-containing fractions were pooled and quantified using a Qubit Protein Assay 

Kit (Thermo Fisher Scientific) according to manufacturer's instruction. Two different VLP batches were produced 

and a total amount of ~ 3,2 mg of human NoV VLPs were successfully recovered. 

 

 

 

 

 

 

 

 

 

 

 

 

1      2       3      4       5      6       7        8      9     10    11   

260    

160 

100      

80  

60    

40 

30 

20 

15 

10 
3-5 



 141 

Appendix B. Analysis of CD45RO-depleted cells by Flow cytometry  

Figure B1. FACS analysis of CD45RO-depletion in Human NALTs. CD45RO-depleted and whole tonsillar 

MNCs were harvested 24 hours after processing and stained with Pacific Blue anti-human CD45RO, PerCP anti-

human CD8 and APC-Cy7 anti-human CD4 antibodies and analysed by flow cytometry. Lymphocytes from 

CD45RO-depleted (lower dot plots) and whole tonsillar MNCs (upper dot plots) were gated based on cell size 

(FSC-H) and granularity (SSC-H), respectively. Doublets were excluded from the analysis by singlets selection. 

Percentage of CD45RO+ cells were shown from tonsillar MNCs, CD8+ and CD4+ T cells, respectively. Red 

squares indicate a purity over 99% of CD45RO-depleted cells by MACS.      
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Appendix C. Dose-Response to Enteric Vaccines in Human NALTs 

Figure C1. Evaluation of Enteric Vaccine doses in human NALTs. Human tonsillar MNCs were stimulated 

with 1x 102, 103 and 104 CCID50 mL-1 of Rotarix vaccine (RV1), 0.1 and 1.0 μg/mL of norovirus VLP-based 

vaccine candidate (NoV1) or left with media alone as an unstimulated control (UT). IFN-γ levels for CD4+ (A) 

and CD8+ (D) T cells were analysed at day 3 following RV1-stimulation by flow cytometry. Additionally, 

percentage of T cell proliferation were analysed after 5 days from RV1 (B, E) or NoV1 (C, F) vaccine stimulation, 

respectively. Cell culture supernatants were analysed at day 14 following vaccine stimulation by ELISA for either 

rotavirus (G) or norovirus specific IgG antibodies (H) detection. Data were presented as means plus SEM. 

Statistical analysis was performed by GraphPad paired t-test * P <0.05, *** P<0.001. A decreased IgG production 

was observed after 14 days at the highest RV1 and NoV1 doses, which correlated with a decrease in cell viability 

observed after longer stimulation period (i.e., day 5, day 7 and day 14) (data not shown). Finally, an RV1 dose of 

1x103 CCID50 mL-1 and 0.1 μg/mL of NoV1 was selected for further experiments considering cell viability and 

consistent response among subjects.    
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Appendix D. Gating strategy for T cell analysis in Human tonsillar MNCs 

Figure D1. FACS analysis of IFN-γ production in human tonsillar T cells. Tonsillar mononuclear cells were 

harvested after 3 days of stimulation and stained for Flow cytometry analysis. Representatives dot plots shows the 

gating strategies used for T cells selection (A) and IFN-γ production (B) analyses from human tonsillar MNCs. 

As shown in the upper panel (A), lymphocytes (R1) were selected using forward (FSC-H) and side scatter (SSC-

H). Doublets and dead cells were excluded from the analysis by singlets selection (S1) and zombie live/Dead 

staining (live), respectively. T cells were gated on CD3+ population and both CD4+ and CD8+ T cells were 

selected. Lower panels (B) show representative dot plots for IFN-γ production in CD8+ and CD4+ tonsillar T 

cells following stimulation with either 103 CCID50 mL-1 of Rotarix vaccine (RV1) or PMA/ionomycin cocktail.  

(Biolegend) as a cell activation control. Human tonsillar MNCs were left with media alone as an unstimulated 

control. FACS Data was analysed by using FlowJo X v10.0.7 software. 
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Appendix D. Gating strategy for T cell analysis in Human tonsillar MNCs 

Figure D2. Gating strategy used for CFSE-labelled T cell proliferation analysis. Human tonsillar MNCs were 

labelled with CFSE and analysed after 5 days of stimulation by Flow cytometry. Representatives dot plots shows 

the gating strategies used for T cells selection (A) and cell proliferation (B) analyses from human tonsillar MNCs. 

As shown in the upper panel (A), lymphocytes were first selected based on their forward (FSC-H) and side scatter 

(SSC-H) properties (R1). Doublets and dead cells were excluded by singlets selection (S1) and zombie live/Dead 

staining (live), respectively. Both CD4+ and CD8 T cells were selected from previously gated CD3+ cell 

population. Lower panels (B) show representative dot plots for CFSE dilution, i.e., cell proliferation, from 

stimulated CD8+ and CD4+ tonsillar T cells. Cells were previously stimulated with Rotarix vaccine (RV1, 103 

CCID50 mL-1) or anti-human CD3 antibody (Clone: HIT3a, Biolegend) as a T cell proliferation control or left 

with media alone as an unstimulated control. FACS Data was analysed by using FlowJo X v10.0.7 software.  
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Appendix D. Gating strategy for T cell analysis in Human tonsillar MNCs  

Figure D3. Flow cytometry analysis of gut homing receptors in human tonsillar T cells. Human tonsillar 

MNCs were stimulated with rotavirus vaccine (RV1, 1 x 103 CCID50 mL-1) and evaluated 5 days later for gut-

homing receptor expression by FACS. Representatives dot plots shows the gating strategies used for T cells 

selection (A) and gut-homing receptor expression (B) from human tonsillar MNCs. Upper panel (A) shows 

lymphocytes selection based on their forward (FSC-H) and side scatter (SSC-H) properties (R1). Doublets and 

dead cells were excluded from the analyses by singlets selection (S1) and zombie live/Dead staining (live), 

respectively. CD4+ and CD8+ tonsillar T cells were selected from CD3+ gated live cell population. Lower panels 

show representative dots and contour plots for α4β7 receptor expression in CD4+ (B) and CD8+ (C) tonsillar T 

cells. A mix of FITC anti-human CD49d, i.e., Integrin α4, and APC anti-human/mouse Integrin β7 antibodies 

were used for gut-homing receptor analyses by FACS. T cell antibody cocktail minus these two integrins (FM2) 

were used as a negative staining control. Double positive (α4+β7+) T cells populations were selected as gut-

homing receptor expressing cells. Data was analysed by using FlowJo X v10.0.7 software.   
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Appendix E. Correlation of Serum Pre-existing immunity to GII.4 Norovirus and 

NoV1-induced IFN-γ production by human tonsillar T cells.  

Figure E1. Correlation between Pre-existing immunity to NoV and T cell-mediated IFN-γ response induced 

by NoV1 vaccine alone or adjuvanted with α-Galcer. CD4+ (A, B) and CD8+ (C, D) mucosal T cell-mediated 

IFN-γ responses were recorded after stimulation of human tonsillar MNC with a VLP-based norovirus vaccine 

candidate (NoV1) alone (A, C) or adjuvanted with α-Galcer (B, D). Fold increase data from IFN-γ production by 

T cells were paired and correlated with patients’ pre-existing immunity, i.e., NoV-specific serum IgG titres 

(Log10-transformed ELISA units; EU). Statistical analyses, including Pearson correlation (r) and linear regression 

(red line) were performed by GraphPad prism 9 software. 
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