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Abstract  

Maternal vaccination (MV) to provide protection to the unborn infant is an attractive way 

to prevent infections in the early weeks and months of life. Despite this, the efficacy or 

mechanisms underpinning this approach are not well studied. The leading cause of child 

mortality by infection worldwide is Streptococcus pneumoniae (pneumococcus), 

particularly in low-to-middle-income countries (LMIC). This prevalence of infection could 

be due to vaccines such as Prevnar13 (PCV13) not being administered until the infant is 

8 weeks old. Access to vaccination is limited in LMIC and some children might not receive 

vaccinations. Therefore, in children, there is a window of susceptibility to this infection 

that could be addressed through maternal vaccination. 

 

In this study, we have used novel mouse models of maternal vaccination with PCV13 and 

challenged offspring using pneumococcus to identify the features of acquired immunity.  

Maternally vaccinated offspring acquired surprisingly long-lasting antibody responses as 

well as reduced bacterial burdens in the bronchoalveolar lavage, blood and lung 

suggesting protection against invasive pneumococcal disease is present. Moreover, 

maternally vaccinated offspring have distinct immune signatures associated with 

increased maternal cell populations. Maternally vaccinated offspring display distinct 

enhanced levels of immune control in the BAL. In addition, increased maternal B and 

plasma cell populations were present in the lung and bone marrow.  Finally, bone marrow 

cells from maternally vaccinated offspring secrete PCV13-specific antibodies. Therefore, 

PCV13 maternal vaccination suggests long-lasting immunity to infection in offspring.  
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Chapter 1: Introduction 

 

1.1 Streptococcus pneumoniae  

Streptococcus pneumoniae (S. pneumoniae) is a gram-positive bacterium and is currently 

the leading cause of pneumonia in children under the age of five years old(1). Pneumonia 

accounts for 14% of mortality due to infection of children under 5 years old, killing 

approximately 738, 974 children in 2019 (Figure 1.1). S. pneumoniae is associated with 

the colonisation of the nasopharynx but can also lead to invasive disease(1, 2).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.1: Percentage of deaths caused by pneumonia in children under 5 
years of age in 2019. 
Pneumonia has been the leading cause of death by infection globally since 2000 
and due to pneumococcal vaccine intervention, total deaths have reduced. The 
pneumonia disease burden remains the leading cause of death by infection as of 
2019. 
Source: WHO and the Maternal Child Epidemiology Estimation group (MCEE) 
2020 
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There are more than 90 identified pneumococcal serotypes however, only a small 

percentage of these serotypes account for most infections in infants. Each serotype has 

unique characteristics which range in virulence and structure(2, 3). A unique 

characteristic identified is the absence of the polysaccharide capsule, these strains are 

classified as non-typable serotypes. The absence or presence of a capsule aids in the 

serotype invasiveness and pathogenesis(4, 5). The capsule is the major target for 

protective antibodies and vaccine strategies which include purified capsular 

polysaccharide proteins of serotypes of S. pneumoniae.  
 

1.1.1 Disease burden  

Pneumonia due to S. pneumoniae is the leading cause of child mortality by infection 

worldwide, accounting for approximately 1 million child deaths annually (Figure 1.2)(1). 

Despite the use of antibiotic treatment, polysaccharide-based and conjugated vaccine 

strategies, pneumococcal disease and mortality is disproportionally high in low-to-middle-

income countries (LMIC)(3, 6). 
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Pneumonia caused by bacteria can be treated with antibiotics, however  only 33% of 

children with pneumonia receive the antibiotics needed (Figure 1.3). A range of 

antibiotics have been widely used to manage and control the spread of S. pneumoniae, 

however, more than 30% of infections are caused by pneumococcal serotypes that have 

developed antibiotic sensitivity or resistance to one or more clinically relevant antibiotics. 

The highest rate of resistance of S. pneumoniae in children under the age of five was 

found to be penicillin, tetracycline and erythromycin. Moderate resistance was found in 

chloramphenicol, clindamycin and trimethoprim-sulfamethoxazole(7-9). These antibiotics 

should be avoided in treatment strategies however remain the most used antibiotics 

globally. 

Figure 1.2: Deaths of children under the age of five by infectious diseases.  
Pneumonia has been the leading cause of death by infection globally since 2000 and 
due to pneumococcal vaccine intervention, total deaths have reduced. The 
pneumonia disease burden remains the leading cause of death by infection as of 
2019. 
Source: WHO and the Maternal Child Epidemiology Estimation group (MCEE) 2020 
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In LMIC’s, antibiotic sensitivity and resistance is not regularly tested in patients and 

therefore incompatible and high concentrations of the more commonly available 

antibiotics are prescribed for a prolonged time(7-9).. This may lead to adverse side effects 

such as gastrointestinal distress, allergic reactions, cardiovascular effects, secondary 

infections as well as liver and kidney damage. These factors increase the difficulty of 

treating patients and due to the associated challenges, the most effective way to prevent 

pneumococcal infections is through vaccination.    

Figure 1.3: Percentage of children with symptoms of acute respiratory infections 
taken into health facilities.  
Children in LMIC’s have limited access to health care facilities.  
Source: UNICEF global databases, 2022, based on MICS, DHS and other nationally 
representative household surveys 
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1.1.2 Pneumococcal colonisation and disease  

Pneumococcal colonisation occurs primarily in the upper part of throat that lies behind the 

nose, more commonly referred to as the nasopharynx (Figure 1.4). Pneumococcal 

colonization typically occurs when infectious droplets are released through the air and 

inhaled(5, 10, 11). Colonized bacteria in the nasopharynx may multiply and establish as 

pneumonia in the lower respiratory tract, which includes the bronchi and alveoli of the 

lungs(5, 10). If pneumonia is not effectively treated, the pathogen can enter the 

bloodstream this can lead to bacteraemia and spread to other organs such as the spleen 

and liver which is a hallmark of sepsis(11, 12). Bacteraemia may also spread to the blain 

and lead to meningitis. Sepsis can lead to further complications such as organ dysfunction 

and heart failure (Figure 1.4).  

  

Figure 1.4: Pneumococcal colonisation and spread of disease.  
After Pneumococcal exposure, colonisation occurs in the nasopharynx. Bacteria 
multiplies and establishes as pneumonia in the lower respiratory tract in the lung. 
Pneumonia if not treated can enter the bloodstream lead to bacteraemia which may lead 
to sepsis and meningitis.  
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1.2 Vaccines  

1.2.1 Current Vaccine strategies  

Current pneumococcal vaccines can be classified into two categories: pneumococcal 

conjugate vaccines (PCV’s) and pneumococcal polysaccharide vaccines (PPSV’s). The 

most globally administered PPSV is Pneumovax23® which provides protection against 

certain S. pneumoniae serotypes (1, 2, 3, 4, 5, 6B, 7F, 8, 9N, 9V, 10A, 11A, 12F, 14, 15B, 

17F, 18C, 19F, 19A, 20, 22F, 23F, and 33F), but unfortunately does not work effectively 

in children under the age of two due to a lack of response to free polysaccharides(1, 2, 4, 

7). The most widely used conjugate vaccine is Prevnar13® (PCV13) which includes 

purified capsular polysaccharide of 13 serotypes of Streptococcus pneumoniae (1, 3, 4, 

5, 6A, 6B, 7F, 9V, 14, 19A, 19F, 18C, and 23F) conjugated to a nontoxic variant of 

diphtheria toxin known as CRM197. PCV13 is the leading vaccination strategy for children 

but is expensive, has limited serotype coverage and can only be administered to children 

after 6 weeks of age.  

 

PCV13 is classified as one of the most expensive vaccines to develop and  manufacture 

and is currently priced at ~£140 per dose. Global organisations such as the World Health 

Organisation (WHO), governments agencies including the Centre for Disease Control and 

Prevention (CDC) and local governments have recommended PCV13 as a routine 

vaccine for children, however PCV13 is not financially supported by governments(2, 7). 

In LMIC’s, where the pneumococcal disease burden is extremely high, children require 

four PCV13 boosts at 2, 4, 6 and 12-15 months which increases the financial burden(3, 

8). The financial costs contribute to the difficulty of vaccine rollout as many individuals in 
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LMIC cannot afford to vaccinate children and therefore increase the spread of S. 

pneumoniae. 

 

There are more than 90 identified serotypes of S. pneumoniae identified globally. PCV13 

and Pneumovax23® only protect against limited serotypes creating a serotype bias. To 

overcome the serotype bias present in current vaccine strategies, a vaccine that does not 

target specific serotypes but rather universal S. pneumoniae proteins could reduce 

incidence of early life S. pneumoniae infections in vulnerable populations globally. In 

LMIC’s and regions with limited access to healthcare and vaccination rates can be 

extremely low and children might not receive any treatments or pneumococcal vaccines. 

In LMIC’s, the incidence of pneumonia in children younger than 2 months of age is 

extremely high and the lack of protection for infants creates a window of opportunity for 

the bacteria to infect. Identifying a way to decrease this window of susceptibility in infants 

is essential to reduce the spread of infection.  

 

1.2.2 Serotype replacement  
Serotype replacement is due to the introduction of pneumococcal vaccines, this reduces 

the prevalence of vaccine targeted serotypes and allows for non-vaccine serotypes (NVT) 

to thrive and become more common(4, 13, 14). This directly increases the incidence of 

early life S. pneumoniae infections in vulnerable populations and places strain on health 

care infrastructure. Surveillance and monitoring of pneumococcal serotypes are 

constantly reported on in an attempt to notify vaccine developers to constantly add 

serotypes to enhance protection. The turnaround time and financial development of these 
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vaccines is costly and slow however, this does not solve the issues facing serotype 

replacement.  

 

In studies, clinical isolates of children from a range of LMIC’s were sequenced and NVT 

were identified. These strains include 16F, 34, 35B indicating that serotype replacement 

is a factor that needs to be investigated to protect individuals in countries where S. 

pneumoniae is prevalence is high(15). Therefore It is imperative to explore the potential 

to vaccinate against these unprotected serotypes.   

 

1.2.3 Novel Vaccine strategies   

Current vaccination strategies could be improved by utilising novel vaccine approaches. 

The lack of broad spectrum protection highlights the need for the current “gold standard” 

of vaccines to be revised. Pneumococcal proteins have been widely studied and 

characterised according to their role and colonization, pathogenesis and virulence. These 

proteins have the potential to function as antigens in a multi-valent protein vaccine that 

confers capsule independent protection and in turn removes any serotype bias. The 

protein expression should be highly conserved across the serotypes, have adequate 

surface expression and should be easily recognised by antibody. Studies have shown 

that a combination of pneumococcal proteins confers superior protection compared to 

single antigens in mice(16-18).  

 

S. pneumoniae proteins such as NanA, PiuA, PspA and Sp0148 are important for 

ensuring colonization in the nasopharynx. These proteins are responsible in aiding the 
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survival and replication of S. pneumoniae bacteria(19-21). Studies have shown that new 

vaccine targets using Protein Glycan Coupling Technology (PGCT) can protect mice 

against S. pneumoniae infections. One examples would be S. pneumoniae serotype 4 

capsular polysaccharides linked to proteins NanA, PiuA, and Sp0148 protected mice 

against meningitis and septicaemia with the same efficacy as vaccination with Prevnar-

13(21). These data demonstrate that a vaccine made by PGCT is as effective as Prevnar-

13 and demonstrates that linking capsular antigen to S. pneumoniae protein antigens has 

additional protective benefits that could provide a degree of serotype-independent 

immunity(19, 20). 

 

Current vaccine strategies against S. pneumoniae are created around capsular 

polysaccharide technologies. Serotypes are selected and incorporated into conjugated 

vaccines however serotype replacement has led to nonvaccine serotype replacement 

disease(22, 23). An alternative serotype independent strategy using multiple-antigen 

vaccines (MAV) prepared from S. pneumoniae TiGR4 serotype lystaes enriched with heat 

shock proteins (Hsps), surface proteins (PspA) and pneumolysin (Ply)(23-25). Mice 

vaccinated with MAV induced antibody responses to multiple serotypes, including 

nonpneumococcal conjugate vaccine serotypes(22, 25). This data suggests that MAV 

potentially could provide serotype-independent protection against S. pneumoniae. 

 

1.2.4 Maternal Vaccination strategies  

Maternal vaccination (MV) refers to the practice of immunizing pregnant woman to protect 

both the mother and the unborn child from infectious disease(26-28). Pregnancy can 
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weaken the immune system causing pregnant woman to become more susceptible to 

infection(29). The aim of MV is to increase the transfer of antibodies from the mother to 

the fetus through the placenta. This can provide the newborns with passive immunity 

during the early weeks to months of life which are particularly vulnerable to infections and 

not yet eligible for their own vaccinations(26). The timing of MV is crucial for increasing 

the transfer of protection to the infant. Once the baby is born, passive transfer can be 

transferred through breastmilk as well however not every vaccine has the same 

mechanism of action and each MV study needs to investigated independently. Therefore 

MV can benefit and protect the both the mother and the fetus.  

 

Maternal vaccinations against Respiratory Syncytial Virus (RSV), Influenza, Group B 

Streptococcus (GBS), SARS-CoV-2, and pertussis have been shown to provide immune 

protection in infants (30-33). The Centre for Disease Control (CDC) highly recommends 

that pregnant woman receive pertussis, Influenza and SARS-CoV-2 vaccines during 

pregnancy.  

 

MV is showing clinical promise for GBS and RSV. The timing of GBS disease suggests 

that a maternal vaccine given in the late second or early third trimester of pregnancy 

would prevent most maternal cases(34, 35). MV can lead to a reduction in maternal and 

child GBS colonisation lasting up to 89 days after exposure (29, 32).  A study evaluating 

the safety and immunogenicity of an investigational trivalent GBS vaccine in US pregnant 

woman indicated antibody concentrations were substantially higher in women with 
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detectable pre-vaccination antibody concentrations(36). Infant IgG and breast milk IgA 

were higher in the vaccine vs the placebo group at all timepoints(36). 

 

Pertussis infection in infants can cause severe illness and death. Pertussis MV during the 

third trimester (at approximately 28-31 weeks) gestation was effective in preventing 

pertussis infection in infants aged 8 weeks and younger(37, 38). In addition, Pertussis 

MV is associated with a lower risk of infection among infants through 8 months of age(39, 

40). Due to the clinical trial data the Tdap (tetanus, diphtheria, acellular pertussis) vaccine 

has proven to be highly effective in infants and therefore has become a routine 

vaccination in infants(38, 40).  

 

It is likely that maternal vaccination against S. pneumoniae is a tractable approach to 

provide offspring with early life protection. Understanding when the optimal time is to 

vaccinate a mother to provide not just passive immunity but also a long lasting active 

immune response would represent an important biomedical benefit.   
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1.3 The immune system  

 

The immune system is a complex and vital defence mechanism that consists of cells 

tissues and organs that has a purpose of protecting the body from harmful infections and 

diseases such as bacteria, fungi, parasites, and viruses. The immune system’s primary 

function is to distinguish between self and non-self. The body’s own cells are regarded 

as self while a foreign substance or pathogen would be regarded as non-self. This is 

crucial for maintaining the body’s homeostasis and tolerate the hosts own cells and 

tissues but also prevent autoimmune reactions whereby the body mistakenly attacks its 

own tissues. If a foreign pathogen is detected by host cells, a coordinated response is 

trigged to eliminate the targeted pathogen in a rapid way. Control of an immune response 

is essential as an incorrect immune response may result to immune-pathology and cause 

a detrimental inflammatory immune response.  

 

Blood cells are consistently produced in the bone marrow through expansion and 

differentiation of progenitor cells that originate from hematopoietic stem cells (HSC’s)(41, 

42). Hematopoiesis starts with HSCs which are proliferative and multipotent cells that are 

localised in specialized regions of the bone marrow called niches(43). These niches have 

stromal cells, extracellular matrix components, and signalling molecules that support the 

survival, proliferation, and differentiation progenitor cells(44). 
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HSCs can self-renew to not only maintain their population but also differentiate into a 

range of blood cell lineages. HSCs can differentiate into two different progenitor cells 

lines: Myeloid progenitor and Lymphoid progenitor cells(41).  

 

Myeloid progenitor cells can further differentiate into several distinct types of cells, each 

with specialized functions. The first subgroup of cells is known as Megakaryocytes which 

are large cells that fragment to form platelets with the stimulation of Thrombopoietin 

(TPO)(45). The function of platelets is essential for blood clotting and wound healing. 

Myeloid progenitor cells differentiate into myoblasts which further matures into 

Granulocytes under the influence of Granulocyte Colony-Stimulating Factor (G-CSF)(43). 

Granulocytes can be categorised into Neutrophils, Eosinophils and Basophils(42, 45). 

Neutrophils are responsible for phagocytosis mainly involved with bacteria and fungi while 

Eosinophils and Basophils are predominantly involved with parasitic infections, allergic 

reactions, and inflammation(43). Erythrocytes are the largest proportion of Myeloid 

progenitor cells chich are derived from erythroblasts stimulated by erythropoietin 

(EPO)(42, 46). These cells are responsible for transporting oxygen from the lungs to the 

tissues while carrying carbon dioxide (C02) from the tissue to be exhaled from the 

lungs(42). Monocytes are the final subgroups of Myeloid progenitor cells(45). Monocytes 

mature into monocytes which circulate in the blood and migrate into tissues where they 

become macrophages or dendritic cells(46). Macrophages and dendritic cells are 

involved in phagocytosis and antigen presentation which is essential for the immune 

response (Figure 1.5).  
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Lymphoid progenitor cells can further differentiate into various lymphocytes that are 

essential for the adaptive immune response. Lymphoid progenitor cells migrate to the 

thymus where they mature into various T lymphocyte cells (T cells)(42, 45). T cells are 

primarily involved in cell-mediated immunity, directly killing infected cells, and regulating 

immune responses(43, 46). Lymphoid progenitor cells can further differentiate into 

Natural Killer (NK) cells which are essential for the innate immune system(42, 43). NK 

cells can recognise and kill virus-infected cells without prior exposure to antigen. The final 

subgroup of Lymphoid progenitor cells is B Lymphocyte cells (B cells)(42, 45, 46). Mature 

B cells migrate to secondary lymphoid organs such as spleen and lymph nodes. B cells 

can also differentiate into plasma cells that can secrete antibodies (Figure 1.5). 
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The immune system can be broadly characterised into two branches: the innate and 

adaptive immune system. The innate and adaptive immune response function together 

to provide the body with a comprehensive defence to fight off pathogens. The innate 

system recognises a spectrum of pathogens and provides the body with a non-specific 

first line of defence(47). The adaptive immune response is a secondary defence which is 

slower and specific. The adaptive response can develop memory cells to a specific 

infection and therefore upon re-exposure to the same pathogen a quicker and more 

targeted response can be generated.  

Figure 1.5: Hematopoiesis in the bone marrow 
Blood cells are consistently produced in the bone marrow through expansion and 
differentiation of progenitor cells that originate from hematopoietic stem cells (HSCs). 
HSCs can differentiate into two different progenitor cells lines: Myeloid and Lymphoid 
progenitor cells. Myeloid progenitor cells can further differentiate into platelets, 
eosinophils, basophils, erythrocytes, dendritic cells, macrophages and neutrophils. 
Lymphoid progenitor cells can further develop into T, B, plasma and Natural killer cells.   
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The innate immune system has distinct cells which act as the initial first line of defence. 

Some of the key cells involved are granulocytes, natural killer (NK) cells, dendritic cells, 

neutrophils and phagocytes(47, 48). In addition, the complement system is an essential 

part of the innate immune response. The adaptive immune system is characterised by its 

specificity and memory. The key cells involved are antigen-presenting cells (APC’s), B 

lymphocytes (B cells), T lymphocytes (T cells) and memory cells(48, 49).  

 

1.3.1 Innate immunity  

The innate immune system functions through a series of mechanisms. Innate cells 

express Pattern Recognition Receptors (PRRs) which recognise highly conserved 

Pathogen Associated Molecular Patterns (PAMPs). These PAMPs include 

lipopolysaccharides (LPS), DNA, double stranded RNA and flagellin. In the presence of 

a pathogen, innate cells will recognise the foreign antigen and differentiate into short-lived 

effector cells.  

 

Phagocytic cells such as macrophages and neutrophils are effector cells that detect and 

bind foreign pathogens(50). These phagocytic cells surround and engulf the pathogen 

which results in the formation of the phagosome. The phagosome undergoes maturation 

which includes the fusion of the lysosome. The lysosome is an acidic environment 

whereby enzymes can degrade pathogens and break them into smaller fragments which 

are expelled through exocytosis(50).  
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Macrophages are present in most tissues and act as scavengers and supervisors which 

play a key role in initiating the innate response. Macrophages have the ability to recruit 

other phagocytes to the site of infection by secreting chemokines. Chemokines. As 

macrophages encounter different types of pathogens, tissues or inflammatory signals 

they can produce a range of chemokines into the surroundings to create a concentration 

gradient that recruits and guides other immune cells towards the site of infection(51). 

Macrophages secrete CCL2 which attracts monocytes, CCL3 and CCL4 which recruits T 

cells and dendritic cells, CCL5 which attracts monocytes and eosinophils as well as 

CXCL10 which is responsible for attracting activated T cells to the sites of infection. 

Macrophages play a role in orchestrating the recruitment and ultimately shaping the 

immune response to a pathogen(52).  

 

Macrophages can be sub divided into M1 and M2 macrophages. M1 macrophages are 

involved in promoting a range of pro-inflammatory responses and antigen 

presentation(52). M1 macrophages contribute to the development of a T helper 1 (TH1) 

responses characterised by the release of pro-inflammatory cytokines such as Tumor 

Necrosis Factor-alpha (TNF-a), Interleukin-1 beta (IL-1b) and Interleukin-6 (IL-6)(53).  M1 

macrophages play a crucial role in microbial defences specifically against bacterial, viral 

and fungal infections(52). M1 macrophages produce reactive oxygen species (ROS) and 

nitric oxide (NO)(53). M2 macrophages are predominantly involved in phagocytosis and 

promoting the development of T helper 2 (Th2) responses(50, 52, 54). M2 macrophages 

are involved in downregulating inflammation and release anti-inflammatory cytokines 

such as interleukin-4 (IL-4), interleukin-13 and interleukin-10 (IL-10). Understanding the 
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balance and regulation between M1 and M2 macrophages is important for maintaining 

proper immune responses and tissue homeostasis.  

 

1.3.2 Adaptive immunity  

The adaptive immune system is a critical part of the body's defense mechanism, providing 

a specific and long-lasting response to pathogens such bacteria, and other foreign 

invaders(55). It differs from the innate immune system in that it is highly specific to 

antigens and has the ability to remember previous encounters with pathogens, leading to 

a more efficient response upon re-exposure(55). The adaptive immune system has key 

features that contribute to the role of the immune system. The adaptive immune system 

is highly specific and can distinguish between different pathogens and target them 

specifically(56). If a specific pathogen is identified, the adaptive immune system 

remembers it and a more robust response can be identified upon exposure. The adaptive 

immune system can differentiate between self and non-self therefore preventing 

autoimmunity and allowing for self-tolerance(56, 57).  

 

The main components of the adaptive immune system are lymphocytes which are white 

blood cells and can be further characterised into B and T cells. T cells originate from 

hematopoietic stem cells in the bone marrow(55, 56). T cell development is a finely tuned 

process that ensures the generation of a functional and self-tolerant T cells. This process 

involves several stages, including thymocyte migration, differentiation and selection. T 

cell progenitors, called thymocytes, originate from hematopoietic stem cells in the bone 

marrow and migrate to the thymus through the bloodstream(58). Thymocytes at this stage 
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enter the cortex and do not express CD4 or CD8 co-receptors. The Double-Negative (DN) 

stage is classified into four sub-phases based on the expression of surface markers: DN1, 

DN2, DN3 and DN4(59). In stage DN1 to DN2, thymocytes proliferate and begin to 

rearrange their T cell receptor (TCR) beta chain genes(60, 61). Following successful 

rearrangement of the TCR beta-chain genes, phase DN2 to DN3 allows for the expression 

of the pre-TCR complex, leading to proliferation and differentiation(58, 60, 62). In phase 

DN3 to DN4, thymocytes begin to rearrange their TCR alpha chain genes(60). In the 

Double-Positive (DP) stage, thymocytes express both CD4 and CD8 co-receptors and 

TCRs on their surface(63). This stage is crucial for the selection processes that ensure 

the functional competence and self-tolerance of T cells(64). The first stage is positive 

selection, which thymocytes with TCRs that moderately bind self-MHC-peptide 

complexes receive survival signals and are selected for further maturation(60, 65). This 

ensures that T cells can recognize self-MHC molecules. Negative selection includes 

thymocytes with TCRs that bind strongly to self-MHC-peptide complexes undergo 

apoptosis. This process eliminates potentially auto-reactive T cells, ensuring self-

tolerance(61). The final stage is the Single-Positive (SP) stage(60, 65). Thymocytes 

differentiate into either CD4+ or CD8+ T cells based on their TCR specificity. CD4+ T cells 

are produced if antigens presented by MHC class II molecules and typically become 

helper T cells while CD8+ T cells are produced if antigens presented by MHC class I 

molecules and typically become cytotoxic T cells(63, 65) (Figure 1.6). 

 

Final maturation occurs whereby further selection occurs in the thymic medulla to ensure 

self-tolerance through interactions with medullary thymic epithelial cells (mTECs) and 
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dendritic cells presenting self-antigens. Successfully selected and matured T cells leave 

the thymus and enter the peripheral circulation as naive T cells(59). These cells are now 

capable of recognizing and responding to foreign antigens presented by MHC molecules. 

This process is essential for maintaining immune homeostasis and effective immune 

responses against pathogens(59). 

 

 

B cells are a fundamental component of the adaptive immune response and can be further 

described according to their function(66). Naïve B cells are a crucial component of the 

adaptive immune system and plays and essential role in the initial stages of the immune 

response. Naïve B cells express specific surface markers including CD19, CD20, CD21, 

CD22 and B cells receptors (BCRs(66)). Naïve B cells exit the bone marrow and circulate 

Figure 1.6 Checkpoints of T cell Development  
NK/T precursors pass through the DN1-DN4 stages of the double negative (DN), 
double positive (DP) and single positive (SP) stages of thymocyte development. Most 
DN3 thymocytes become αβ T cells, but some generate γδ T cells. Most DP 
thymocytes that survive various thymic selection processes become CD4+ or CD8+   
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in the peripheral blood and lymphoid organs and then migrate to secondary lymphoid 

tissues such as lymph nodes, spleen, peyer’s patches where they await to encounter 

specific antigens. When a naïve B cell encounters antigen, it becomes activated which is 

a complex process(67). B cell activation involves key steps such as antigen recognition, 

co-stimulation, clonal expansion and differentiation. Antigen recognition is triggered when 

a specific antigen binds to the BCR(67, 68). After binding the B cell internalizes the 

antigen-BCR complex through endocytosis and the antigen is processed into smaller 

fragments within the B cell(68). The processed antigen fragments are relocated to the 

surface of the B cell and presented on the surface of the B cell in conjunction with Major 

Histocompatibility Complex (MHC) class II molecules(68). This antigen fragment 

presentation is essential for subsequent interaction with CD4+ helper T cells which 

provides co-stimulatory signals for B cell activation(57). Activated B cells acquire 

enhanced potential for antigen presentation with upregulation of MHC-I and II and co-

stimulatory molecules, such as CD40 ligand (CD40L) on CD4+ T cells binding to CD40 on 

B cells(61). Another example is CD80/86, further activating both CD4+ and CD8+ T 

cells(57, 61). Also, CD27 is upregulated in activated B cells, and interaction between this 

molecule and CD70 on the membrane of memory CD8+ T cells promote their 

maintenance and facilitates their activation in an antigen-independent manner(61). CD8+ 

T cell activation leads to efficient cell proliferation and production of potent inflammatory 

mediators, such as granzymes, perforin, and IFN-γ. Once activated, B cells proliferate 

extensively, creating a clone of cells that all recognize the same antigen. This clonal 

expansion increases the number of B cells available to combat the specific antigen 

(Figure 1.7). 
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Activated B cells can differentiate into plasma cells. Plasma cells are effector B cells that 

secrete large amounts of antibodies specific to the antigen. These antibodies help 

neutralize the pathogen, mark it for destruction by phagocytes, or activate the 

complement system. Through a process called V(D)J recombination, a diverse repertoire 

of antibodies by randomly combining variable (V), diversity (D), and joining (J) gene 

segments(69). This creates the initial diversity necessary for recognizing a wide array of 

antigens, while an additional process called somatic hypermutation (SHM) fine-tunes and 

enhances antibody affinity, ensuring effective and robust immune protection(70, 71). 

Other activated B cells become memory B cells. These cells do not immediately 

participate in the current immune response but remain in the body for long periods, ready 

to respond rapidly and robustly if the same antigen is encountered again(68).  

Figure 1.7 B cells as activators of cellular immunity.  
B cells are initially activated by antigen recognition through the BCR. Internalized 
antigens are then presented through class II MHC to CD4+ helper T cells, which provide 
co-stimulatory signals for B cell activation. Activated B cells acquire enhanced potential 
for antigen presentation with upregulation of MHC-I and II and co-stimulatory molecules 
activating both CD4+ and CD8+ T cells.  
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VDJ recombination is a process that generates diverse antibodies by randomly 

assembling VDJ gene segments(69, 72). This process occurs in developing B cells within 

the bone marrow and is crucial for creating the vast repertoire of antibodies capable of 

recognizing numerous antigens. In the heavy chain genes, one D segment joins a J 

segment first, followed by the addition of a V segment to the DJ complex(72, 73). Light 

chain genes, which lack D segments, undergo a simpler VJ recombination. The 

recombination is initiated by the RAG1 and RAG2 proteins, which introduce double strand 

breaks at specific recombination signal sequences(69, 72). The resulting DNA breaks are 

repaired by the non-homologous end joining (NHEJ) pathway, with additional diversity 

introduced by the enzyme Terminal deoxynucleotidyl transferase (TdT), which adds 

random nucleotides at the junctions. This combinatorial and junctional diversity ensures 

that each B cell produces a unique antibody, equipping the immune system to respond to 

a wide array of pathogens(73). 

 

Somatic hypermutation (SHM) is a critical process in the adaptive immune system that 

enhances the affinity of antibodies for their specific antigens(70, 74, 75). This process 

occurs in mature B cells within the germinal centers of secondary lymphoid organs, such 

as lymph nodes and the spleen, after B cells have been activated by antigen exposure(70, 

74, 75). SHM is initiated by the enzyme activation-induced cytidine deaminase (AID), 

which deaminates cytosine bases in the DNA of the variable regions of immunoglobulin 

genes, converting them to uracil(70, 74, 75). The resulting uracil bases are recognized as 

errors and are processed by error-prone DNA repair mechanisms, including base excision 

repair (BER) and mismatch repair (MMR), introducing point mutations. These mutations 
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create a diverse array of antibody variants. B cells expressing antibodies with higher 

affinity for the antigen are selected for survival and proliferation in a process known as 

affinity maturation(71, 75). SHM, therefore, works in conjunction with this selective 

pressure to produce high-affinity antibodies, enhancing the immune system's ability to 

effectively neutralize and eliminate pathogens. 

 

Vaccination primes the immune system by activating naive B cells specific to the vaccine 

antigen(76). These B cells undergo clonal expansion and differentiation. As part of the 

adaptive immune response triggered by vaccination, SHM introduces mutations into the 

variable regions of the antibody genes in activated B cells(77-79). This process occurs in 

germinal centre’s where B cells interact with follicular dendritic cells and T helper cells. 

Through affinity maturation, B cells that produce antibodies with increased affinity for the 

antigen are selected(77-79). This results in a more effective and robust immune 

response. The high-affinity antibodies produced are better at neutralizing the pathogen if 

encountered in the future. Memory B cells generated during the vaccination process 

undergo SHM, leading to a pool of high-affinity memory B cells. These cells can rapidly 

respond to subsequent exposures to the pathogen, providing long-term immunity(78, 79). 

Therefore, vaccination leverages the body's natural immune mechanisms by stimulating 

the production and maturation of high-affinity antibodies, vaccination ensures robust 

protection against infectious diseases, underscoring the crucial role of SHM in adaptive 

immunity and vaccine efficacy(76). 
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1.3.3 The immune system in the context of a pneumococcal infection   

During a pneumococcal infection, neutrophils and macrophages are crucial as the first 

responders. During a pneumococcal infection, neutrophils and macrophages are rapidly 

activated as part of the body's innate immune response. The presence of	Streptococcus 

pneumoniae	is detected by pattern recognition receptors (PRRs) on the surface of 

neutrophils, such as Toll-like receptors (TLRs), which recognize pathogen-associated 

molecular patterns (PAMPs) specific to the bacteria(80-83). Upon recognition, these 

receptors trigger intracellular signalling pathways that activate the immune cells. 

Neutrophils are recruited to the site of infection by chemotactic signals (CXCL8, CXCL1, 

CXCL2, CXCL5) and cytokines Interleukin-8 (IL-8)(81-83). Chemokines released by 

infected tissues and other immune cells bind to the appropriate receptor. Once activated, 

neutrophils engage in phagocytosis, engulfing and digesting the bacteria, and release 

antimicrobial substances like reactive oxygen species (ROS) and enzymes to kill the 

pathogens(81-83). Macrophages, which reside in tissues, also recognize and engulf the 

bacteria, and upon activation, they secrete additional cytokines to amplify the immune 

response, attract more immune cells, and present antigens to T cells, thereby linking the 

innate and adaptive immune responses. This coordinated activation of neutrophils and 

macrophages is critical for controlling and eliminating the pneumococcal infection. 

 

Dendritic cells (DCs) play a pivotal role in controlling a pneumococcal infection by bridging 

the innate and adaptive immune responses. DCs recognize the bacteria through pattern 

recognition receptors (PRRs) such as Toll-like receptors (TLRs)(84, 85). This recognition 

triggers the maturation and activation of dendritic cells, prompting them to engulf and 
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process the bacterial antigens. These antigens are then presented on the surface of 

dendritic cells bound to major histocompatibility complex (MHC) molecules. Migrating to 

the lymph nodes, dendritic cells present these antigens to naïve T cells, leading to the 

activation and differentiation of T cells into helper T cells (CD4+ T cells) and cytotoxic T 

cells (CD8+ T cells)(84-86). Helper T cells, in turn, stimulate B cells to produce specific 

antibodies against the pneumococcal bacteria, enhancing opsonization and phagocytosis 

of the bacteria. Moreover, DCs secrete cytokines such as Interleukin-12 (IL-12), 

Interleukin-6 (IL-6), Tumor Necrosis Factor-alpha (TNF-α), Interleukin-1β (IL-1β), 

Interleukin-10 (IL-10) and Interferon-gamma (IFN-γ) that is crucial for shaping the immune 

response(84).  

 

Together, through these mechanisms, DCs initiate and regulate the adaptive immune 

response, essential for the effective clearance of the pneumococcal infection.  
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1.4 Neonate Immune system  

During early life, neonates have a reduced ability to elicit and control an immune 

response. Due to a lack of immune memory, new-borns are highly susceptible to 

infections. In 2018, 5.3 million children under the age of 5 died from infectious preventable 

diseases. In addition, pneumonia was the leading cause of death and nearly 50% of 

recorded deaths were in new-borns (87).   

 

Neonates receive important immunity from their mother in the form of maternally derived 

antibody and other immunogenic components such as cytokines and antigen (88).  The 

transfer of cytokines or antigen is less likely than antibodies, except in instances whereby 

the mother has an active infection during pregnancy or breastfeeding. This transfer of 

protection can occur across the placenta or via breastfeeding. Nursing alone provides 

important protection to offspring against both infectious and non-infectious diseases. This 

transfer of maternal antibodies is vital for infant immunity as the protection is stable for 

long periods of time and are specific to the pathogens they interact with (89).  

 

IgG is the most abundant antibody class to cross the placenta in humans. The crossing 

of IgG is mediated by neonatal Fc receptors and evidence has shown that IgG transfer is 

dependent on the concentration of maternal IgG during pregnancy. Preferential transport 

occurs for IgG1, followed by IgG4, IgG3, and IgG2. Breastmilk adds additional immune 

benefits for offspring and consists of many nutrients, lactoferrin, IgA antibodies as well as 

maternal B and T cells (90). Breastfeeding has been shown to decrease the risk of 

respiratory tract infections and breastfeeding by stimulating infant immune system by anti-
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idiotypic antibodies and the uptake of lymphocytes which may contribute to long term 

protection in infants (2).  
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1.5  Aim of this thesis   

 

This project will address the following questions:  

1. When is the appropriate time to vaccinate a mother (dam) to elicit the highest 

antibody titres and greatest vaccine induced cellular immune response?  

2. Does pregnancy have an effect on vaccine efficiency? 

3. Does maternal S. pneumoniae vaccination using PCV13 transfer passive and or 

active immunity against S. pneumoniae to the offspring? 

4. Do the effects seen differ in an allogeneic setting?  

5. Does IL-4 play a role in transfer of protection?  
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Chapter 2: Materials and methods  

 

2.1. Bacterial growth conditions and storage  

TiGR4 (S. pneumoniae serotype 4 strain) and T4P2 (bioluminescent derivatives of S. 

pneumoniae serotype 4 strain, TIGR4) were streaked and grown on blood agar base 

(BAB) agar plates supplemented with 5% horse blood and antibiotics (strain dependent). 

Optochin discs were placed on streaked areas to ensure stocks were free of 

contamination and bacteria were grown for a maximum of 16 hours at 37°C in a static 

incubator. S. pneumoniae was inoculated aseptically in 10mL of brain heart infusion (BHI) 

broth supplemented with antibiotic when applicable. Strains were grown statically in a 

37°C water bath until an OD600nm of O.6 was reached. The cultures were centrifuged at 

4000 rpm for 10 minutes, the supernatant discarded, and the pellet resuspended in sterile 

BHI supplemented with 15% sterile glycerol. 1 mL aliquots were prepared and stored at -

20°C for 24 hours. Glycerol stocks were streaked on BAB plates supplemented with 5% 

horse blood and optochin discs were applied to ensure glycerol stocks were free of 

contamination, thereafter glycerol stocks were moved to -80°C for long term storage.  

 

2.1.1 Viability counting of S. pneumoniae glycerol stocks     

After glycerol stocks were cleared for contamination, stocks were thawed on ice. 20 µL of 

glycerol stocks were mixed with 180 µL of sterile phosphate buffered saline (PBS) and 

used to make serial 10 fold dilutions from 10-1-10-6 in a 96 well round bottom plate. A BAB 

plate was divided into 6 equal parts and 3 X 20 µL of each serial dilution was spotted in 

one section of a BAB plate supplemented with 5% horse blood. Plates were left to dry in 
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aseptic conditions and incubated overnight at 37°C. After 16 hours, dilution factors with 

colonies between 30 and 100 were chosen. colony forming units/ml (CFU/ml) were 

calculated according to Equation 1. These stocks were used for further experiments.  

 

 

 

 

 

 

2.1.2 Bacteria Antigen preparation  

S. pneumoniae was inoculated aseptically in 10mL (in triplicate) of Brain heart infusion 

(BHI) broth supplemented antibiotic if need be. Strains were grown statically in a 37°C 

water bath until an OD600nm of O.6 was reached. The cultures were centrifuged at 10 000 

rpm for 10 minutes, the supernatant discarded, and the pellet resuspended in 1 mL of 

RIPA lysis buffer containing protease inhibitor (Sigma Aldrich). Triplicate tubes were 

combined into one tube and centrifuged at 10 000 rpm for 10 minutes. Supernatants were 

collected and separated into 500 µL aliquots and stored at 4°C. Protein concentrations 

were quantified by bicinchoninic acid (BCA) assay (Pierce™, Thermo Scientific) and 

antigen was used for coating antibody ELISA plates (section 2.6.1) 

 

  

Equation 1: Equation used to calculate the CFU/ml of S. pneumoniae glycerol 
stocks. 

Number of Colonies (Spot 1 + spot 2 + spot 3) = N 
𝐀𝐯𝐞𝐫𝐚𝐠𝐞	𝐨𝐟	𝐭𝐡𝐫𝐞𝐞	𝐬𝐩𝐨𝐭𝐬	(𝐀) =

𝐍
𝟑

 
𝐀	𝐗	𝟓𝟎 = 𝐍𝐮𝐦𝐛𝐞𝐫/𝐦𝐥 

Number/ml X dilution factor = CFU/ml 
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2.1.3 Haemolytic Assay 

1X109 CFU, determined from viability counting (Section 2.1.1), was plated in a round-

bottomed 96 well plate and serially diluted in 1X PBS from 1X109-1X101. In addition, 1X 

PBS and 10X Triton-X controls were added to the plate and 15% horse blood was added 

to each well. The plate was incubated for 1 hour at 37°C and following incubation 

centrifuged for 10 000rpm for 5 minutes. The supernatants were transferred to a new 

plate and absorbances were measures at 540 nm. Total cell lysis was measured by the 

absorbance of each sample and expressed as a percentage of the Triton-X control 

absorbance.  
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2.2. Animal work  

2.2.1 Mice experimental procedures, animal unit and ethics  

All experiments were carried out in accordance with protocol 019/031 approved by the 

Faculty of Health Sciences Animal Ethics Committee from the University of Cape Town 

and all experiments were performed by SAVC (South African Veterinary Council) 

accredited animal technicians. Mice were bred and housed in specific pathogen–free 

conditions at the Animal Unit at the Faculty of Health Sciences (FHS) of the University of 

Cape Town (UCT), South Africa. All experimental mice used were between 10 days and 

11 weeks of age with age-matched littermate controls, where appropriate. Mice were 

killed by halothane inhalation and death was confirmed either by cardiac puncture or 

cervical dislocation.  

 

2.2.2 Immunization  

BALB/cJ mice (Balb/C) and C57BL/6J mice (C57BL/6) were purchased from Jackson 

Laboratory and maintained at the University of Cape Town, Department of Pathology for 

experiments. 7-week-old (W/O) Balb/C female mice were vaccinated with the 

pneumococcal conjugate vaccine Prevnar13 (PCV13) (Table 1).  

 

Vaccine Abbreviation Route of Vaccination Concentration (dams) 

Pneumococcal 
conjugate 
vaccine 

PCV13 Intraperitoneal (I.P) 0.224µg 

 

 

 

Table 1: Concentration and route of vaccinations 
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2.2.3 Pneumococcal challenge  

Glycerol stocks of pneumococcal strains (Table 2), of known concentration were thawed 

on ice and centrifuged at 8000 rpm for 10 minutes to pellet the bacteria. The supernatant 

was removed and the pellet was resuspended in an equal volume of cold sterile 1X PBS. 

Once resuspended, bacteria were kept on ice and aliquoted accordingly to concentrations 

needed for desired experimental procedures. 

 

 

 

 

Virgin 

Dam 

Figure 2.1: Vaccination and tail bleed model in virgin and dams.  
At 7 weeks of age female Balb/C mice were either left unvaccinated or vaccinated 
intraperitoneally with PCV13. Mice that were not mated were classified as virgin mice 
while mice mated were classified as dams. Virgin and Dams were tail bled at day 45 
for antibody detection using ELISA.   
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Vaccination and tail bleed model in virgin and dams.  
At 7 weeks of age female Balb/C mice were either left unvaccinated or vaccinated 
intraperitoneally with PCV13. Mice that were not mated were classified as virgin mice 
while mice mated were classified as dams. Virgin and Dams were tail bled at day 45 
for antibody detection using ELISA.   
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Vaccination and tail bleed model in virgin and dams.  
At 7 weeks of age female Balb/C mice were either left unvaccinated or vaccinated 
intraperitoneally with PCV13. Mice that were not mated were classified as virgin mice 
while mice mated were classified as dams. Virgin and Dams were tail bled at day 45 
for antibody detection using ELISA.   
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 Description Antibiotic 

resistance 
Inoculum 

concentration 

TiGR4 Serotype 4 strain N/A 
 

1X107 

 

T4P2 
Serotype 4 TIGR4 strain with lux genes 
inserted in SP_1886 under the control of 

promoter P2. 
Kanamycin  

 
1X107 

 
  

2.2.3.1 Intranasal (I.N) challenge  

Mice were anaesthetized via I.P with 150 µL of appropriate anesthetic [1.2 mL of ketamine 

and 0.8 mL of xylavet added to 8 mL of 1X sterile PBS] and monitored until they showed 

signs of unconsciousness (i.e., limb movement reflex had been lost). Mice were infected 

with 1x107 CFU in 10 µl into each of the nasal flares of 7 week old offspring. The 

anaesthetized mice were monitored until they regained consciousness.  

 

2.2.4 Tail bleeds  

Mice were warmed using an infra-red light to promote tail vein vasodilation. Mice were 

restrained using a restraining tube and a small incision in the tail vein or artery was 

performed and a 25G needle was used to draw a maximum of 73µl of blood (Equation 

2). Blood flow was stopped by applying pressure on the blood sampling site for 

approximately 30 seconds or until the bleeding stopped.  
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Table 2: Names, concentration and route of vaccinations 

An average mouse has approximately 58.5 mL of blood per kg 
therefore 58.5mL x 0.025kg (average weight of a mouse) = 1.46mL of blood in a 

mouse. For all mice we will take a maximum of 5% of blood which is approximately 73 

Equation 2: Equation used for tail bleed blood withdrawal.  
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2.2.5 Syngeneic model  

7 W/O female wild type (WT) BALB/c mice were mated with WT BALB/c males. One male 

WT BALB/c was placed in a cage with 3-4 females and after one week the male was 

removed. Females were weighed routinely to measure weight gain and due to these 

scores, pregnancy was confirmed by day 12. Once pregnancy was confirmed, females 

were considered to be dams and moved to cages with a maximum of 2 dams. Dams gave 

birth approximately 21 days after fertilisation. Once offspring were born, they were 

observed on a daily basis. Offspring were weaned at 3 weeks of age and separated from 

their mothers according to sex. 7 W/O offspring were infected I.N with 1X107 T4P2 CFU 

and culled 48 hours post infection (P.I) (Figure 2.2). 

 

 

 

  

Figure 2.2: The Syngeneic maternal vaccination experimental model. 
At 7 weeks of age female Balb/C mice were either left unvaccinated or vaccinated 
intraperitoneally with PCV13 one week before mating. These females were then 
mated with Balb/C males. At approximately day 30, offspring were born and 10 
days later 3-5 offspring were culled to collect blood and breastmilk pellets. At 3 
weeks of age, the remaining offspring were weaned and separated according to 
sex. Once offspring were 7 weeks of age, half were infected with 1X107 T4P2 
and culled 48 hours later. 
 

Figure 2.3: The Allogeneic maternal vaccination experimental 
model.Figure 2.2: The Syngeneic maternal vaccination experimental 
model.  
At 7 weeks of age female Balb/C mice were either left unvaccinated or vaccinated 
intraperitoneally with PCV13 one week before mating. These females were then 
mated with Balb/C males. At approximately day 30, offspring were born and 10 
days later 3-5 offspring were culled to collect blood and breastmilk pellets. At 3 
weeks of age, the remaining offspring were weaned and separated according to 
sex. Once offspring were 7 weeks of age, they were infected with 1X107 T4P2 
and culled 48 hours later. 
 

Figure 2.3: The Allogeneic maternal vaccination experimental model.  
At 7 weeks of age, H-2b/d female mice were either vaccinated intraperitoneally 
with PCV13 before mating or unvaccinated. These females were then mated with 
H-2b/b males resulting in H-2b/d and H-2b/b offspring. The H-2b/d offspring was 
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2.2.6 Allogeneic model  

7 W/O female WT or IL-4Ra-/- BALB/c (H-2d/d) mice were mated with WT or IL-4Ra-/- 

C57BL/6J (H-2b/b)  males. One C57BL/6J male mouse was placed in a cage with 3-4 

females and after one week the male was removed. Females were weighed routinely to 

measure weight gain and due to these scores, pregnancy could be confirmed by day 12. 

Once pregnancy was confirmed, females were considered to be dams and moved to 

cages with a maximum of 2 dams. Females gave birth approximately 21 days after 

fertilisation. Heterozygous offspring (H-2b/d)  were born and monitored on a daily basis. 

Offspring were weaned at 3 weeks of age and separated from their mothers according to 

sex. At 7 weeks of age, H-2b/d offspring were either vaccinated with PCV13 before mating 

or left unvaccinated. H-2b/d offspring were mated with WT or IL-4Ra-/- H-2b/b males which 

resulted in both H-2b/d and H-2b/b offspring. 4 W/O Offspring were tail bled and blood was 

processed and stained for flow cytometry to determine the genotype of each offspring. H-

2b/d offspring were culled and H-2b/b offspring were reserved for when they reached 7W/O. 

half of the 7 W/O offspring were infected I.N with 1X107 T4P2 CFU and culled 48 hours 

post infection (P.I)(Figure 2.3). 
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Figure 2.3: The Allogeneic maternal vaccination experimental model.  
At 7 weeks of age, H-2b/d female mice were either vaccinated intraperitoneally 
with PCV13 before mating or left unvaccinated. These females were then mated 
with H-2b/b males resulting in H-2b/d and H-2b/b offspring. The H-2b/d offspring were 
culled and half of the H-2b/b offspring were infected with T4P2 intranasally and 
euthanized 48H post infection. 
 

 
 

Figure 3.1: PCV13 vaccination elicits higher PCV13-specific antibody 
titres in dams vaccinated before mating and virgin vaccinated mice.Figure 
2.3: The Allogeneic maternal vaccination experimental model.  
At 7 weeks of age, H-2b/d female mice were either vaccinated intraperitoneally 
with PCV13 before mating or unvaccinated. These females were then mated with 
H-2b/b males resulting in H-2b/d and H-2b/b offspring. The H-2b/d offspring was 
culled and H-2b/b offspring were infected with T4P2 intranasally and euthanized 
48H post infection. 
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2.2.7 In vivo imaging system (IVIS)  

7 week old maternally unvaccinated and vaccinated mice were infected with T4P2 via I.P 

and 24h later mice received D-luciferin solution (150 mg/kg) I.P. After 10 minutes, mice 

were immediately anesthetized in an oxygen-rich induction chamber with 2% isofluorane. 

Mice were placed in the nose cone delivery device to keep the mice anesthetized during 

image acquisition (IVIS 100; Xenogen). Mice were imaged for 5 minutes, images were 

displayed using the same settings in Living Image software to allow for consistency 

between experimental groups. Mice were monitored for at least 5 minutes after imaging 

to make sure mice regained consciousness and normal activity.  

 

2.2.8  Experimental End point  

Offspring  were  culled 48 hours after an intranasal challenge and cardiac punctures were 

performed to collect peripheral blood in serum separation tubes. Bronchoalveolar 

lavage’s (BAL), lungs, spleens and bone marrows were collected under sterile conditions.  
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2.3. Cell and tissue Processing  

2.3.1 Breastmilk pellets  

Breastmilk pellets were isolated from the stomachs of 10 day old offspring and placed in 

1 mL of 1X PBS. Breast milk pellets were passed through a 70 µM filter and the 

resuspended sample was centrifuged at 4000 rpm for 5 minutes. Supernatants were 

collected and stored at -20°C for antibody ELISA analysis. 

 

2.3.2 Axillary and Illiac lymph nodes  

The axillary and illiac lymph nodes were located, and excess fatty tissue was removed. 

The lymph nodes were placed in 1 mL Roswell Park Memorial Institute (RPMI) 1640 and 

carefully passed through a 40 µM filter to create a single cell suspension. Single cell 

suspensions were centrifuged at 4000 rpm for 5 minutes and resuspended in RPMI 1640 

with 10% Foetal bovine serum (FBS) and temporarily stored on ice in preparation for cell 

staining for flow cytometry.  

 

2.3.3 Bronchiolar Lavage  

The bronchioles were flushed with 0.8 mL of sterile 1X PBS. The flushed fluids were 

collected in an eppendorf tube whereby 0.7 mL was processed for Flow cytometry and 

ELISA while 0.1 mL was aliquoted for bacterial viability counting.  

 



 59 

2.3.3.1 Bacterial viability counting 

The BAL was processed according to the method described in Section 2.1.1. BAL 

samples were plated in triplicate from neat to 10-4, serially diluted 10-fold in sterile 1X 

PBS in a 96 well round bottom plate.  

 

2.3.3.2 Flow cytometry and ELISA  

0.7 mL of the BAL was centrifuged at 4000 rpm for 5 minutes. The supernatants were 

transferred and aliquoted into smaller volumes to avoid multiple thawing cycles. The 

supernatants were later processed according to section 2.6.1 to perform antibody 

ELISAs. The BAL pellets were collected and further processed for flow cytometry 

according to section 2.5. Samples were stored at -20°C for short and -80°C for long term 

storage.  

 

2.3.4 Blood 

Blood was collected in serum separation tubes and 20 µL of each sample was transferred 

to 96 well round bottom plates to perform viability counting as explained in section 2.1.1. 

The remaining blood was centrifuged at 10000 rpm for 5 minutes to separate serum and 

red blood cells. Serum was collected and further aliquoted into smaller volumes to avoid 

multiple thawing cycles. Serum was stored at -20°C for short and -80°C for long term 

storage.  
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2.3.5 Lung and spleen 

The lungs were removed from mice immediately after being culled and placed in 2mL 

RPMI 1640. The lungs were carefully passed through a 40 µM filter to create a single cell 

suspension. The cell suspensions were centrifuged at 4000 rpm for 5 minutes and cell 

pellets were incubated with 0.9 mL of Ammonium-Chloride-Potassium (ACK) lysis buffer 

(Gibco – A10492-01)  for 5 minutes to remove red blood cells. Cells were centrifuged at 

4000 rpm for 5 minutes and resuspended in RPMI 1640 with 10% Foetal bovine serum 

(FBS) and temporarily stored on ice in preparation for cell staining for flow cytometry. The 

cell concentration was established under a microscope using a haemocytometer (section 

2.5). 

 

2.3.6 Bone Marrow  

Cells from the bone marrow were obtained by cutting the off the ends of both the femur 

and tibia of the rear legs of the mouse and flushing the marrow out using 2 mL RPMI 1640 

and a 25G needle. Cells were passed through a 40 µM filter to create a single cell 

suspension. The single cell suspensions were centrifuged at 4000 rpm for 5 minutes and 

pellets were resuspended in 0.9 mL ACK Lysis Buffer for 3 minutes to remove red blood 

cells. Cells were centrifuged at 4000 rpm for 5 minutes and resuspended in RPMI 1640 

with 10% FBS and temporarily stored on ice. Cells were counted using a haemocytometer 

and processed further for flow cytometry (section 2.5). 

 

 

 



 61 

2.4. In vitro cell culture  

2.4.1 Restimulation  

Bone marrow single cell suspensions in complete RPMI 1640 media were plated at 1x107 

cells per well in 96 well round bottom plate. Cells were incubated in a 37°C water jacket 

CO2 Incubator for 24 hours. The plate was centrifuged at 400 g for 5 minutes and 

supernatants were collected and aliquoted into eppendorf’s. Samples were stored at -

20°C for short term storage and -80°C for long term storage. Samples were used for 

antibody ELISA detection.  
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2.5. Flow cytometry  

Flow cytometry was used to analyse the BAL, lung, spleen and bone marrow of offspring 

in order to quantify and explore different immune cell populations. Single cell suspensions 

were prepared and 200 μl of each sample was transferred to a 96 well plate. The plate 

was centrifuged at 400 g for 5 minutes and media was removed carefully by inverting the 

plate. The cells were resuspended  in 25 μl antibody master mix containing 2% Rat serum, 

1% anti-FcRγII/III and the required antibodies diluted to the correct concentration in FACS 

buffer for 30 minutes on ice. Cells were further processed for intracellular staining 

(section 2.5.1) or plates were centrifuged at 400 g for 5 minutes and the staining mix was 

removed by carefully inverting the plates. Cells were resuspended in 150 μl of FACS 

buffer and transferred to FACS tubes in preparation for acquisition.  

 

2.5.1 Intracellular staining  

Cells were fixed with 100 µL 4% para-formaldehyde (PFA) for 20 minutes in the fridge, 

covered in foil due to light sensitivity. Cells were washed twice with 1X PBS and 

centrifuged at 400 g for 5 minutes. Cells were stained with intracellular antibodies 

(section 8.1.1) in 50 µL of perm wash for 45 minutes at 4°C covered in foil. Samples were 

centrifuged at 400g for 5 minutes and washed with 1X PBS. Cells were resuspended in 

150 µL FACS buffer and transferred to FACS tubes, ready for cell acquisition (section 

2.5.2).  
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2.5.2 Cell acquisition and analysis 

The cell samples were acquired on a BD LSR Fortessa (BD Biosciences). The data was 

collected by using DIVA© BD (San Diego, CA) and analysed using FlowJo© (Treestar 

Ashland, OR). Appropriately stained compensation beads and unstained controls were 

used to run cell compensation to account for spectral overlap between fluorochrome 

emissions. For all cell gating strategies, refer to Appendix A (Section 8.2.1). 
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2.6. Enzyme-linked immunosorbent assay (ELISA) 

2.6.1 Antibody ELISA  

BAL, serum, breastmilk and bone marrow supernatant antibody levels were determined 

by ELISA. For all solution and antibody details for cytokine ELISAs, refer to Appendix A 

(Section 8.1.1).  

 

A 96 flat bottom plate (Nunc, Maxisorp) was coated with 10 µg/ml of Total IgG, IgA, 

Prevnar13 or bacteria antigen (Table 3) in 1X PBS and incubated overnight at 4°C. Post 

incubation, plates were washed 3 times with wash buffer. 200 µl of blocking buffer was 

added to each well and left to incubate at 37°C for 2 hours. Wells were washed twice with 

wash buffer. Serum processed in section 2.3.2 was added to the first well and serially 

diluted in dilution buffer and plates were incubated overnight at 4°C (Table 4).   

Plates were washed four times with wash buffer and 100 µL secondary detection in 

antibody diluted in dilution buffer was added to each well and incubated for 1 hour at 

37°C. The plates were washed five times with wash buffer followed by the addition of 100 

µL of SigmaFAST p-Nitrophenol phosphate (pNPP) (Sigma Aldritch) to each well. The 

plates were developed for 1 hour at 37°C and developed plates were read at 405 nm 

using a SpectraMax ABS Plus plate reader (Molecular Devices). Plates were placed in 

the fridge overnight and read after 16 hours at 405 nm.  Relative antibody titres were 

calculated at the dilution where ELISA curves were approximately parallel. 
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2.6.2 Cytokine ELISA  

Cytokine levels were quantified from supernatants taken from lung or spleen 

homogenates. For all solution and antibody details for cytokine ELISAs, refer to Appendix 

A (Section 8.1.1). Briefly, cytokine levels were quantified by coating a 96 well flat bottom 

plate (Nunc, Maxisorp) in 1 x PBS overnight at 4°C (Table 8.1). Plates were washed 3 

times with wash buffer and blocked with 200 µL blocking buffer. The samples were added 

in duplicate. Recombinant protein standards were used to generate a standard curve and 

diluted serially at 1/2 across 11 wells. Plates were incubated overnight at 4°C. Plates 

were washed 4 times and 100 μl biotinlyated secondary antibody in dilution buffer (Table 

8.1) was added to each well. Plates were incubated for 37°C for 1 hour. Plates were 

washed 4 times and 100 μl streptavidin-linked horseradish peroxidase (HRP) was added 

at a dilution of 1/5000 in a volume of 50 μl per well and incubated for 1 hour at 37°C. After 

washing, plates were developed with 50 μl TMB Microwell Peroxidase Substrate System 

(KPL), and once the titration of the standard curve was clearly visible, the reaction was 

stopped with 25μl 1M H3PO4 and the signal was read at a wavelength of 450 nm against 

a reference measurement of 540nm on a VersaMax microplate reader (Molecular Devices 

Corporation, Sunnyvale, CA). Cytokine concentrations from samples were determined 

from the standard curve. 
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2.7. Statistical analysis  

The results below are expressed as either individual mice/datapoints or group means ± 

standard deviation (SD). One-tailed Mann-Whitney T-tests or  Kruskal-Wallis tests were 

performed to identify P values and significance between groups. Significance was 

achieved if the P value was less than 0.05. (p<0.05 = *, p<0.01 = **, p<0.001 = ***). 

Statistical anals were performed using GraphPad Prism V6 (La Jolla, CA). 
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Chapter 3: The impact of PCV13 vaccination on pregnant vs 

non-pregnant Dams. 

 

3.1.  Introduction  

 

In a non-pregnant environment, the immune system is generally in a state of balance, 

with both T helper 1 (Th1) and T helper 2 (Th2) responses coexisting to effectively 

respond to various pathogens and challenges(91, 92). During pregnancy, the maternal 

immune system undergoes significant changes to tolerate the developing foetus, which 

is essentially a semi-allograft (foreign to the mother)(93). These changes involve a shift 

toward a more anti-inflammatory or regulatory state to prevent the rejection of the 

fetus(94). This shift is often referred to as a Th2 bias, indicating a dominance of type 2 

helper T-cell responses, which is an important immunological signature during pregnancy 

and plays a central role in influencing early-life immune programming(95, 96).  

 

Understanding the optimal time to vaccinate a mother, whether this is before or during 

pregnancy, is essential to establish when maximum immune protection in the mother can 

be achieved. Elevated immune control in a mother is essential as this could influence the 

potential to transfer protection to offspring.  The protection transferred must not only 

feature passive immunity but also a long lasting active immune response which can be 

crucial for fighting off severe infections.  
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Studies have shown that maternal vaccination (MV) is predominantly administered in the 

third trimester due to changes from a Th1 to a Th2 immune environment(15, 16). This is 

due to a more tolerant immune environment whereby B2 Cells are more involved in 

producing regulatory B cells and the regulatory cytokines(49, 97). In addition, B2 cells 

produce high affinity antibodies and generate immunological memory which is well suited 

for vaccination(17). During vaccination B2 cells undergo multiple rounds of selection to 

produce antibody secreting cells and therefore MV in this environment, could lead to more 

high affinity antibodies specific to the antigen produced from vaccination(17, 49).  

 

In order investigate if PCV13 could be used as a MV, understanding how pregnant mice 

and virgin mice (not pregnant) respond to PCV13 vaccination is fundamental. This will 

help to understand how pregnancy may influence maternal vaccination efficiency in terms 

of both passive antibody transfer and other mechanisms, such as maternal 

microchimerism (a major focus of this study).  

 

In this chapter, we aim to investigate if the optimal time to vaccinated mothers is before 

or after mating (during pregnancy). In addition, we aim to see if pregnancy affects vaccine 

efficiency in virgin (not mated) and dams (mated and pregnant). Finally, we aim to 

investigate the cellular differences due to PCV13 vaccination in virgin and dams.  
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3.2.  Results  

 

3. 2.1 PCV13 vaccination elicits higher antibody titres in dams vaccinated before mating. 

 

7-week-old female BALB/c mice were either left unvaccinated or vaccinated 

intraperitoneally with PCV13. Females were either vaccinated one week before or one 

week after mating once pregnancy was confirmed. Mice that were mated were classified 

as dams while mice that were not mated were classified as virgin mice. (Figure 2.1).  

 

Serum was collected from unvaccinated/vaccinated dams and virgin mice 45 days post 

vaccination whereby serum was analysed using antibody ELISA’s. PCV13 vaccinated 

dams had significantly elevated PCV13 specific-IgG and total IgG antibodies in serum. 

Moreover, the recorded antibody responses were significantly higher in dams vaccinated 

before mating (Figure 3.1). Vaccinated dams demonstrated equivalent detection levels 

of PCV13 specific-IgG and total IgG antibodies in comparison to PCV13 vaccinated virgin 

mice, indicating that vaccine efficiency was not compromised due to pregnancy (Figure 

3.1).  Therefore, protection associated antibody responses were present in dams 

vaccinated before pregnancy at equivalent levels to those seen in virgin vaccinated mice.  

 

 

 

 

 



 70 

A. Total IgG and PCV13 IgG specific antibody titres in Dams. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: PCV13 vaccination elicits higher PCV13-specific antibody titres in 
dams vaccinated before mating and virgin vaccinated mice.  
A. 7-week-old female BALB/c mice were un/vaccinated with PVC13 either before or  
after mating while female virgin mice were vaccinated. Tail bleeds were collected at 
45 days post vaccination and serum analysed using antibody ELISA’s specific for 
total IgG and PCV13-IgG. Data is representative of 2 equivalent experiments 
whereby n = 2-3 mice per group. Statistical analysis was performed using a Kruskal 
Wallis test. *p ≤ 0.05; **p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. 

Total IgG PCV13 - IgG 

Unvaccinated Dams
Vaccinated Dams (Before Mating) 

Vaccinated Dams (After Mating)  
Virgin: Vaccinated Mice
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3. 2.2 PCV13 vaccination does not elicit differences in cell populations in the spleens of 

dams and virgin mice. 

 

The immune profile of dams (pregnant) and virgin mice (Not pregnant) were investigated 

using flow cytometry. The effect of PCV13 vaccination was examined in the spleen, illiac 

and axillary lymph nodes in dams and virgin mice. CD45+ immune cells were investigated 

in the spleens and no differences were observed in the numbers of CD45+ immune cells 

between dams and virgin mice (Figure 3.2).  

 

A. Total CD45+ immune cells in the spleen: dams vs virgin cell numbers 

 

 

 

 

 

 

 

 

 

 

 

 

Unvaccinated Dams
Vaccinated Dams

Virgin: Unvaccinated Mice 
Virgin: Vaccinated Mice

Figure 3.2: PCV13 vaccination does not alter CD45+ immune cell populations 
in the spleens of dams and virgin mice.  
A. 7-week-old female BALB/c mice were un/vaccinated with PVC13 before mating 
while female virgin mice were vaccinated. Spleens were processed into single cell 
suspensions and CD45+ Immune cell populations were investigated using flow 
cytometry. Data is representative of 2 equivalent experiments whereby n = 2-3 mice 
per group. Statistical analysis was performed using a Kruskal Wallis test. *p ≤ 0.05; 
**p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. 
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Splenic B cells (CD45+ CD19+ B220+) were investigated and no differences in B cell 

populations were observed between dams and virgin mice (Figure 3.3). B cell subsets, 

namely IgG1+ expressing B cells (CD45+ CD19+ B220+ IgG1+), IgG2a+ expressing B cells 

(CD45+ CD19+ B220+ IgG2a+) and plasmoblasts (CD45+ B220+ CD138+) were investigated 

between groups, however no significant splenic cell differences were observed in IgG1+ 

expressing B cells and IgG2a+ expressing B cells (Figure 3.4). Plasmoblast cell 

populations were elevated in dams however, cell numbers were reduced in virgin mice 

(Figure 3.4). Interestingly, PCV13 vaccination had no effect on antibody and plasmoblast 

populations in dams or virgin mice.  
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A. Total CD19+ B220+ B cells in the spleen: dams vs virgin cell numbers 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 3.3: PCV13 vaccination does not alter B cell populations in the spleens 
of dams and virgin mice. 
A. 7-week-old female BALB/c mice were un/vaccinated with PVC13 before mating 
while female virgin mice were vaccinated. Spleens were processed into single cell 
suspensions and stained to evaluate B cell (CD45+ CD19+ B220+) populations using 
flow cytometry. Data is representative of 2 equivalent experiments whereby n = 2-3 
mice per group. Statistical analysis was performed using a Kruskal Wallis test. *p ≤ 
0.05; **p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. 
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A. Total IgG1+ and IgG2a+ expressing B cells and plasmoblasts in the spleen: 
dams vs virgin cell numbers 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

T cell (CD45+ CD3+ CD4+) populations were evaluated between dams and virgin mice. 

No differences were present between unvaccinated and PCV13 vaccinated groups 

(Figure 3.5). The total number of T cells were reduced in virgin mice (Figure 3.5).  

Figure 3.4: No differences in B Cell subsets were induced by vaccination 
between unvaccinated and vaccinated dams 
A. 7-week-old female BALB/c mice were un/vaccinated with PVC13 before mating 
while female virgin mice were vaccinated. Spleens were processed into single cell 
suspensions and stained intracellularly to investigate IgG1 (CD45+ CD19+ B220+ 

IgG1+), and IgG2a (CD45+ CD19+ B220+ IgG2a+) expressing B cells and plasmoblast 
(CD45+ B220+ CD138+) subsets using flow cytometry. Data is representative of 2 
equivalent experiments whereby n = 2-3 mice per group. Statistical analysis was 
performed using a Kruskal Wallis test. *p ≤ 0.05; **p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 
0.0001. 
 

Unvaccinated Dams
Vaccinated Dams

Virgin: Unvaccinated Mice 
Virgin: Vaccinated Mice

IgG1 IgG2a Plasmoblast 
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A. Total CD3+ CD4+ T cells in the spleen: dams vs virgin cell numbers 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Together this set of results indicate that PCV13 vaccination leads to no differences in 

overall B cells, IgG1+expressing B cells and IgG2a+ expressing B cells in the spleen. 

However, there were small differences observed in the plasmoblast populations between 

virgin mice and dams.  

 

Figure 3.5: T Cell populations are reduced in the spleens of virgin mice.  
A. 7-week-old female BALB/c mice were un/vaccinated with PVC13 before mating 
while female virgin mice were vaccinated. Spleens were processed into single cell 
suspensions and processed to evaluate T cell (CD45+ CD3+ CD4+) populations using 
flow cytometry. Data is representative of 2 equivalent experiments whereby n = 2-3 
mice per group. Statistical analysis was performed using a Kruskal Wallis test. *p ≤ 
0.05; **p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. 
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3.2.3 PCV13 vaccination elicits differences in IgG1+ and IgG2a+ expressing B cell 

populations in the illiac lymph nodes of dams and virgin mice. 

 

The illiac lymph node was investigated to identify if PCV13 vaccination altered the 

immune profile. The CD45+ immune cell populations were not altered in dams however 

there was a reduced number of immune cells in vaccinated virgin mice (Figure 3.6).  

 

A. Total CD45+ immune cells in the illiac lymph nodes: dams vs virgin cell 
numbers 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6: Decreased CD45+ immune cell populations were identified in the 
illiac lymph nodes of virgin mice.  
A. 7-week-old female BALB/c mice were un/vaccinated with PVC13 before mating 
while female virgin mice were vaccinated. The illiac lymph nodes were processed 
into single cell suspensions and stained to investigate CD45+ Immune cell 
populations using flow cytometry. Data is representative of 2 equivalent experiments 
whereby n = 2-3 mice per group. Statistical analysis was performed using a Kruskal 
Wallis test. *p ≤ 0.05; **p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. 
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Vaccination elicited no differences in B cells (CD45+ CD19+ B220+) in dams and virgin 

mice (Figure 3.7). However, a reduction in B cell numbers were observed in vaccinated 

virgin mice (Figure 3.7). Interestingly, vaccination caused a notable increase in IgG1+ 

and IgG2a+ expressing B cells in both dams and virgin mice (Figure 3.8). Vaccination had 

no effect on plasmoblast populations however, plasmoblast numbers were slightly 

elevated in virgin mice (Figure 3.8). 
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A. Total CD19+ B220+ B cells in the illiac lymph nodes: dams vs virgin cell numbers 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 3.7: No difference in B cell populations were present in illiac lymph 
nodes of dams and virgin mice.  
A. 7-week-old female BALB/c mice were un/vaccinated with PVC13 before mating 
while female virgin mice were vaccinated. The illiac lymph nodes were processed 
into single cell suspensions and processed to investigate B cell (CD45+ CD19+ 

B220+) populations using flow cytometry. Data is representative of 2 equivalent 
experiments whereby n = 2-3 mice per group. Statistical analysis was performed 
using a Kruskal Wallis test. *p ≤ 0.05; **p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. 
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A. Total IgG1+ and IgG2a+ expressing B cells and plasmoblasts in the illiac 
lymph nodes: dams vs virgin cell numbers 
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Unvaccinated Dams
Vaccinated Dams

Virgin: Unvaccinated Mice 
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Figure 3.8: PCV13 vaccination results in increased IgG1 and IgG2a expressing 
B cells in the illiac lymph nodes of dams and virgin mice.  
A. 7-week-old female BALB/c mice were un/vaccinated with PVC13 before mating 
while female virgin mice were vaccinated. Illiac lymph nodes were processed into 
single cell suspensions and intracellularly stained to investigate IgG1 (CD45+ CD19+ 

B220+ IgG1+) and IgG2a (CD45+ CD19+ B220+ IgG2a+) expressing B cells and 
plasmoblasts (CD45+ B220+ CD138+) using flow cytometry. Data is representative of 
2 equivalent experiments whereby n = 2-3 mice per group. Statistical analysis was 
performed using a Kruskal Wallis test. *p ≤ 0.05; **p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 
0.0001 
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T cell (CD45+ CD3+ CD4+) populations were investigated, and no differences were 

observed between unvaccinated and vaccinated groups in the dams and virgins. A 

reduction was seen in the overall T cell populations between dam and virgin mice (Figure 

3.9).  

 

A. Total CD3+ CD4+ T cells in illiac lymph nodes: dams vs virgin cell numbers 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 3.9: T Cell populations are reduced in the illiac lymph nodes of virgin 
mice.  
A. 7-week-old female BALB/c mice were un/vaccinated with PVC13 before mating 
while female virgin mice were vaccinated. Illiac lymph nodes were processed into 
single cell suspensions and processed to evaluate CD3+ CD4+ T cell populations 
using flow cytometry. Data is representative of 2 equivalent experiments whereby n 
= 2-3 mice per group. Statistical analysis was performed using a Kruskal Wallis test. 
*p ≤ 0.05; **p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001 
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3.2.4 PCV13 vaccination leads to increased IgG1+ and IgG2a+ B Cell populations in the 

axillary lymph nodes of virgin mice. 

 

The axillary lymph node was explored to identify if PCV13 vaccination influenced the 

CD45+ immune profile. The CD45+ immune cell profile was not altered in dams however 

there was a reduced number of immune cells in vaccinated virgin mice (Figure 3.10).  

 

A. Total CD45+ immune cells in the axillary lymph nodes: dams vs virgin cell 
numbers 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10: PCV13 vaccination results in decreased CD45+ Immune cells in 
the axillary lymph nodes of virgin mice.  
A. 7-week-old female BALB/c mice were un/vaccinated with PVC13 before mating 
while female virgin mice were vaccinated. The axillary Lymph nodes were processed 
into single cell suspensions and stained to investigate CD45+ Immune cell 
populations using flow cytometry. Data is representative of 2 equivalent experiments 
whereby n = 2-3 mice per group. Statistical analysis was performed using a Kruskal 
Wallis test. *p ≤ 0.05; **p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001 
 

Unvaccinated Dams
Vaccinated Dams

Virgin: Unvaccinated Mice 
Virgin: Vaccinated Mice
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B Cell (CD45+ CD19+ B220+) populations were investigated in the axillary lymph nodes 

and no differences were observed in unvaccinated and vaccinated dams. The same trend 

was observed in virgin mice, however overall B cell populations were reduced (Figure 

3.11).  

 

No differences in IgG1+ and IgG2a+ expressing B Cells were present between 

unvaccinated and vaccinated dams (Figure 3.12). However, IgG1+ and IgG2a+ 

expressing B cell populations were increased in vaccinated virgin mice (Figure 3.12). 

No differences were present in plasmoblast cell populations due to vaccination in dams 

and virgin mice, however an overall reduction in plasmoblast numbers were reduced in 

virgin mice. (Figure 3.12).  
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A. Total CD19+ B220+ B cells in the axillary lymph nodes: dams vs virgin cell 
numbers 

 

 

 

 

 

 

 

  

Figure 3.11: B Cell populations are reduced in the axillary lymph nodes of 
virgin mice.  
A. 7-week-old female BALB/c mice were un/vaccinated with PVC13 before mating 
while female virgin mice were vaccinated. The axillary lymph nodes were processed 
into single cell suspensions and processed to investigate CD45+ CD19+ B220+ B cell 
populations. Data is representative of 2 equivalent experiments whereby n = 2-3 
mice per group. Statistical analysis was performed using a Kruskal Wallis test. *p ≤ 
0.05; **p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001 
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A. Total IgG1+ and IgG2a+ expressing B cells and plasmoblasts in the illiac 
lymph nodes: dams vs virgin cell numbers 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12: PCV13 vaccination results in increased IgG1, IgG2a antibody 
subsets in the axillary lymph nodes of virgin mice.   
A. 7-week-old female BALB/c mice were un/vaccinated with PVC13 before mating 
while female virgin mice were vaccinated. Axillary lymph nodes were processed into 
single cell suspensions and processed to investigate IgG1 (CD45+ CD19+ B220+ 

IgG1+) and IgG2a (CD45+ CD19+ B220+ IgG2a+) expressing B cells and plasmoblasts 
(CD45+ B220+ CD138+). Data is representative of 2 equivalent experiments whereby 
n = 2-3 mice per group. Statistical analysis was performed using a Kruskal Wallis 
test. *p ≤ 0.05; **p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001 
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Vaccinated Dams

Virgin: Unvaccinated Mice 
Virgin: Vaccinated Mice
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T cell (CD45+ CD3+ CD4+) populations were slightly elevated in virgin mice however no 

differences were observed as a result of vaccination (Figure 3.13). Overall, this set of 

results suggests that in the axillary lymph nodes, IgG1+ and IgG2a+ expressing B cells, 

were significantly increased in virgin vaccinated mice.  

 

A. Total CD3+ CD4+ T cells in axillary lymph nodes: dams vs virgin cell numbers 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 3.13: T Cell populations are increased in the axillary lymph nodes of 
virgin mice.  
A. 7-week-old female BALB/c mice were un/vaccinated with PVC13 before mating 
while female virgin mice were vaccinated. Axillary lymph nodes were processed into 
single cell suspensions and processed to evaluate (CD45+ CD3+ CD4+) T cell 
populations. Data is representative of 2 equivalent experiments whereby n = 2-3 
mice per group. Statistical analysis was performed using a Kruskal Wallis test. *p ≤ 
0.05; **p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001 
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3.3.  Discussion  

 

Pregnancy induces changes to the immune profile from a TH1 to a TH2 environment 

which creates a tolerant environment to prevent the body from attacking the developing 

foetus. This altered state may affect the response to PCV13 therefore administering 

vaccines at certain points during pregnancy may result in a more robust immune response 

and better protection for both the pregnant dam and the offspring. Total and PCV13 

specific antibody results indicate that dams vaccinated with PCV13 one week before 

mating yields greater antibody titters when compared to dams vaccinated one week after 

mating. In addition, to investigate if pregnancy affects vaccine efficiency, virgin (not 

mated) mice were vaccinated with PVC13 and compared to dams (mated). No differences 

were recorded between dams vaccinated one week before mating and virgin mice. These 

results indicate that pregnancy does not affect vaccine efficiency when dams are 

vaccinated one week before pregnancy.  

 

The axillary lymph nodes serve to drain the entire upper limb and the breast while illiac 

lymph nodes function to drain the superior parts of the middle to anterior pelvic organs, 

inferior pelvic viscera and deep perineum. These lymph nodes are crucial for trapping 

bacteria before they migrate to other organs via the circulatory system. The illiac lymph 

undergoes immune system modulation whereby the lymph nodes help in establishing 

maternal-fetal tolerance, whereby the immune system does not attack the fetus. The illiac 

lymph nodes may be involved in the processing and distribution of maternal antibodies 

which are crucial for providing passive immunity to the fetus around the pelvic region. 

https://www.kenhub.com/en/library/anatomy/breast
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This can be seen in the results as distinct differences can be seen in the illiac lymph 

nodes whereby IgG1+ and IgG2a+ expressing B cells are increased in PCV13 vaccinated 

dams and virgin mice. Similar results can be seen in the axillary lymph nodes, IgG1+ and 

IgG2a+ expressing B cells are also increased in the axillary lymph nodes of virgin PCV13 

vaccinated mice. This result is significant as the axillary lymph nodes are responsible for 

filtering lymphatic fluid in the breast.  

 

These results suggest that PCV13 vaccination was successful in the vaccination model 

and not only antibody titres were increased but in addition IgG1+ and IgG2a+ expressing B 

cells were increased in the illiac and slightly elevated in the axillary lymph nodes of 

vaccinated dams and virgin mice. Due to the successful vaccination in dams, investigating 

the maternal vaccination strategies could be further investigated in offspring.  
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Chapter 4: Investigating maternal transfer of protection in a 

syngeneic setting. 

 

4.1.  Introduction  

 

Maternal transfer of immunity refers to the process whereby mothers pass immune 

protection to their offspring primarily in utero or via breastfeeding. The transfer of 

antibodies provides temporary passive immunity against pathogens to the offspring(87). 

Maternal antibody levels can be boosted by maternal vaccination against specific 

pathogens. Maternal vaccination against COVID 19, pertussis, and influenza has been 

widely researched and used successfully in many populations (16, 27, 32, 98, 99). In 

addition, maternal vaccination against respiratory syncytial virus (RSV) and group B 

streptococcus (GBS) have been shown to provide immune protection in infants(29, 33, 

100). In pregnant woman, maternal vaccination against GBS leads to increased 

maternally-derived anti-GBS functional antibodies(29). These higher concentrations of 

maternally-derived antibody-mediated complement deposition was associated with a 

decreased risk of GBS colonization in infants up to day 60–89 of life(29, 101). 

 

Due to the investment of knowledge and research towards maternal vaccination in GBS, 

there is a possibility that maternal vaccination against S. pneumoniae is a tractable 

approach to provide offspring with early life protection. Maternally acquired antibodies 

confer important passive protection against S. pneumoniae for at least the first 6 months 
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of an infant’s life (2, 3, 87). This maternal influence is being appreciated as an important 

driver in the onset of offspring immune autonomy (87, 90, 102, 103).  

 

Understanding if maternal vaccination using PCV13 is possible and if maternal antibodies 

in utero, predominantly across the placenta, and after birth through breast milk could be 

transferred is essential. In addition, investigating if passive immunity but also long lasting 

active immune responses in offspring can be achieved is crucial for understanding if 

PCV13 maternal transfer could be used as potential solution for reducing the disease 

burden in children under five years of age(1).  

 

In this chapter, we aim to investigate if PCV13 maternal vaccination can be transferred to 

offspring in the absence and presence of infection in a syngeneic experimental model. If 

protection is successful, we aim to investigate if this is achieved in utero, via breastfeeding 

or a combination of both.  
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4.2.  Results  

4. 2.1 PCV13 maternal vaccination elicits higher antibody titres in the breastmilk and 

serum pellets of maternally vaccinated offspring. 

 

To investigate the effect of PCV13 maternal vaccination on offspring, dams were 

vaccinated one week before mating. Dams gave birth and 10 days later half of the 

offspring were euthanized. Breastmilk pellets and serum were collected for ELISA 

analysis. The remaining offspring was left to age and at 7-weeks-old offspring were 

euthanized and serum collected for ELISA analysis (Figure 4.1).  

 

 

 

 

 

 

 

 

 

Breastmilk pellets were subjected to PCV13 specific IgG and total IgG ELISA analysis. 

PCV13 specific IgG was not detected in the breastmilk of maternally unvaccinated and 

vaccinated offspring. Total IgG was elevated in the breastmilk of both maternally 

unvaccinated and vaccinated 10-day-old offspring, but no significant differences were 

observed between offspring (Figure 4.2A). In the serum of 10-day-old offspring, PCV13 

Figure 4.1 Syngeneic experimental vaccination model  
7-week-old female mice (dams) were either unvaccinated or vaccinated one week 
before mating. Dams gave birth to offspring and were left to age. At 10 days old, half 
of the offspring were euthanized, and breastmilk pellets and serum were collected for 
ELISA analysis. The remaining half of the offspring were euthanized at 7 weeks of age 
and serum was collected for PCV13 specific ELISA analysis.  
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specific IgG was significantly elevated in maternally vaccinated offspring. In addition, total 

IgG titres were also significantly elevated in maternally vaccinated offspring (Figure 

4.2B). These results indicate that due to maternal vaccination, circulatory PCV13 specific 

IgG antibodies were increased in 10-day-old offspring.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2 PCV13 specific and total IgG antibodies are significantly elevated in 
the serum of maternally vaccinated 10-day old offspring.  
10-day old offspring were either born to unvaccinated or PCV13 vaccinated dams. 
PCV13-specific and Total IgG was investigated in A. breastmilk and B. serum using 
ELISA. Data is representative of 2 experiments whereby n = 4-5 mice per group. 
Statistical analysis was performed using a Kruskal Wallis test. P values were regarded 
as significant if less than 0.05 (* p<0.05, ** p<0.01, *** p<0.001).  
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PCV13 specific IgG and Total IgG titres were investigated in the serum of 7-week-old 

offspring. PCV13 specific IgG and Total IgG titres were significantly increased in the 

maternally vaccinated offspring (Figure 4.3). These results indicate that maternally 

vaccinated offspring inherited long-lasting elevated antibody titres as a result from 

maternal vaccination.  
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Figure 4.3 PCV13 specific and total IgG antibodies are significantly elevated in 
maternally vaccinated 7-week-old offspring.  
7-week-old offspring were either born to unvaccinated or PCV13 vaccinated dams. 
PCV13-specific and Total IgG was identified in serum using ELISA. Data is 
representative of 2 experiments whereby n = 4-5 mice per group. Statistical analysis 
was performed using a kruskal-wallis test. P values were regarded as significant if less 
than 0.05 (* p<0.05, ** p<0.01, *** p<0.001).  
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4. 2.2 PCV13 maternal vaccination elicits reduced bacteria CFU and T4P2 

bioluminescence in maternally vaccinated offspring. 

 

The in vivo imaging system (IVIS) was used to enable non-invasive visualization and 

quantification of pneumococcal disease progression in 8-week-old offspring. TiGR4 is a 

Serotype 4 pneumococcal strain and is widely used in studies. T4P2 is a variant of TiGR4 

with lux genes SP_1886 inserted under the control of promoter P2. Therefore allowing for 

bioluminescent imagining to be evaluated using the IVIS. T4P2 is similar to its WT, 

however, is slightly less virulent due to the metabolism of the bacteria being shifted 

towards bioluminescence production (Figure 4.4A). Pneumococcal strains Xen35 and 

T4P3 has elicit higher levels of bioluminescence however their virulence significantly 

reduced. Therefore, T4P2 was selected as it most mimicked the TiGR4 strain but still 

produced a level of bioluminescence that was able to be detected.  

 

To establish if PCV13 maternal vaccination could reduce the T4P2 bacterial burden in 

offspring, optimisation experiments needed to be performed. 8-week-old dams were 

vaccinated one week before mating. Dams gave birth and offspring were left to age. 8-

week-old maternally unvaccinated and vaccinated offspring were challenged with 1X109 

CFU intraperitoneally. 24h later, bioluminescence was measured to investigate bacterial 

progression in maternally unvaccinated and vaccinated mice (Figure 4.4B). These initial 

set of experiments formed the foundation of the experimental model but also allowed for 

the number of mice euthanized to be reduced as we could visualise the effects of bacterial 

progression while mice were anesthetised.  
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The bioluminescence of the inoculum was recorded prior to infection and was measured 

to be 3.694 X105 RLU (Figure 4.4D).  8-week-old maternally unvaccinated and vaccinated 

mice were challenged intraperitoneally with 1X109 CFU/ml T4P2. 24h after infection, mice 

were anesthetised, and bioluminescence was imaged and recorded using the IVIS. 8-

week-old maternally vaccinated offspring had reduced RLU recorded in the abdomen 

near the site of infection in the peritoneal cavity. In addition, the bacteria were restricted 

to the abdomen whereas bacteria in maternally unvaccinated mice had spread to the lung 

(Figure 4.4C).  This result is indicative that bacteria spread to the circulatory system in 

maternally unvaccinated offspring. To ensure that RLU scores were truly reflective of 

bacteria growth, mice were euthanised and intraperitoneal lavages were collected and 

plated on BAB agar plates. RLU’s and CFU’s were reduced in maternally vaccinated 

offspring (Figure 4.4D).  

 

The preliminary IVIS results suggest that the maternal vaccination model was successful, 

and the infection model was effective. PCV13 maternal vaccination may result in 

enhanced protection against S. pneumoniae in offspring. However, the infection model in 

mice needed to mimic a natural pneumococcal colonisation infection and therefore for 

future experiments 1X107 CFU would be inserted intranasally and 48h later mice will be 

euthanized. 
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Figure 4.4 8-week-old maternally vaccinated offspring have significantly 
reduced T4P2 CFU and bioluminescence activity.  
A. T4P2 pneumococcal stains were grown in a 96 well plate and bioluminescence 
(RLU’s) was quantified using a LumiGLO plate reader. 8-week-old offspring were 
either born to unvaccinated or PCV13 vaccinated dams and B. infected 
intraperitoneally for 24h with a bioluminescent strain T4P2 and visualised using the 
IVIS system. C. T4P2 bioluminescence was visualised in mice using the IVIS. D. The 
intraperitoneal cavity was flushed with sterile 1XPBS and RLU’s and CFU’s were 
quantified. Data is representative of one experiment with 5 mice per group. Image 
reflective of representative from each group.  
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4. 2.3 PCV13 maternal vaccination in offspring elicits reduced bacteria CFU and 

increased PCV13-specific IgG in a syngeneic setting.  

 

Due to the successful optimisation of the vaccination and infection model, the syngeneic 

experimental infection model was finalised (Figure 4.5). 7-week-old dams were either left 

unvaccinated or vaccinated one week before mating. Dams gave birth and offspring were 

left to age. At 7 weeks of age, offspring were infected intranasally with 1X107 CFU’s for 

48h and mice were euthanized. The blood, BAL and lungs were collected, processed and 

further analysed.  

 

 

 

 

 

 

 

 

Nasal colonisation was achieved after infection, the bacteria travelled from the nasal 

cavity down the throat into the trachea and into the bronchioles. The bronchioles were 

flushed with 1X PBS and plated on BAB agar plates and CFU’s were recorded. Maternally 

vaccinated offspring had significantly reduced T4P2 CFU’s in the BAL (Figure 4.6A). 

Cardiac punctures were collected from each mouse and blood was plated on BAB plates. 

These results suggest that maternally vaccinated offspring had significantly reduced 

Figure 4.5 Syngeneic experimental infection model  
7-week-old female mice (dams) were either unvaccinated or vaccinated one week 
before mating. Dams gave birth to offspring and were left to age. At 7 weeks of age 
half of the offspring were infected intranasally with 1X107 CFU and 48h later offspring 
were euthanized.  
 



 97 

T4P2 CFU’s in the blood (Figure 4.6B). These results indicate that maternally vaccinated 

offspring have the ability to reduce the spread of bacteria and limit the CFU’s in the 

circulatory system therefore prevent systemic infection. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

PCV13 specific antibodies were investigated in the serum of maternally unvaccinated and 

vaccinated 7-week-old offspring (Figure 4.7). PCV13 specific IgG was significantly 

increased in maternally vaccinated offspring and yielded the most significant antibody 

titres (Figure 4.7). PCV13 specific antibodies were further classified into antibody 

subgroups IgG1 and IgG2a. PCV13 specific IgG1 and IgG2a antibodies were significantly 

elevated in maternally vaccinated offspring (Figure 4.7). As expected, the maternally 
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Figure 4.6 7-week-old maternally vaccinated offspring have significantly 
reduced T4P2 CFU in the BAL and blood.  
7-week-old offspring were either born to unvaccinated or PCV13 vaccinated dams and 
infected intranasally. T4P2 CFU’s were recorded in the A. BAL and B. blood. Data is 
representative of 2 experiments whereby n = 4-7 mice per group. Statistical analysis 
was performed using a kruskal-wallis test. P values were regarded as significant if less 
than 0.05 (* p<0.05, ** p<0.01, *** p<0.001).  
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unvaccinated offspring had no detectable PCV13 specific IgG, IgG1 and IgG2a antibodies 

(Figure 4.7). 

  

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 4.7 PCV13 specific antibodies were significantly elevated in 7-week-old 
maternally vaccinated offspring.  
7-week-old offspring were either born to unvaccinated or PCV13 vaccinated dams and 
infected with 1X107 T4P2 CFU. PCV13-specific IgG, IgG1 and IgG2a were 
investigated in serum using ELISA. Data is representative of 2 experiments whereby 
n = 4-7 mice per group. Statistical analysis was performed using a kruskal-wallis test. 
P values were regarded as significant if less than 0.05 (* p<0.05, ** p<0.01, *** 
p<0.001).  
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4. 2.4 PCV13 maternal vaccination leads to reduced inflammation and increased 

immune control in the BAL.  

 

The BAL was centrifuged, and cell pellets were processed for flow cytometry. Total CD45+ 

immune cell populations were significantly reduced in maternally vaccinated offspring 

(Figure 4.8A). The same trend was observed for total neutrophil (CD45+ Ly6G+ SiglecF- 

CD11b+) populations. Maternally vaccinated offspring had reduced neutrophils in the BAL 

(Figure 4.8B). The presence of a T4P2 infection results in an increase of immune cell 

and neutrophil recruitment to the BAL in maternally unvaccinated offspring (Figure 4.8). 

 

Total CD45+ immune cells and Neutrophils in the BAL 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8: Maternally vaccinated and infected 7-week-old offspring have 
reduced total neutrophil populations in the BAL.  
7-week-old offspring were either born to unvaccinated or PCV13 vaccinated dams 
and infected intranasally with 1X107 T4P2 CFU.  A. Total immune (CD45+) and B. 
neutrophil (CD45+ Ly6G+ SiglecF- CD11b+) populations were investigated in the BAL. 
The results are expressed as individual mice/data points. Representative of 2 
experiments whereby n = 5-7 mice per group. Statistical analysis was performed 
using a Mann-Whitney U test. P values were regarded as significant if less than 0.05 
(* p<0.05, ** p<0.01, *** p<0.001).  
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The lung cell populations were investigated to find important cell populations under the 

influence of a T4P2 infection. Interestingly, B cells (CD45+ CD19+ B220+) were 

significantly elevated in maternally vaccinated offspring (Figure 4.9). The above results 

suggest that maternally vaccinated offspring have reduced CFU in the BAL and in 

circulation. These offspring not only have increased PCV13 specific antibodies (IgG, IgG1 

and IgG2a) but also have reduced cell infiltration to the BAL and increased B cells in the 

lung.  

 

A. Total CD19+ B220+ B cells in the lung 
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Figure 4.9 7-week-old maternally vaccinated offspring have elevated CD19+ 
B220+ B cell populations.  
7-week-old offspring were either born to unvaccinated or PCV13 vaccinated dams and 
infected with 1X107 T4P2 CFU. B cell (CD45+ CD19+ B220+) populations were 
investigated in the lung. Data is representative of 2 experiments whereby n = 4-7 mice 
per group. Statistical analysis was performed using a Mann-Whitney U test. P values 
were regarded as significant if less than 0.05 (* p<0.05, ** p<0.01, *** p<0.001).  
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4.3.  Discussion  

 

To investigate the transfer of PCV13 maternal vaccination, a syngeneic mouse model 

was designed whereby offspring born to unvaccinated and vaccinated dams were left to 

age but were euthanised at 10 days old and 7 weeks of age. At 10 days of age, the 

breastmilk pellets and serum were collected to investigated PCV13 and total IgG 

antibodies using ELISA. In the breastmilk, PCV13 specific IgG could not be detected in 

breastmilk and no differences in total IgG antibodies were present between maternally 

unvaccinated and vaccinated offspring. These preliminary results suggests that PCV13 

specific antibodies are not transferred via breastfeeding, but this needs to be confirmed 

performing additional experiments. In the serum, PCV13 specific and total IgG was 

significantly elevated in maternally vaccinated offspring. In 7-week-old offspring, PCV13 

and total IgG were also significantly elevated in older maternally vaccinated offspring. 

These results suggest that maternal vaccination results in elevated PCV13 specific 

antibodies that are maternally derived. These preliminary results indicate that transfer of 

protection is occurring in utero as no PCV13 specific antibodies were detected in the 

breastmilk. Interestingly, PCV13 specific antibodies were detected in aged 7-week-old 

offspring which indicates that long lived antibodies are present and that the half-life of 

these antibodies have potentially increased.  

 

The elevated PCV13 specific antibodies present in maternally vaccinated offspring were 

incredibly interesting but investigating if the antibodies were functional at reducing 

bacterial colonisation was important. To investigate if the antibodies were functional, 
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T4P2 infections were optimised using the IVIS. This method was beneficial as bacteria 

were bioluminescent so infections could be visualised and measured and in addition less 

mice were euthanized. 1X109 T4P2 CFU’s were injected into the intraperitoneal cavity of 

maternally unvaccinated and vaccinated mice. The large bacterial dose and route of 

infection would usually cause sepsis and was used in order to test the functionality of the 

antibodies and maternal vaccination effects. Interestingly, T4P2 bacteria were restricted 

to the site of infection in the abdomen of maternally vaccinated mice whereas T4P2 

bacteria had migrated in circulation to other sites such as the lungs of maternally 

unvaccinated mice. These results indicated that maternally vaccinated offspring has 

antibodies that were efficient at reducing the bacterial burden in infected mice and now 

the syngeneic experimental infection model could be investigated with a nasal infection 

using a dose similar to the literature to ensure colonisation(104-106).  

 

PCV13 is a conjugate vaccine that targets specific serotypes included in the vaccine, 

which stimulates the immune system, including B cells, to produce antibodies against the 

targeted pneumococcal serotypes. Maternally unvaccinated and vaccinated offspring 

were infected intranasally with 1X107 CFU’s for 48h and the BAL, blood and lungs were 

collected, processed and further analysed. T4P2 CFU’s were significantly reduced in the 

BAL and blood of 7-week-old maternally vaccinated offspring. In addition, PCV13 specific 

IgG namely IgG1 and IgG2a were detected in maternally vaccinated offspring. Cell 

populations were investigated using flow cytometry. Total CD45+ immune cell and 

neutrophil populations were increased in the BAL of maternally unvaccinated offspring.  

This result indicates that in the presence of infection, immune cells were recruited to the 
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BAL resulting in increased inflammation. Total CD45+ immune cell and neutrophil 

populations in the maternally vaccinated offspring remained low and therefore less 

inflammation indicating a sense of immune control in the BAL. Total CD19+ B220+ B cells 

were increased in the lungs of maternally vaccinated offspring while B cells remained 

relatively low in the lung of maternally unvaccinated offspring. The lung is the site of 

pneumococcal infection and the increase in B cell recruitment to the lung, mimics the 

effects of PCV13 vaccination(107).  

 

The syngeneic vaccination and infection model used indicates that maternal vaccination 

induces long lived functional antibodies and reduced T4P2 CFU’s in maternally 

vaccinated offspring. These results indicate that PCV13 maternal vaccination is 

successful and can be used as a potential vaccination strategy. However, the syngeneic 

model used is limiting when investigating immune cell responses. Total cell populations 

can be compared but identifying if maternal cells are playing a role in protection cannot 

be identified. Therefore, going forward to further investigate the effects of maternal 

vaccination a more informative model is needed.  
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Chapter 5: Investigating maternal transfer of protection in an 

allogenic setting.  

 

5.1.  Introduction  

 

Microchimerism is a complex phenomenon which refers to the presence of a low 

frequency of cells or genetic material that can be exchanged from the mother and their 

offspring through the placenta or breastfeeding(90, 108-110). These cells can enter the 

bloodstream and establish in the mother or offspring. This form of microchimerism can be 

classified into fetomaternal (fMC) and maternofetal microchimerism (mMC) and have 

important influences on both maternal and offspring health(87, 108, 111).  

 

In pregnancy, syngeneic refers to an immune environment that is genetically and 

immunologically compatible whereby a mother and offspring have the same major 

histocompatibility complex (MHC) expression(112). In chapter 4, maternal transfer of 

protection was investigated in Balb/C mice using a syngeneic setting. This syngeneic 

setting indicates that Balb/C maternal and offspring cells had the same MHC expression 

and therefore an offspring would not reject any maternal cells transferred from the mother. 

Maternal protection was evident in the syngeneic environment as maternally vaccinated 

offspring had increased long lasting functional PCV13 specific antibodies and reduced 

T4P2 bacteria in the BAL and blood. Unfortunately, this model would potentially increase 

the amount of mMC present as no maternal cells would be rejected by the offspring due 

to the same MHC presence.  
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To investigate if microchimerism is truly playing a role in this protection, maternal transfer 

needs to be investigated whereby a mother and offspring are genetically and 

immunologically incompatible and therefore a MHC mismatch needed to be investigated. 

This immune environment would be referred to as an allogeneic setting and will be 

achieved with an intricate mating strategy using Balb/C and C57Bl/6 to allow for mothers 

to have a MHC mismatch with offspring(109, 112).  This model mimics the low frequency 

of cell transfer present in humans(109, 112). An additional benefit of this allogeneic 

setting enables tracking of these cells using flow cytometry by measuring the different 

MHC profiles on the surface of mother and offspring cells.  

 

The aim of this chapter is to investigate if this protection observed in a syngeneic setting 

remains in an allogeneic setting as well. We aim to investigate proportions of mMC cells 

and if PCV13 maternal vaccination influences the mMC cell proportion transferred and 

alters the protection observed in PCV13 maternally vaccinated offspring.  
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5.2.  Results  

5. 2.1 The allogeneic maternal vaccination model   

 

At 7 weeks of age, H-2d/d female mice (Balb/C) were mated with H-2b/b males (C57Bl/6) 

which resulted in H-2b/d offspring.  At 3 weeks of age, offspring were weened and 

separated according to sex. H-2b/d females were selected, and males were culled. At 7 

weeks of age H-2b/d females were either vaccinated intraperitoneally with PCV13 one 

week before mating or left unvaccinated. These females were mated with H-2b/b males 

resulting in H-2b/d and H-2b/b offspring. At 3 weeks of age, offspring were weaned, tail 

bleeds were obtained and genotyped. The H-2b/d offspring was culled and H-2b/b offspring 

were left to age. At 7 weeks of age, H-2b/b offspring were infected with 1X107 T4P2 

intranasally and euthanized 48H post infection (Figure 5.1).  
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A. The allogeneic maternal vaccination model:  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 5.1: The allogeneic maternal vaccination model  
At 7 weeks of age, H-2b/d female mice were either vaccinated intraperitoneally with 
PCV13 before mating or left unvaccinated. These females were then mated with H-
2b/b males resulting in H-2b/d and H-2b/b offspring. The H-2b/d offspring was culled and 
H-2b/b offspring left to age. At 7-weeks-olf half of the offspring were infected with T4P2 
intranasally and euthanized 48H post infection. 

MU – Maternally unvaccinated 
PCV13 MV – PCV13 Maternally vaccinated  
 

MU – Maternally unvaccinated 
PCV13 MV – PCV13 Maternally vaccinated  
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5. 2.2  PCV13 vaccinated dams have elevated T4P2 and PCV13 specific antibodies.  

 

Three weeks after offspring were born, they were weaned off their dams (mothers) and 

separated according to sex. Dams were culled and blood, axillary and iliac lymph nodes 

were collected. Blood was separated into serum for T4P2 and PCV13 specific antibody 

isotype detection. T4P2 is a serotype 4 strain of pneumococcal bacteria that is covered 

by PCV13 vaccine. PCV13 vaccinated dams showed increased T4P2 specific total IgG 

titres in comparison to unvaccinated dams (Figure 5.2A). In addition, PCV13 specific total 

IgG titres were greatly elevated in PCV13 vaccinated dams (Figure 5.2B). PCV13 

vaccinated dams had increased PCV13 specific antibody isotypes with IgG1 having the 

largest contribution followed by IgG2a and IgG3 (Figure 5.2B). These results suggests 

that vaccination was successful as PCV13 vaccination not only increases PCV13 specific 

antibodies but also vaccine specific serotype T4P2 antibodies.  
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A. PCV13 and T4P2 specific antibody titres in Dams. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CD19+ B220+ B cells were investigated in the axillary and illiac lymph nodes. CD19+  

 

 

 

 

 

Figure 5.2: PCV13 vaccinated dams acquire antibody mediated anti-T4P2 and 
anti-PCV13 long lasting immunity.  
Dams were either left unvaccinated or vaccinated with PCV13 one week before 
mating. A. T4P2-specific IgG and B. PCV13-specific antibodies were screened in the 
serum using ELISA. The results were expressed as individual mice/data points. 
Representative of 2 experiments whereby n = 5-7 mice per group. Statistical analysis 
was performed using a kruskal-wallis test. P values were regarded as significant if 
less than 0.05 (* p<0.05, ** p<0.01, *** p<0.001).  
 

WT Unvaccinated dam WT PCV13 vaccinated dam
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B cell (CD45+ CD19+ B220+) numbers were increased in both the axillary and illiac lymph 

nodes (Figure 5.3A). In addition, IgG1+ (CD45+ B220+ CD138+ IgG1+) and IgG2a+ (CD45+ 

B220+ CD138+ IgG2a+) plasma cells were also investigated in the axillary and illiac lymph 

nodes (Figure 5.3B). IgG1+ plasma cells in PCV13 vaccinated dams show a slight 

increase in cell numbers in both the axillary and illiac lymph nodes whereas IgG2a+ cells 

only show a slight increase in the axillary lymph nodes of PCV13 vaccinated dams 

(Figure 5.3B).  
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Dam B Cell profile: Axillary vs Illiac Lymph node. 

 

 

 

 

 

 

 

 

 

A.  Antibodies in dam Lymph nodes   

 

 

 

 

 

 

 

 

 

 

 

  

Figure 5.3: PCV13 vaccinated dams acquire elevated CD19+ B220+ B cell 
populations in the axillary and illiac lymph nodes.  
Dams were either left unvaccinated or vaccinated with PCV13 one week before 
mating. A. B cell (CD45+ CD19+ B220+) populations and B. IgG1+ (B220+ CD138+ 
IgG1+) and IgG2a+ (CD45+ B220+ CD138+ IgG2a+) plasma cells were investigated in 
the axillary and illiac lymph nodes. All cell populations were identified using flow 
cytometry. The results are expressed as individual mice/data points. Representative 
of 2 experiments whereby n = 5-7 mice per group. Statistical analysis was performed 
using a kruskal-wallis test. P values were regarded as significant if less than 0.05 (* 
p<0.05, ** p<0.01, *** p<0.001).  
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5. 2.3  PCV13 maternally vaccinated offspring have reduced T4P2 CFU and elevated 

PCV13 specific antibodies in the serum.  

 

7-week-old maternally unvaccinated and vaccinated and offspring were infected with 

1X107 T4P2 bacteria intranasally and euthanized 48h after infection. Blood was collected 

via cardiac puncture. 30 µL was immediately aliquoted for CFU on BAB agar plates while 

the rest was processed for serum collection for ELISA quantification.  

 

7-week-old maternally vaccinated and infected offspring had no detectable T4P2 CFU in 

systemic circulation whereas maternally unvaccinated offspring had increased CFU in 

circulation (Figure 5.4A). T4P2-specific titres were detected in both maternally 

unvaccinated and maternally vaccinated and infected offspring (Figure 5.4B). However, 

maternally vaccinated and infected offspring had significantly higher T4P2 titres (Figure 

5.4B). T4P2-specific antibodies were detected in maternally unvaccinated offspring due 

to the significant CFU titres present in circulation. (Figure 5.4A,B). Maternally vaccinated 

and infected offspring had significantly elevated PCV13-specific total IgG, IgG1, IgG2a 

and IgG3 antibody titres were detected in comparison to maternally unvaccinated and 

infected offspring (Figure 5.4C). 
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A. T4P2 CFU and antibody-specific antibodies recorded in the serum of 7-week-old 
offspring.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4: Maternally vaccinated 7-week-old offspring have reduced T4P2 
CFU’s and acquired maternally derived PCV13-specific antibodies in the serum. 
7-week-old offspring were either born to unvaccinated or PCV13 vaccinated dams 
A. T4P2 CFU’s were recorded in the serum of maternally unvaccinated and 
vaccinated offspring. B. T4P2-specific IgG was identified in serum using ELISA. C. 
PCV13-specific antibody serotypes were investigated in the serum using ELISA. 
The results are expressed as individual mice/data points. Representative of 2 
experiments whereby n = 5-7 mice per group. Statistical analysis was performed 
using a kruskal-wallis test. P values were regarded as significant if less than 0.05 (* 
p<0.05, ** p<0.01, *** p<0.001).  
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Serum collected from unvaccinated and maternally vaccinated offspring was heat 

inactivated (HI’d) at 56°C for 30 minutes to deactivate complement activity. Once cooled, 

1X107 T4P2 was opsonized with serum at 4°C for 1 hour. Opsonized bacteria were 

infected intranasally into naïve 7-week BALB/c mice and mice were euthanized 48H post 

infection. Blood was collected and plated on BAB plates for CFU determination. No 

significant differences were observed between mice infected with 1X107 CFU and mice 

opsonised with maternally unvaccinated serum or HI maternally unvaccinated serum 

(Figure 5.5). Mice opsonized with maternally vaccinated serum had significantly reduced 

T4P2 CFU as no colonies were detected in blood samples (Figure 5.5). Mice opsonized 

with HI’d maternally vaccinated serum had slightly elevated T4P2 CFU than mice 

opsonized with maternally vaccinated serum however the CFU were still significantly 

lower than mice infected with 1X107 CFU and mice opsonized with maternally vaccinated 

serum (Figure 5.5). 
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A. Bacteria was opsonized with maternally unvaccinated and vaccinated 
offspring serum.  
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Figure 5.5: Mice opsonized with PCV13 maternally vaccinated serum had 
significantly decreased T4P2 CFU’s in the blood.  
Serum collected from unvaccinated and maternally vaccinated offspring was heat 
inactivated at 56°C for 30 minutes and cooled. 1X107 T4P2 was opsonized with 
serum at 4°C for 1 hour. Optimised bugs were infected intranasally into 7-week 
BALB/c mice and euthanized 48H post infection. The results were expressed as 
individual mice/data points. Representative of 2 experiments whereby n = 5-7 mice 
per group. Statistical analysis was performed using a Kruskal-Wallis test. P values 
were regarded as significant if less than 0.05 (* p<0.05, ** p<0.01, *** p<0.001).  
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5. 2.4  Maternally vaccinated offspring had reduced CFU tires in the BAL and increased 

immune control.  

 

7-week-old maternally unvaccinated and vaccinated offspring were infected with 1X107 

T4P2 bacteria intranasally and euthanized 48h after infection. The Bronchioles were 

flushed with 800 µL of sterile 1X PBS and BAL fluid was collected for CFU counts as well 

as IgA ELISA detection. 7-week-old maternally vaccinated and infected offspring had 

significantly reduced T4P2 CFU in the BAL (Figure 5.6A).  Total IgA was investigated in 

the BAL, however no differences between maternally unvaccinated and vaccinated 

offspring was observed (Figure 5.6B).  Interestingly, PCV13-specific IgA was detected in 

high concentrations in the BAL of maternally vaccinated 7-week-old offspring (Figure 

5.6B).  

 

A. Bacterial CFU and IgA titers in the BAL 

 

 

 

 

 

 

 

 

 

Figure 5.6: Maternally vaccinated 7-week-old offspring have reduced T4P2 CFU’s 
and acquired maternally derived PCV13-IgA antibody in the BAL. 
7-week-old offspring were either born to unvaccinated or PCV13 vaccinated dams A. 
T4P2 CFU’s were recorded in the BAL of maternally vaccinated and maternally 
unvaccinated offspring. B. Total IgA and PCV13-specific IgA was identified in the BAL 
using ELISA. The results are expressed as individual mice/data points. Representative 
of 1 experiment whereby n = 5-7 mice per group. Statistical analysis was performed 
using a kruskal-wallis test. P values were regarded as significant if less than 0.05 (* 
p<0.05, ** p<0.01, *** p<0.001).  
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Total CD45+ immune cells were investigated in the BAL of 7-week-old offspring. Total 

CD45+ immune cell responses indicate that immune cells were increased in maternally 

unvaccinated offspring in the presence of an infection (Figure 5.7).  No changes in total 

CD45+ immune cells were observed in maternally vaccinated and maternally vaccinated 

and infected offspring (Figure 5.7).  

 

A. Total CD45+ immune cells in the BAL: maternal vs offspring cell numbers    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7: Total CD45+ immune cells were significantly increased in the BAL 
of 7-week-old maternally unvaccinated and infected offspring. 
7-week-old offspring were either born to unvaccinated or PCV13 vaccinated dams 
A. Total CD45+ cell populations were investigated in the BAL. The results are 
expressed as individual mice/data points. Representative of 2 experiments whereby 
n = 5-7 mice per group. Statistical analysis was performed using a kruskal-wallis test. 
P values were regarded as significant if less than 0.05 (* p<0.05, ** p<0.01, *** 
p<0.001).  
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Total Neutrophil (CD45+ Ly6G+ SiglecF- CD11b+ Ly6G+) populations were investigated in 

the BAL. No differences in neutrophil numbers were recorded between maternally 

unvaccinated, maternally vaccinated and maternally vaccinated and infected offspring 

(Figure 5.8A). However, neutrophil populations were increased in maternally 

unvaccinated and infected offspring (Figure 5.8A). Maternal neutrophil (CD45+ Ly6G+ 

SiglecF- CD11b+ Ly6G+ H2Dd+) cell populations were investigated in the BAL and no 

differences were observed between maternally unvaccinated and vaccinated offspring 

(Figure 5.8B). 
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A. Total neutrophils in the BAL  

 

 

 

 

 

 
 

B. Maternal neutrophils in the BAL 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8: Maternally unvaccinated and infected 7-week-old offspring have 
increased total neutrophil populations in the BAL.  
7-week-old offspring were either born to unvaccinated or PCV13 vaccinated dams 
A. Total (CD45+ Ly6G+ SiglecF- CD11b+) and B. maternal (CD45+ SiglecF- CD11b+ 

Ly6G+ H2Dd+) neutrophil populations were investigated in the BAL. The results are 
expressed as individual mice/data points. Representative of 2 experiments whereby 
n = 5-7 mice per group. Statistical analysis was performed using a kruskal-wallis test. 
P values were regarded as significant if less than 0.05 (* p<0.05, ** p<0.01, *** 
p<0.001).  
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Total Dendritic (CD45+ Ly6G- SiglecF- MHCII+ CD11c+) cell (DC) populations were 

investigated in the BAL. Maternally unvaccinated and infected offspring had significantly 

higher DC populations in the BAL (Figure 5.9). Maternally unvaccinated, maternally 

vaccinated and maternally vaccinated and infected offspring had significantly reduced DC 

numbers when compared to maternally unvaccinated and infected offspring (Figure 5.9). 

In addition, no differenced were observed between maternally vaccinated and maternally 

vaccinated and infected offspring (Figure 5.9). 

 

A. Total dendritic cells in the BAL 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9: Maternally unvaccinated and infected 7-week-old offspring had 
significantly increased total dendritic cell populations in the BAL. 
7-week-old offspring were either born to unvaccinated or PCV13 vaccinated dams 
A. Total dendritic cell (CD45+ Ly6G- SiglecF- MHCII+ CD11c+) numbers were 
investigated in the BAL. The results were expressed as individual mice/data points. 
Representative of 2 experiments whereby n = 5-7 mice per group. Statistical analysis 
was performed using a kruskal-wallis test. P value were regarded as significant if 
less than 0.05 (* p<0.05, ** p<0.01, *** p<0.001).  
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Total alveolar macrophages (CD45+ Ly6G- SiglecF+ CD11b+ CD11c+) cell numbers were 

investigated in the BAL of 7-week-old offspring. No differences in total alveolar 

macrophages were identified between maternally unvaccinated and maternally 

vaccinated offspring (Figure 5.10A). Maternal alveolar macrophages (CD45+ Ly6G- 

SiglecF+ CD11b+ CD11c+ H2Dd+) were significantly higher in maternally vaccinated and 

infected offspring (Figure 5.10B). Maternally unvaccinated and infected offspring had 

significantly less alveolar macrophage cell populations compared to maternally 

vaccinated offspring (Figure 5.10B). 
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Total alveolar macrophages in the BAL  

 

 

 

 

 

 

 

A. Maternal alveolar macrophages in the BAL  

B.  

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 5.10: Maternally unvaccinated and infected 7-week-old offspring have 
increased total neutrophil populations in the BAL.  
7-week-old offspring were either born to unvaccinated or PCV13 vaccinated dams 
A. Total and B. maternal neutrophil populations were investigated in the BAL. The 
results are expressed as individual mice/data points. Representative of 1 
experiments whereby n = 5-7 mice per group. Statistical analysis was performed 
using a kruskal-wallis test. P values were regarded as significant if less than 0.05 (* 
p<0.05, ** p<0.01, *** p<0.001).  
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To investigate cell populations that may be difficult to gate, find niche cell populations and 

visualise cell populations in a two-dimentional (2D) plot using a unbiased approach, t-

SNE (t-Distributed Stochastic Neighbour Embedding) cell population maps were 

formulated. BAL populations were reduced to 10 000 cells per sample, this was done by 

an algorithm that allowed for cell ratios to remain the same but allow for the software to 

function accurately, this was classified as down sampling.  

 

Total cell population t-SNE maps were overlayed with the maternally vaccinated, 

maternally unvaccinated and infected and maternally vaccinated and infected offspring 

cell populations  in the BAL (Figure 5.11A). The positioning of the group clustering 

indicated that cells present in the BAL of maternally vaccinated and maternally vaccinated 

and infected offspring had similar t-SNE immune profiles whereas maternally 

unvaccinated and infected offspring had a significantly different t-SNE immune profiles 

(Figure 5.11A).  

 

The maternally unvaccinated and infected t-SNE populations were isolated graphically to 

visually separate the maternally unvaccinated and maternally vaccinated offspring 

(Figure 5.11B). Total maternal (CD45+ H2Dd+) cells were isolated and overlayed on the 

offspring t-SNE map. The visual results indicated that maternal cell populations (indicated 

in teal) predominantly clustered in the maternally vaccinated and maternally vaccinated 

and infected offspring groups (Figure 5.11B). However, maternal cells were present in 

reduced numbers in maternally unvaccinated and infected offspring (Figure 5.11B). 

Sample ID’s of total cells and maternal cells were compared using cell percentages. 
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Maternally vaccinated offspring accounted for 17.6% of total BAL cells while maternally 

unvaccinated and infected and maternally vaccinated and infected offspring accounted 

for 41.2% each (Figure 5.11B). These sample ID’s of total cells indicated that the down 

sampled number of events (10 000) was the same for each sample. The sample ID’s of 

maternal cells were compared between groups and maternal cells were significantly 

reduced when compared to maternally vaccinated offspring (Figure 5.11B). The 

unvaccinated and infected offspring contained 24.6% of the maternal cells whereas 

maternally vaccinated offspring and maternally vaccinated and infected offspring 

contained 52.9% and 22.5% respectively (Figure 5.11B). 

 

Cell marker intensities were displayed as on t-SNE marker heatmaps in 7-week-old 

offspring (Figure 5.11C). Neutrophil markers Ly6G, CD11b, H2Dd and alveolar 

macrophage markers CD11b, CD11c, H2Dd markers were intensified in the maternal cell 

populations (Figure 5.11C). In addition, DC markers MHCII and CD11c markers were 

also intensified in marker heatmaps (Figure 5.11C). The results from the t-SNE analysis 

reiterates the results generated from the manual gating (Figure 5.11C). 
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A. BAL t-SNE: Group profiles 

 

 

 

 
 

B. Maternal BAL population highlighted in t-SNE plot.    

 

 

 

 

 
 

C. Heatmaps of total cell populations 

 

 

 

 

 

 

 

 

 

 

Figure 5.11: t-SNE analysis indicates that offspring have increased maternal 
neutrophil and alveolar macrophage populations in the BAL of maternally 
vaccinated 7-week-old offspring. 
7-week-old offspring were either born to unvaccinated or PCV13 vaccinated dams 
A. A t-SNE population map was formulated and overlayed each group to display 
individual group population maps. B. The maternally unvaccinated and infected t-
SNE population was separated, and maternal cells were isolated. Sample ID’s of 
total cells and maternal cells were compared using cell percentages. C. t-SNE 
heatmaps display marker intensities of maternally unvaccinated and vaccinated 
offspring. The results are expressed as individual mice/data points. Representative 
of 1 experiment whereby n = 3-7 mice per group. Statistical analysis was performed 
using a kruskal-wallis test. P value were regarded as significant if less than 0.05 (* 
p<0.05, ** p<0.01, *** p<0.001).  
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5. 2.5  Maternally vaccinated offspring had reduced CFU titres in the lung and a distinct 

intrinsic IgG2a+ expressing B cell population in the lung.   

 

7-week-old maternally unvaccinated and vaccinated and offspring were infected with 

1X107 T4P2 bacteria intranasally and euthanized 48h after infection. The lungs were 

processed into single cell suspensions and plated on BAB agar plates for 16h at 37°C. 

T4P2 CFU’s were significantly elevated in the lungs of maternally unvaccinated and 

infected offspring whereas no CFU’s were recorded in maternally vaccinated and infected 

offspring (Figure 5.12). 

 

A. T4P2 CFU’s present in the lung of 7-week-old offspring.  
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Figure 5.12: Maternally vaccinated 7-week-old offspring have reduced T4P2 
CFU’s in the lung. 
7-week-old offspring were either born to unvaccinated or PCV13 vaccinated dams 
A. T4P2 CFU’s were recorded in the lung of maternally unvaccinated and vaccinated 
offspring. The results are expressed as individual mice/data points. Representative 
of 2 experiments whereby n = 5-7 mice per group. Statistical analysis was performed 
using a kruskal-wallis test. P values were regarded as significant if less than 0.05 (* 
p<0.05, ** p<0.01, *** p<0.001).  
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The lungs were processed into single cell suspensions and prepared for flow cytometry 

analysis. Immune cell populations were investigated, and cell markers were used to 

further classify maternal immune cell populations. Offspring (CD45+ H2Kb+ H2Dd-) and 

maternal (CD45+ H2Kb+ H2Dd+) cell percentages were displayed graphically (Figure 

5.13).  Maternally vaccinated offspring had 6% more maternal immune cells compared to 

maternally unvaccinated offspring (Figure 5.13). Maternally unvaccinated offspring had 

a 5% increase in maternal cells in the presence of T4P2 infection (Figure 5.13).  

Maternally vaccinated offspring had an intrinsic maternal immune cell population present 

in the lungs and therefore maternal cells did not increase significantly in the presence of 

infection (Figure 5.13).   

 

A. Total CD45+ immune cells in the lung: maternal vs offspring cell percentages   
 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.13: Maternally vaccinated offspring have increased maternal cell 
populations in the lung. 
7-week-old offspring were either born to unvaccinated or PCV13 vaccinated dams.  
A. Offspring and maternal cell percentages were investigated in the lungs. All cell 
populations were identified using flow cytometry. The results are expressed as 
individual mice/data points. Representative of 1 experiment whereby n = 5-9 mice per 
group. Statistical analysis was performed using a Kruskal-Wallis test. P value were 
regarded as significant if less than 0.05 (* p<0.05, ** p<0.01, *** p<0.001).  
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CD45+ immune cell numbers were investigated in the lung. Total CD45+ immune cell 

populations indicate that maternally unvaccinated offspring had reduced cell numbers 

however cell numbers increased in the presence of a T4P2 infection (Figure 5.14A). 

Maternally vaccinated offspring had an increased total CD45+ immune cell numbers which 

decreased in the presence of infection (Figure 5.14A). Total CD45+ immune cell numbers 

were significantly decreased in maternally vaccinated and infected offspring when 

compared to maternally unvaccinated and infected offspring (Figure 5.14A). Offspring 

(CD45+ H2Kb+ H2Dd-) cells were investigated, and no differences were observed between 

maternally unvaccinated and vaccinated offspring (Figure 5.14A).  

Maternal (CD45+ H2Kb+ H2Dd+) cells were significantly elevated in maternally 

unvaccinated offspring in the presence of infection (Figure 5.14A). Maternally vaccinated 

offspring had an increased maternal cell populations however no changes were observed 

in the presence of infection (Figure 5.14A). The same trend was observed in the FSC 

plots whereby no differences were observed in offspring cell numbers and only maternally 

unvaccinated offspring had significantly reduced maternal cells (Figure 5.14B). 

 

CD19+ B220+ B cells were investigated in the lungs of 7-week-old offspring. No differences 

or trends were observed between total (CD45+ B220+), offspring (H2Kb+ H2Dd- B220+) 

and maternal (H2Kb+ H2Dd+ B220+) cells in maternally unvaccinated and vaccinated 

offspring (Figure 5.15A-C). 

 

 

 



 129 

A. CD45+ immune cells in the lung: maternal vs offspring cell numbers    

 

 

 

 

 

 

 

 

B. Maternal vs offspring CD45+ immune cells FSC plots in the lung.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.14: Maternally vaccinated offspring have an intrinsic maternal cell 
population in the lungs. 
7-week-old offspring were either born to unvaccinated or PCV13 vaccinated dams 
A. Total (CD45+), Offspring (CD45+ H2Kb+ H2Dd-) and maternal (CD45+ H2Kb+ 

H2Dd+) Immune cell populations were investigated in the lungs. B. FCS files of 
maternal and offspring CD45+ cell populations were investigated in the lungs. 
Representative of 2 experiments whereby n = 5-8 mice per group. Statistical analysis 
was performed using a Kruskal-Wallis test. P value were regarded as significant if 
less than 0.05 (* p<0.05, ** p<0.01, *** p<0.001).  
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A. Total CD19+ B220+ B cells in the lung 

 

 

 

 

 
 

B. Offspring CD19+ B220+ B cells in the lung 

 

 

 

 

 
 

C. Maternal CD19+ B220+ B cells in the lung 

 

 

 

 

 

 

 

 

 

 

Figure 5.15: No differences in CD19+ B220+ B cells were observed between 
maternally unvaccinated and vaccinated offspring.  
7-week-old offspring were either born to unvaccinated or PCV13 vaccinated dams. A. 
Total (CD45+ CD19+ B220+), B. Offspring (H2Kb+ H2Dd- CD19+ B220+) and C. maternal 
(H2Kb+ H2Dd+ CD19+ B220+) B cell populations were investigated in the lungs. 
Representative of 2 experiments whereby n = 4-7 mice per group. Statistical analysis 
was performed using a Kruskal-Wallis test. P value was regarded as significant if less 
than 0.05 (* p<0.05, ** p<0.01, *** p<0.001).  
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Total plasma cells (CD45+ B220+ CD138+ TACI+) were investigated in the lungs. Plasma 

cells were slightly elevated in maternally vaccinated offspring when compared to 

maternally unvaccinated offspring (Figure 5.16). In addition, T4P2 infection had no 

significant effect on plasma cell populations in both maternally unvaccinated and 

vaccinated offspring in the lung (Figure 5.16). 

 

A. Total plasma cells in the lung 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.16: Total plasma cell populations were slightly elevated in maternally 
vaccinated 7-week-old offspring. 
7-week-old offspring were either born to unvaccinated or PCV13 vaccinated dams. 
A. Total plasma cells (CD45+ B220+ CD138+ TACI+) populations were investigated in 
the lung. Representative of 2 experiments whereby n = 5-8 mice per group. Statistical 
analysis was performed using a Kruskal-Wallis test. P value were regarded as 
significant if less than 0.05 (* p<0.05, ** p<0.01, *** p<0.001).  
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Total IgG1+ (CD45+ CD19+ IgG1+) expressing B cells were examined in the lungs and no 

differences were observed between maternally unvaccinated and vaccinated offspring 

(Figure 5.17A). No differences in maternal IgG1+ (CD45+ H2Dd+ CD19+ IgG1+) 

expressing B cells were present between maternally unvaccinated and maternally 

unvaccinated and infected offspring (Figure 5.17B). Maternal IgG1+ expressing B cells 

were slightly elevated in the maternally vaccinated offspring but reduced in the presence 

of infection (Figure 5.17B). Maternal IgG1+ expressing B cell numbers were not altered 

by infection in both maternally unvaccinated and vaccinated offspring (Figure 5.17B). 
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A. Total IgG1+ B cells in the lung 

 

 

 

 

 
 

B. Maternal IgG1+ B cells in the lung 
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Figure 5.17: Maternal IgG1+ expressing B cell populations were slightly 
elevated in maternally vaccinated 7-week-old offspring. 
7-week-old offspring were either born to unvaccinated or PCV13 vaccinated dams. 
A. Total IgG1+ (CD45+ CD19+ IgG1+) and B. maternal IgG1+ (CD45+  H2Dd+ CD19+ 

IgG1+) expressing B cells populations were investigated in the lungs. Representative 
of 2 experiments whereby n = 3-6 mice per group. Statistical analysis was performed 
using a Kruskal-Wallis test. P value were regarded as significant if less than 0.05 (* 
p<0.05, ** p<0.01, *** p<0.001).  
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Total IgG2a+ expressing B cells were significantly increased in the maternally vaccinated 

offspring but no differences were observed in total IgG2a+ expressing B cells in the 

remaining groups (Figure 5.18A). No significant differences in maternal IgG2a+ 

expressing B cells were observed in maternally unvaccinated and vaccinated offspring 

(Figure 5.18B). However, a similar trend was seen as maternally vaccinated offspring 

had slightly elevated maternal IgG2a+ expressing B cells (Figure 5.18B). 
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A. Total IgG2a+ B cells in the lung 

 

 

 

 

 

 

 

B. Maternal IgG2a+ B cells in the lung 

 

 

 

 

 

 

 

 

 

 

  

Figure 5.18: No significant differences were observed in Total IgG2a+ 
expressing B cell populations in the lungs of maternally unvaccined and 
vaccinated 7-week-old offspring. 
7-week-old offspring were either born to unvaccinated or PCV13 vaccinated dams. 
A. Total IgG2a+ (CD45+ CD19+ IgG2a+) and B. maternal IgG2a+ (CD45+ CD19+ 

IgG2a+) expressing B cell populations were investigated in the lungs. Representative 
of 2 experiments whereby n = 4-7 mice per group. Statistical analysis was performed 
using a Kruskal-Wallis test. P value was regarded as significant if less than 0.05 (* 
p<0.05, ** p<0.01, *** p<0.001).  
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5. 2.6  Maternally vaccinated offspring secrete PCV13 specific antibodies from bone 

marrow cells.  

 

Femurs were flushed with sterile 1X PBS and bone marrow cells were processed into 

single cell suspensions. 1X107 bone marrow cells were plated in RPMI media 

supplemented with 10% FBS and supernatants were collected 24h later. PCV13-specific 

total IgG, IgG1 and IgG2a antibodies were investigated in supernatants using ELISA. 

PCV13-specific IgG and IgG1 were detected in maternally vaccinated offspring (Figure 

5.19). However, no PCV13-specific IgG2a antibodies were detected in maternally 

vaccinated offspring. No PCV13-specififc antibodies were detected in the maternally 

unvaccinated offspring (Figure 5.19). 

 

A. PCV13 specific antibody titres in bone marrow supernatants 
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Figure 5.19: 7-week-old maternally vaccinated offspring have bone marrow 
cells that secrete PCV13 specific IgG and IgG1  
Dams were either left unvaccinated or vaccinated with PCV13 one week before 
mating. A. PCV13-specific antibodies were screened in bone marrow supernatants 
using ELISA. The results are expressed as individual mice/data points. 
Representative of 1 experiment whereby n = 8 mice per group. Statistical analysis 
was performed using a Mann-Whitney. P value were regarded as significant if less 
than 0.05 (* p<0.05, ** p<0.01, *** p<0.001).  
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CD45+ immune cell percentages were investigated in the bone marrow. No differences 

were observed between maternally unvaccinated and maternally vaccinated offspring 

(Figure 5.20). In the presence of infection, maternal immune cells migrate out of the bone 

marrow and were significantly reduced in both maternally unvaccinated and vaccinated 

offspring (Figure 5.20).  

 

A. Total CD45+ immune cells in the bone marrow: maternal vs offspring cell 
percentages   

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.20: Figure 5: Maternal CD45+ cell percentages decrease in the bone 
marrow upon infection in 7-week-old offspring. 
7-week-old offspring were either born to unvaccinated or PCV13 vaccinated dams. A. 
Offspring and maternal cell percentages were investigated in the lung. All cell 
populations were identified using flow cytometry. The results are expressed as 
individual mice/data points. Representative of 1 experiment whereby n = 5-9 mice per 
group. Statistical analysis were performed using a Kruskal-Wallis test. P values were 
regarded as significant if less than 0.05 (* p<0.05, ** p<0.01, *** p<0.001).  
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Total CD45+ immune cell numbers in the bone marrow reveal that no difference in cell 

numbers were observed between maternally unvaccinated and vaccinated offspring. 

However, in the presence of an infection, both maternally unvaccinated and vaccinated 

offspring had increased total CD45+ immune cell numbers in the bone marrow (Figure 

5.21A). The same trend was observed for offspring (CD45+ H2Kb+ H2Dd-) cells but 

interestingly the opposite effect was seen for maternal cells (Figure 5.21A). Maternal 

cells were reduced in maternally unvaccinated and infected offspring and even greater 

significantly reduced in maternally vaccinated and infected offspring (Figure 5.21A). Total 

CD45+ immune populations were split into maternal and offspring groups and visualised 

on FCS plots (Figure 5.21B). It was observed that distinct maternal cell populations were 

present in maternally unvaccinated and vaccinated offspring however populations were 

significantly reduced in the presence of infection in maternally unvaccinated and 

vaccinated offspring (Figure 5.21B). 

 

Total (CD45+ CD19+ B220+) and offspring (H2Kb+ H2Dd- CD19+ B220+) B cells followed 

the same trend as total and offspring immune cells (Figure 5.22A, B). Total and Offspring 

B cells increased in the presence of infection in maternally unvaccinated and vaccinated 

offspring (Figure 5.22A, B). Interestingly no differences or trends were observed in  

maternal (H2Kb+ H2Dd+ CD19+ B220+) B cells in maternally unvaccinated and vaccinated 

offspring (Figure 5.22C). 

 

 

 



 139 

A. CD45+ immune cells in the bone marrow: maternal vs offspring cell numbers    
 
 
 
 
 
 
 
 
 
 
 
 
 
 

B. Maternal vs offspring CD45+ immune cells FSC plots in the bone marrow.  
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Figure 5.21: Maternal CD45+ cells migrate out of the bone marrow upon 
infection in 7-week-old offspring. 
7-week-old offspring were either born to unvaccinated or PCV13 vaccinated dams 
A. Total (CD45+), Offspring (CD45+ H2Kb+ H2Dd-) and maternal (CD45+ H2Kb+ 

H2Dd+) cell populations were investigated in the bone marrow. B. FSC plots were 
investigated and total CD45+ cells were divided into offspring and maternal cell 
populations. The results are expressed as individual mice/data points. 
Representative of 1 experiment whereby n = 5-8 mice per group. Statistical analysis 
was performed using a Mann-Whitney. P value were regarded as significant if less 
than 0.05 (* p<0.05, ** p<0.01, *** p<0.001).  
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A. Total CD19+ B220+ B cells in the bone marrow 

 

 

 

 

 
 

B. Offspring CD19+ B220+ B cells in the bone marrow 

 

 

 

 

 
 

C. Maternal CD19+ B220+ B cells in the bone marrow 
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Figure 5.22: Maternal B220+ B cells are reduced in WT maternally vaccinated and 
infected 7-week-old offspring in the bone marrow.  
7-week-old offspring were either born to unvaccinated or PCV13 vaccinated dams. A. 
Total (CD45+ CD19+ B220+), B. Offspring (H2Kb+ H2Dd- CD19+ B220+) and C. maternal 
(H2Kb+ H2Dd+ CD19+ B220+) B cell populations were investigated in the bone marrow. 
Representative of 1 experiment whereby n = 5-8 mice per group. Statistical analysis was 
performed using a Kruskal-Wallis test. P values were regarded as significant if less than 
0.05 (* p<0.05, ** p<0.01, *** p<0.001).  
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Total plasma cells (CD45+ B220+ CD138+ TACI+) were slightly elevated in maternally 

vaccinated offspring but no apparent differences were obsereved in the presence of 

infection (Figure 5.23). 

 

A. Total plasma cells in the bone marrow 

 

 

 

 

 

 

 

 

 

 

 

 

Total IgG1+ (CD45+ CD19+ IgG1+) and maternal IgG1+ (CD45+ H2Dd+ CD19+ IgG1+) 

expressing B cells were increased in maternally unvaccinated and infected offspring 

(Figure 5.24). However no difference were observed in between maternally vaccinated 

and maternally vaccinated and infected offspring (Figure 5.24). No differences were 

observed total IgG2a+ (CD45+ CD19+ IgG2a+) and maternal IgG2a+ (CD45+ H2Dd+ CD19+ 

Maternally Unvaccinated  & Infected
Maternally Vaccinated
Maternally Vaccinated  & Infected

Maternally Unvaccinated 

Figure 5.23: No differences in total plasma cell populations were observed 
between maternally unvaccinated and vaccinated offspring. 
7-week-old offspring were either born to unvaccinated or PCV13 vaccinated dams. 
A. Total plasma cells (CD45+ B220+ CD138+ TACI+) populations were investigated in 
the bone marrow. Representative of 1 experiment whereby n = 5-8 mice per group. 
Statistical analysis was performed using a Kruskal-Wallis test. P value were 
regarded as significant if less than 0.05 (* p<0.05, ** p<0.01, *** p<0.001).  
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IgG2a+) expressing B cells in maternally unvaccinated and vaccinated offspring (Figure 

5.25). 

 

A. Total IgG1+ B cells in the bone marrow 

 

 

 

 

 

 

B. Maternal IgG1+ B cells in the bone marrow 
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Figure 24: Total IgG1+ expressing B cell populations were increased in the 
bone marrow of maternally unvaccinated 7-week-old offspring. 
7-week-old offspring were either born to unvaccinated or PCV13 vaccinated dams. 
A. Total IgG1+ (CD45+ CD19+ IgG1+) and B. maternal IgG1+ (CD45+ H2Dd+ CD19+  

IgG1+) B cell populations were investigated in the bone marrow. Representative of 1 
experiment whereby n = 5-8 mice per group. Statistical analysis was performed using 
a Kruskal-Wallis test. P value were regarded as significant if less than 0.05 (* p<0.05, 
** p<0.01, *** p<0.001).  
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A. Total IgG2a+ B cells in the bone marrow 

 

 

 

 

 

 

B. Maternal IgG2a+ B cells in the bone marrow 
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Figure 25: No significant differences in IgG2a+ expressing B cell populations 
were observed in the bone marrow of 7-week-old offspring. 
7-week-old offspring were either born to unvaccinated or PCV13 vaccinated dams. 
A. Total IgG2a+ (CD45+ CD19+ IgG2a+) and B. maternal IgG2a+ (CD45+ H2Dd+ 
CD19+ IgG2a+) B cell populations were investigated in the bone marrow. 
Representative of 1 experiment whereby n = 5-8 mice per group. Statistical analysis 
was performed using a Kruskal-Wallis test. P value were regarded as significant if 
less than 0.05 (* p<0.05, ** p<0.01, *** p<0.001).  
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5.3.  Discussion   

 

Dams were vaccinated 1 week prior to mating and euthanized 55 days later after offspring 

were weened. Murine average IgG half-life in circulation is approximately 8 days. PCV13 

and T4P2 specific antibody results indicate that IgG half-life had significantly increased in 

PCV13 vaccinated dams as antibody titers were significantly elevated approximately 8 

weeks later.  

 

Maternally vaccinated 7-week-old offspring had elevated PCV13 and T4P2 specific 

antibody titers. The recorded titers were 5 times lower than the titers recorded in dams 

however these results are incredibly significant as the only possibility for offspring to have 

acquired long lived antibody would be if antibody producing cells were transferred 

maternally.  

 

IgA is an important mucosal tissue antibody and is in abundant in the respiratory tract(113, 

114). 7-week-old offspring had no difference in total IgA titres however maternally 

vaccinated and infected offspring had elevated PCV13-specific IgA titres. IgA is regarded 

as an early neutralising antibody and plays a significant role in inhibiting the colonisation 

of T4P2 bacteria in the BAL. This can be seen by the reduction in T4P2 bacterial burden 

in the BAL of maternally vaccinated offspring. Flow cytometry and t-SNE analysis 

revealed that maternally unvaccinated offspring had increased CD45+ immune cell 

infiltration to the BAL in the presence of infection. These cells were made up of 

neutrophils, alveolar macrophages and DC’s. DCs were significantly recruited to the BAL 
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of maternally unvaccinated offspring in the presence of infection. This response is not 

present in maternally vaccinated offspring due to the dramatic reduction in bacterial load 

present in the BAL. Neutrophils are primarily responsible for initiating phagocytosis while 

alveolar macrophages are responsible for antigen presentation and phagocytosis, both 

crucial for initiating an immune response but also eliminating a pneumococcal 

infection(115-117). These cell populations were also recruited to the BAL in the 

maternally unvaccinated and infected offspring due to the presence of the increased 

bacterial burden in the BAL. Interestingly, maternally derived DC’s, neutrophils and 

alveolar macrophage populations were increased in the maternally vaccinated and 

infected offspring whereas maternal innate cells were significantly reduced in maternally 

unvaccinated and infected offspring. The combination of PCV13 specific IgA and innate 

maternal cells present indicates that maternally vaccinated offspring have acquired 

immune control in the BAL.  

 

The same CFU trend observed in the BAL was seen in the lung. Significant T4P2 bacterial 

colonisation was detected in the lungs of maternally unvaccinated offspring however no 

CFU’s were recorded in maternally vaccinated offspring.  Due to the disparate 

colonisation in the lung, different immune profiles were observed between groups. Total 

CD45+ immune cells were present in smaller numbers in the maternally unvaccinated 

offspring, but cell numbers increased 2-fold in the presence of an infection. Maternally 

vaccinated offspring had an intrinsic total CD45+ immune cell population which was 

unaffected in the presence of infection. Interestingly, total CD45+ immune cell numbers in 

maternally vaccinated offspring equated to the same number of total CD45+ immune cell 
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numbers present in the maternally unvaccinated and infected offspring. In addition, 

maternally unvaccinated and infected offspring had significantly higher total CD45+ 

immune cell numbers when compared to maternally vaccinated and infected offspring. 

The same trend was observed for maternal (CD45+ H2Kb+ H2Dd+) immune cells in the 

maternally unvaccinated and vaccinated offspring. Maternally unvaccinated offspring 

numbers were significantly increased in the presence of T4P2 infection, but maternally 

vaccinated offspring were not influenced by infection and maternal immune cell numbers 

remained the same. Material IgG1+ and IgG2a+ expressing B cells are slightly elevated in 

the maternally vaccinated offspring which contributes to the intrinsic CD45+ immune cell 

population observed. These results indicate that due to more T4P2 CFU’s present in the 

lung a greater immune response and more immune cell infiltration to the lung was present 

in maternally unvaccinated offspring. Due to the absence of T4P2 CFU’s in the lung of 

maternally vaccinated offspring, less immune cell infiltration was recorded in the presence 

of infection and cell numbers remained the same at the uninfected maternally vaccinated 

offspring.  

 

Bone marrow results indicate that maternally unvaccinated and vaccinated offspring had 

relatively equal immune cell numbers however in the presence of a T4P2 infection, 

immune cell numbers increase significantly. Interestingly maternal cell numbers decrease 

in the presence of infection and migrate out of the bone marrow. The migrating immune 

cells potentially travel in circulation and establish populations in areas crucial for fighting 

off the infection. For example, in the lung, maternally unvaccinated offspring have 

reduced maternal cells compared to the larger intrinsic maternally vaccinated offspring. 
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However, in the presence of infection, maternally unvaccinated offspring have an 

infiltration of maternal cells in the lung. In addition, bone marrow cells had the ability to 

secrete PCV13 specific IgG and IgG1 antibodies in the supernatants which not only 

accounts for the increased antibody half-life seen in 7-week-old offspring but also the 

ability for bone marrow cells to constantly produce PCV13 specific antibodies.  
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Chapter 6: Interleukin-4 (IL-4) and its impact on maternal 

transfer of immunity.  

 

6.1.  Introduction  

 

Interleukin-4 (IL-4) is a multifunctional cytokine that plays a crucial role in various aspects 

of the immune system(118). IL-4 regulates inflammation, B and T cell differentiation and 

antibody production(118)  

 

Pregnancy is associated with a shift in the immune system towards a T-helper 2 (Th2) 

cells dominant state(65). IL-4 is a key cytokine that is associated with the Th2 immune 

environment. The Th2 environment is important for promoting tolerance in reducing 

inflammation by inhibiting pro-inflammatory cytokines such as interleukin-1 (IL-1) and 

tumor necrosis factor-alpha (TNF-alpha). This helps maintain an immune balance to 

prevent the rejection of the developing fetus(119).  Excessive inflammation can be 

detrimental to both the mother and the developing fetus therefore IL-4’s role is essential 

in dampening inflammatory responses to protect the fetus. IL-4 has also been found to 

play a role in the development and maintenance of the placenta, a crucial organ needed 

for the exchange of nutrients as well as passive antibody transfer(120).  

 

IL-4 is a critical factor in the differentiation of naïve T cells into Th2 cells. Th2 cells are a 

distinct subset of T CD4+ T cells that play a regulatory humeral immunity. When T cells 

are exposed to IL-4 they differentiate into Th2 and produce cytokines such an IL-5 and Il-
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13(121). IL-4 acts as a B cell growth factor which it increases the longevity and activation 

of B cells(122).  One of the primary functions of IL-4 is its to induce antibody class 

switching. B cells are activated by antigen or vaccination and typically produce IgM 

antibodies. IgM is regarded as the first line of defense against infections. When B cell’s 

encounters an antigen that binds to its receptor, it becomes activated. After activation, B 

cells interact with helper T cells and receive a signal from cytokines, this will determine 

which antibody the B cell switches to. If IL-4 is present, this promotes the switch from IgM 

to either IgE, IgG or IgA depending on the antigen B cells are exposed to.  

 

To the best of our knowledge, it is not known how maternal type 2 immunity influences 

microchimerism and if maternal cell transfer is altered due to the absence of IL-4. In the 

absence of IL-4, the TH2 environment will be limited, class switching, and anti-

inflammatory properties will be impaired. It is important to note that depending on the 

specific immune system the lack of IL-4 will vary. IL-4 is one of the many cytokines and 

signaling molecules present and therefore the absence may be compensated by other 

cytokines such as IL-13. However, the overall balance of the immune system may be 

compromised.  

 

In this chapter, we aim to investigate the effect IL-4 has on B cell populations in dams. In 

addition, we aim to investigate if IL-4 influences the maternal vaccination effects and 

microchimerism observed previously in WT offspring. We aim to evaluate if any changes 

are present in CFU’s, PCV13 specific antibody production as well as the proportion and 

location of maternal cells.  
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6.2.  Results  

6. 2.1 PCV13 vaccination elicits higher IgG1 B cell populations in WT PCV13 vaccinated 

dams.  

 

WT and IL-4R𝞪-/- 7-week-old H2Dd/H2Kb dams were either vaccinated with PCV13 one 

week prior to mating or left unvaccinated. Three weeks after giving birth, offspring were 

weened, and dams were culled (Figure 6.1). The axillary lymph node, illiac lymph node 

and spleens were harvested and subjected to flow cytometry analysis.  
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WT and IL-4R𝞪-/- Allogeneic Experimental model: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 6.1: The WT and IL-4R𝞪-/- allogeneic maternal vaccination experimental 
model.  
A. 7-week-old WT and IL-4R𝞪-/- H-2b/d female mice were either vaccinated 
intraperitoneally with PCV13 before mating or left unvaccinated. Females were 
mated with H-2b/b males resulting in H-2b/d and H-2b/b offspring. The H-2b/d offspring 
was culled and 7-week-old H-2b/b offspring were infected with T4P2 intranasally and 
culled 48H post infection.  
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Dam B cells (CD45+ CD19+ B220+) in the axillary lymph nodes were investigated using 

flow cytometry. There were no differences in B cell numbers between WT and IL-4R𝞪-/- 

unvaccinated and PCV13 vaccinated dams (Figure 6.2).  

 

A. Dam CD19+ B220+ B cell profile: Axillary lymph node 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 6.2: No differences in CD19+ B220+ B cell populations were identified 
in the axillary lymph nodes of unvaccinated and vaccinated dams. 
WT and IL-4R𝞪-/- dams were either left unvaccinated or vaccinated with PCV13 
one week before mating. A. B (CD19+ B220+) cell populations were investigated 
in the axillary lymph nodes. All cell populations were identified using flow 
cytometry. The results are expressed as individual mice/data points. 
Representative of 1 experiment whereby n = 4-6 mice per group. Statistical 
analysis was performed using a Kruskal-Wallis test. P values was regarded as 
significant if less than 0.05 (* p<0.05, ** p<0.01, *** p<0.001). 
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IgG1+ (CD45+ CD19+ B220+ IgG1+) and IgG2a+ (CD45+ CD19+ B220+ IgG2a+) B cells were 

investigated in the axillary lymph nodes. IgG1+ B cell percentages in WT unvaccinated 

dams are 22% higher than IL-4R𝞪-/- unvaccinated dams (Figure 6.3). In addition, IgG1+ 

B cell percentages in WT PCV13 vaccinated dams were 28% higher than IL-4R𝞪-/- PCV13 

vaccinated dams (Figure 6.3).  IgG2a+ B cell percentages were slightly elevated in IL-

4R𝞪-/- unvaccinated dams however, no differences were observed in the remaining 

groups (Figure 6.3).  

 

A. Dam B cell subgroup percentages: Axillary Lymph node 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 6.3: IL-4R𝞪-/- dams have decreased IgG1+ B cell populations in the 
axillary lymph nodes.  
WT and IL-4R𝞪-/- dams were either left unvaccinated or vaccinated with PCV13 one 
week before mating. A. IgG1+ (CD19+ B220+ IgG1+) and IgG2a+ (CD19+ B220+ 

IgG2a+) B cell percentages were investigated in the axillary lymph nodes. All cell 
percentages were identified using flow cytometry. The results are expressed as 
individual mice/data points. Representative of 1 experiment whereby n = 4-6 mice 
per group. Statistical analysis was performed using a Kruskal-Wallis test. P values 
was regarded as significant if less than 0.05 (* p<0.05, ** p<0.01, *** p<0.001).  
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A similar trend was observed for IgG1+ and IgG2a+ numbers in the axillary lymph nodes. 

IgG1+ B cells were significantly reduced in IL-4R𝞪-/- Dams (Figure 6.4A). IgG2a+ B cells 

were significantly increased in IL-4R𝞪-/- unvaccinated dams while reduced cell 

populations were present in all remaining groups (Figure 6.4B). PCV13 vaccination had 

no effect on the proportion of IgG1+ and IgG2a+ cell numbers in the axillary lymph nodes 

(Figure 6.3 and 6.4).   
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A. Dam CD19+ B220+ IgG1+ B cell profile: Axillary lymph node 

 

 

 

 

 

 

 

B. Dam CD19+ B220+ IgG2a+ B cell profile: Axillary lymph node 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4: IL-4R𝞪-/- dams have reduced IgG1+ B cell populations in the axillary 
lymph nodes.  
Dams were either left unvaccinated or vaccinated with PCV13 one week before 
mating. A. IgG1+ B cell (CD19+ B220+ IgG1+) populations and B. IgG2a+ B cell 
(CD19+ B220+ IgG2a+) populations were investigated in the axillary lymph nodes. All 
cell populations were identified using flow cytometry. The results are expressed as 
individual mice/data points. Representative of 1 experiment whereby n = 4-6 mice 
per group. Statistical analysis was performed using a Kruskal-Wallis test. P values 
was regarded as significant if less than 0.05 (* p<0.05, ** p<0.01, *** p<0.001).  
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CD19+ B220+ B cells was investigated in the illiac lymph nodes, however no differences 

in cell numbers were observed in WT and IL-4R𝞪-/- dams (Figure 6.5).  

 

A. Dam CD19+ B220+ B cell profile: Illiac lymph node 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 6.5: No changes in CD19+ B220+ B cell populations were recorded in the 
illiac lymph nodes of unvaccinated and vaccinated dams.  
WT and IL-4R𝞪-/- dams were either left unvaccinated or vaccinated with PCV13 
one week before mating. A. CD19+ B220+ B cell populations were investigated in 
the illiac lymph nodes. All cell populations were identified using flow cytometry. The 
results are expressed as individual mice/data points. Representative of 1 
experiment whereby n = 4-6 mice per group. Statistical analysis was performed 
using a Kruskal-Wallis test. P values was regarded as significant if less than 0.05 (* 
p<0.05, ** p<0.01, *** p<0.001).  
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Illiac lymph node IgG1+ B cell percentages were significantly reduced in IL-4R𝞪-/- dams 

(Figure 6.6). This reduction of 13% was evident between WT and IL-4R𝞪-/- PCV13 

vaccinated dams. IgG2a+ B cell percentages were increased by 9% in the IL-4R𝞪-/- 

PCV13 vaccinate dams (Figure 6.6).  

 

A. Dam B cell subgroup percentages: Illiac lymph node 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 6.6: IL-4R𝞪-/- dams have decreased IgG1+ and increased IgG2a+ B cell 
populations in the illiac lymph nodes.  
WT and IL-4R𝞪-/- dams were either left unvaccinated or vaccinated with PCV13 one 
week before mating. A. IgG1+ (CD19+ B220+ IgG1+) and IgG2a+ (CD19+ B220+ 

IgG2a+) B cell percentages were investigated in the axillary lymph nodes. All cell 
populations were identified using flow cytometry. The results are expressed as 
individual mice/data points. Representative of 1 experiment whereby n = 4-6 mice 
per group. Statistical analysis was performed using a Kruskal-Wallis test. P values 
was regarded as significant if less than 0.05 (* p<0.05, ** p<0.01, *** p<0.001).  
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The IgG1+ B cell numbers indicate the same trend as the IgG1+ and IgG2a+ cell 

percentages in the illiac lymph node. IgG1+ B cell numbers were the highest in WT PCV13 

vaccinated dams and are significantly reduced in IL-4R𝞪-/- unvaccinated and PCV13 

vaccinated dams (Figure 6.7A). IgG2a+ cell numbers are only significantly increased in 

IL-4R𝞪-/- PCV13 vaccinated dams (Figure 6.7B). These results indicate that in PCV13 

vaccination increases IgG1+ B cells in the illiac lymph node in WT dams and decreases 

IgG1+ B cells in IL-4R𝞪-/- dams (Figure 6.7B). PCV13 vaccination also reduces IgG2a+ B 

cells in WT dams but increases IgG2a+ B cells in IL-4R𝞪-/- dams (Figure 6.7B). 
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A. Dam CD19+ B220+ IgG1+ B cell profile: Illiac lymph node.  

 

 

 

 

 

 
 
 

B. Dam CD19+ B220+ IgG2a+ B cell profile: Illiac lymph node 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.7: WT PCV13 vaccinated dams have increased IgG1+ and reduced IgG2a+ 
B cell populations in the illiac lymph nodes.  
Dams were either left unvaccinated or vaccinated with PCV13 one week before mating. 
A. IgG1+ B cell (CD19+ B220+ IgG1+) populations and B. IgG2a+ B cell (CD19+ B220+ 

IgG1+) populations were investigated in the illiac lymph nodes. All cell populations were 
identified using flow cytometry. The results are expressed as individual mice/data points. 
Representative of 1 experiment whereby n = 4-6 mice per group. Statistical analysis was 
performed using a Kruskal-Wallis test. P values was regarded as significant if less than 
0.05 (* p<0.05, ** p<0.01, *** p<0.001).  
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Dam B cells (CD45+ CD19+ B220+) in the spleen were investigated using flow cytometry. 

There were no differences in B cell numbers between WT and IL-4R𝞪-/- unvaccinated and 

PCV13 vaccinated dams (Figure 6.8).  

 

A. Dam CD19+ B220+ B cell profile: Spleen 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 6.8: CD19+ B220+ B cell populations were elevated in the spleen of WT 
and IL-4R𝞪-/- vaccinated dams.  
WT and IL-4R𝞪-/- dams were either left unvaccinated or vaccinated with PCV13 one 
week before mating. A. CD19+ B220+ B cell populations were investigated in the 
spleen of unvaccinated and PCV13 vaccinated dams. All cell populations were 
identified using flow cytometry. The results are expressed as individual mice/data 
points. Representative of 1 experiments whereby n = 4-6 mice per group. Statistical 
analysis was performed using a Kruskal-Wallis test. P values was regarded as 
significant if less than 0.05 (* p<0.05, ** p<0.01, *** p<0.001).  
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IgG1+ B cell percentages in the spleen were significantly reduced in IL-4R𝞪-/- dams when 

compared to WT dams (Figure 6.9). WT PCV vaccinated dams had a significant 15% 

increase in IgG1+ B cell populations. IgG2a+ B cells were slightly reduced in IL-4R𝞪-/- 

dams however no differences in IgG2a+ B cells were detected between unvaccinated and 

vaccinated dams in both WT and IL-4R𝞪-/- dams (Figure 6.9). 

 

A. Dam B cell subgroup percentages: Spleen 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 6.9: IL-4R𝞪-/- dams have decreased IgG1+ B cell populations in the 
spleen.  
WT and IL-4R𝞪-/- Dams were either left unvaccinated or vaccinated with PCV13 one 
week before mating. A. IgG1+(CD19+ B220+ IgG1+) and IgG2a+ (CD19+ B220+ 

IgG2a+) B cell percentages were investigated in the spleen. All cell populations were 
identified using flow cytometry. The results are expressed as individual mice/data 
points. Representative of 1 experiment whereby n = 4-6 mice per group. Statistical 
analysis was performed using a Kruskal-Wallis test. P value was regarded as 
significant if less than 0.05 (* p<0.05, ** p<0.01, *** p<0.001).  
 



 162 

In the spleen, IgG1+ B cell numbers were significantly reduced in IL-4R𝞪-/- unvaccinated 

and PCV13 vaccinated dams (Figure 6.10). IgG1+ B cell numbers were the highest in the 

spleens of WT PCV13 vaccinated dams. No differences in IgG2a+ B cell numbers were 

observed in the spleen of WT and IL-4R𝞪-/- unvaccinated and PCV13 vaccinated dams 

(Figure 6.10). These results indicate that PCV13 vaccination increased IgG1+ B cell 

numbers in WT dams but had no effect on IL-4R𝞪-/- dams (Figure 6.10).   
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Figure 6.10: IL-4R𝞪-/- dams have significantly reduced IgG1+ B cell populations in 
the spleen.  
Dams were either left unvaccinaTable 3: ELISA antibodies concentrations and dilutions. 
IgTable 4: Flow Cytometry antibodies concentrations, dilutions and panels.tions were 
investigated in the spleen. All cell populations were identified using flow cytometry. The 
results are expressed as individual mice/data points. Representative of 1 experiments 
whereby n = 4-6 mice per group. Statistical analysis was performed using a Kruskal-
Wallis test. P values was regarded as significant if less than 0.05 (* p<0.05, ** p<0.01, 
*** p<0.001).  
 

A. Dam CD19+ B220+ IgG1+ B cell profile: Spleen 

 

 

 

 

 

 

 
 

B. Dam CD19+ B220+ IgG2a+ B cell profile: Spleen 
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6. 2.2 Maternal vaccination results in decreased T4P2 CFU and increased PCV13 

specific antibodies in the serum of WT 7-week-old offspring. 

 

Blood from infected 7-week-old WT and IL-4R𝞪-/- maternally unvaccinated and vaccinated 

offspring was collected for CFU quantification. CFU’s were significantly decreased in WT 

maternally vaccinated and infected offspring however CFU’s were only slightly reduced 

in the IL-4R𝞪-/- maternally vaccinated and infected offspring (Figure 6.11). No differences 

in CFU’s were observed between WT and IL-4R𝞪-/- maternally unvaccinated offspring 

(Figure 6.11).  

 

A. T4P2 CFU in the blood of 7-week-old offspring  
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Figure 6.11: WT Maternally vaccinated 7-week-old offspring have reduced 
T4P2 CFU’s in the serum. 
7-week-old offspring were either born to unvaccinated or PCV13 vaccinated dams 
A. T4P2 CFU’s were recorded in the blood of maternally unvaccinated and 
vaccinated WT and IL-4R𝞪-/- offspring. The results are expressed as individual 
mice/data points. Representative of 1 experiment whereby n = 5-8 mice per group. 
Statistical analysis was performed using a Kruskal-Wallis test. P values was 
regarded as significant if less than 0.05 (* p<0.05, ** p<0.01, *** p<0.001).  
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Blood collected was separated into serum and PCV 13 specific total IgG and IgG1 

antibodies were investigated in 7-week-old offspring. PCV13 specific total IgG and IgG1 

was significantly increased in WT maternally vaccinated and WT maternally vaccinated 

and infected offspring (Figure 6.12). PCV13 specific total IgG and IgG1 antibodies were 

not detected in IL-4R𝞪-/- maternally vaccinated and maternally vaccinated and infected 

offspring. No PCV13 specific total IgG and IgG1 antibodies was detected in WT and IL-

4R𝞪-/- maternally unvaccinated and maternally unvaccinated and infected offspring 

(Figure 6.12).  
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Figure 6.12: WT Maternally vaccinated offspring have acquired maternally 
derived PCV13-specific antibodies in the serum. 
7-week-old offspring were either born to unvaccinated or PCV13 vaccinated dams. 
T4P2-specific IgG and IgG1 antibodies were identified in serum using ELISA. The 
results are expressed as individual mice/data points. Representative of 1 
experiment whereby n = 5-8 mice per group. Statistical analysis was performed 
using a Kruskal-Wallis test. P values was regarded as significant if less than 0.05 (* 
p<0.05, ** p<0.01, *** p<0.001).  
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Serum collected from WT and IL-4R𝞪-/- maternally unvaccinated and maternally 

vaccinated offspring was heat inactivated at 56°C for 30 minutes and cooled for 15 

minutes at 4°C. 1X107 T4P2 was opsonized with serum at 4°C for 1 hour. Opsonised 

bacteria were infected intranasally into 7-week-old BALB/c mice and euthanized 48H post 

infection. Mice opsonized with WT maternally vaccinated serum had significantly 

decreased T4P2 CFU’s in comparison to the unopsonized T4P2 infection control (Figure 

6.13). The mice opsonised with WT and IL-4R𝞪-/- maternally unvaccinated serum as well 

as IL-4R𝞪-/- maternally vaccinated serum had no significant reduction in T4P2 CFU. 

These results suggest that only opsonised WT maternally vaccinated serum can reduce 

CFU in mice.  
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Figure 6.13: Mice opsonized with WT maternally vaccinated serum had 
significantly decreased T4P2 CFU’s in the blood.  
Serum collected from unvaccinated and maternally vaccinated offspring was heat 
inactivated (HI) at 56°C for 30 minutes and cooled. 1X107 T4P2 was opsonized with 
serum at 4°C for 1 hour. Opsonised bacteria were infected intranasally into 7-week 
BALB/c mice and euthanized 48H post infection. The results are expressed as 
individual mice/data points. Representative of 1 experiment whereby n = 4-6 mice 
per group. Statistical analysis was performed using a Kruskal-Wallis test. P values 
was regarded as significant if less than 0.05 (* p<0.05, ** p<0.01, *** p<0.001).  
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6. 2.3 Maternal vaccination in 7-week-old WT offspring results in decreased T4P2 CFU 

and reduced immune cell infiltration to the BAL.  

 

The BAL was collected and plated on BAB agar plates to investigate CFU’s. CFU’s in  

WT and IL-4R𝞪-/- maternally unvaccinated and infected offspring were significantly high 

and no differences were recorded in CFU’s of WT and IL-4R𝞪-/- maternally unvaccinated 

and infected offspring (Figure 6.14). No CFU’s were recorded in WT maternally 

vaccinated and infected offspring whereas CFU’s were recorded in IL-4R𝞪-/- maternally 

vaccinated and infected offspring (Figure 6.14).  
 

A. T4P2 CFU in the BAL of 7-week-old offspring 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.14: WT Maternally vaccinated 7-week-old offspring have reduced 
T4P2 CFU’s in the BAL. 
7-week-old offspring were either born to unvaccinated or PCV13 vaccinated dams 
A. T4P2 CFU’s were recorded in the BAL of WT and IL-4R𝞪-/- maternally 
vaccinated and maternally unvaccinated offspring. The results are expressed as 
individual mice/data points. Representative of 1 experiment whereby n = 5-7 mice 
per group. Statistical analysis was performed using a Kruskal-Wallis test. P values 
was regarded as significant if less than 0.05 (* p<0.05, ** p<0.01, *** p<0.001).  
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IL-4Rα-/- Maternally Vaccinated & Infected

WT Maternally Unvaccinated & infected 
WT Maternally Vaccinated & infected 
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BAL supernatants were collected and centrifuged at 4000 rpm for 5 minutes. The pellets 

were processed and stained for flow cytometry according to section 2.5. Total CD45+ cell 

numbers were investigated in the BAL. The results suggest that IL-4R𝞪-/- offspring had 

higher CD45+ numbers compared to WT offspring (Figure 6.15). In addition, IL-4R𝞪-/- 

maternally unvaccinated and infected as well as IL-4R𝞪-/- maternally vaccinated and 

infected offspring had significantly increased cell numbers when compared to WT 

maternally vaccinated and infected offspring (Figure 6.15). WT maternally vaccinated 

mice had no change in CD45+ Immune cells numbers in the presence on a T4P2 infection 

(Figure 6.15).  
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A. Total number of CD45+ immune cells in the BAL of 7-week-old offspring 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Total neutrophil (SiglecF- Ly6G+ CD11b+) numbers were investigated in the BAL.  

IL-4R𝞪-/- maternally unvaccinated and vaccinated offspring had a small increase in 

neutrophil infiltration to the BAL in the presence of an infection when compared to WT 

offspring (Figure 6.16).  

 

WT Maternally Unvaccinated
WT Maternally Unvaccinated & Infected 
WT Maternally Vaccinated
WT Maternally Vaccinated & Infected 

IL-4Rα-/- Maternally Unvaccinated 
IL-4Rα-/- Maternally Unvaccinated & Infected
IL-4Rα-/- Maternally Vaccinated
IL-4Rα-/- Maternally Vaccinated & Infected

Figure 6.15: 7-week-old IL-4R𝞪-/- offspring acquire increased CD45+ immune 
cell populations upon infection in the BAL.  
7-week-old offspring were either born to unvaccinated or PCV13 vaccinated dams. 
A. CD45+ immune cell populations were investigated in the BAL. All cell populations 
were identified using flow cytometry. The results are expressed as individual 
mice/data points. Representative of 2 experiments whereby n = 5-7 mice per group. 
Statistical analysis was performed using a Kruskal-Wallis test. P values was 
regarded as significant if less than 0.05 (* p<0.05, ** p<0.01, *** p<0.001).  
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A. Total number of neutrophils in the BAL of 7-week-old offspring 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

WT Maternally Unvaccinated
WT Maternally Unvaccinated & Infected 
WT Maternally Vaccinated
WT Maternally Vaccinated & Infected 

IL-4Rα-/- Maternally Unvaccinated 
IL-4Rα-/- Maternally Unvaccinated & Infected
IL-4Rα-/- Maternally Vaccinated
IL-4Rα-/- Maternally Vaccinated & Infected

Figure 6.16: 7-week-old IL-4R𝞪-/- maternally unvaccinated and vaccinated 
offspring acquire increased neutrophil populations in the BAL in the presence 
of a T4P2 infection.  
7-week-old offspring were either born to unvaccinated or PCV13 vaccinated dams. 
A. SiglecF+ Ly6G+ neutrophil populations were investigated in the BAL. All cell 
populations were identified using flow cytometry. The results are expressed as 
individual mice/data points. Representative of 2 experiments whereby n = 5-7 mice 
per group. Statistical analysis was performed using a Kruskal-Wallis test. P values 
was regarded as significant if less than 0.05 (* p<0.05, ** p<0.01, *** p<0.001).  
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Total alveolar macrophages (SiglecF+ Ly6G-  CD11b+ CD11c+) were investigated in the 

BAL. IL-4R𝞪-/- offspring had increased total cell populations when compared to WT 

offspring (Figure 6.17). Alveolar macrophages increased in IL-4R𝞪-/- maternally 

unvaccinated and vaccinated offspring in the presence of infection (Figure 6.17).  WT 

maternally unvaccinated and vaccinated offspring alveolar macrophage numbers 

remained the same under the influence of infection (Figure 6.17).  

 

A. Total number of alveolar macrophages in the BAL of 7-week-old offspring 
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IL-4Rα-/- Maternally Unvaccinated 
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IL-4Rα-/- Maternally Vaccinated
IL-4Rα-/- Maternally Vaccinated & Infected

Figure 6.17: 7-week-old IL-4R𝞪-/- maternally vaccinated offspring have slightly 
increased alveolar macrophages in the BAL in the presence of a T4P2 infection.  
7-week-old offspring were either born to unvaccinated or PCV13 vaccinated dams. A. 
Total alveolar macrophage (SiglecF+ Ly6G- CD11b+ CD11c+) populations were 
investigated in the BAL. All cell populations were identified using flow cytometry. The 
results are expressed as individual mice/data points. Representative of 2 experiments 
whereby n = 5-7 mice per group. Statistical analysis was performed using a Kruskal-
Wallis test. P values was regarded as significant if less than 0.05 (* p<0.05, ** p<0.01, 
*** p<0.001).  
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Dendritic cell (DC) (SiglecF- Ly6G- MHCII+ CD11c+) populations were investigated in the 

BAL. WT maternally unvaccinated and infected offspring had significantly increased DC 

populations in 7-week-old offspring (Figure 6.18). The DC infiltration was significantly 

decreased in WT maternally vaccinated and infected offspring (Figure 6.18). The IL-4R𝞪-

/- offspring had no observed differences between the maternally unvaccinated and 

vaccinated groups (Figure 6.18). However, a significant reduction in DC’s was observed 

between WT maternally unvaccinated and infected and IL-4R𝞪-/- maternally unvaccinated 

and infected offspring (Figure 6.18). 
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A. Total number of dendritic cells in the BAL 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

WT Maternally Unvaccinated
WT Maternally Unvaccinated & Infected 
WT Maternally Vaccinated
WT Maternally Vaccinated & Infected 

IL-4Rα-/- Maternally Unvaccinated 
IL-4Rα-/- Maternally Unvaccinated & Infected
IL-4Rα-/- Maternally Vaccinated
IL-4Rα-/- Maternally Vaccinated & Infected

Figure 6.18: 7-week-old WT maternally vaccinated offspring have increased 
dendritic cells in the BAL in the presence of a T4P2 infection.  
7-week-old offspring were either born to unvaccinated or PCV13 vaccinated dams. 
A. Total dendritic cell (SiglecF- Ly6G- MHCII+ CD11c+) populations were investigated 
in the BAL. All cell populations were identified using flow cytometry. The results are 
expressed as individual mice/data points. Representative of 2 experiment whereby 
n = 5-7 mice per group. Statistical analysis was performed using a Kruskal-Wallis 
test. P values was regarded as significant if less than 0.05 (* p<0.05, ** p<0.01, *** 
p<0.001).  
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6. 2.4 Maternal vaccination in 7-week-old WT offspring results in decreased T4P2 CFU 

in the lung.  

 

Lungs were processed into single cell suspensions and plated on BAB agar plates to 

investigate CFU’s. WT and IL-4R𝞪-/- maternally unvaccinated and infected offspring had 

significantly increased CFU’s in the lung (Figure 6.19). Maternal vaccination reduced the 

overall CFU titre in both WT and IL-4R𝞪-/- groups however the CFU’s were significantly 

reduced only in the WT maternally vaccinated and infected offspring (Figure 6.19). 

  

A. T4P2 CFU in the Lung of 7-week-old offspring 
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Figure 6.19: WT Maternally vaccinated 7-week-old offspring have reduced 
T4P2 CFU’s in the lung. 
7-week-old offspring were either born to unvaccinated or PCV13 vaccinated dams 
A. T4P2 CFU’s were recorded in the lung of WT and IL-4R𝞪-/- maternally 
vaccinated and maternally unvaccinated offspring. The results are expressed as 
individual mice/data points. Representative of 2 experiments whereby n = 5-8 mice 
per group. Statistical analysis was performed using a Kruskal-Wallis test. P values 
was regarded as significant if less than 0.05 (* p<0.05, ** p<0.01, *** p<0.001).  
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CD45+ immune cell percentages were investigated in the lung. Cell percentages were 

separated into offspring (CD45+ H2Kb+ H2Dd-) and maternal (CD45+ H2Kb+ H2Dd+) 

CD45+ immune cell populations. Overall maternal cell populations were higher in IL-

4R𝞪-/- offspring when compared to WT offspring (Figure 6.20). Maternal vaccination 

slightly increased the maternal cell populations in both WT and IL-4R𝞪-/- offspring 

however cell numbers were further increased in the presence on T4P2 infection 

(Figure 6.20). These results indicate that maternal cells are recruited to the lung in IL-

4R𝞪-/- offspring in the presence of an infection.  

 

A. Total CD45+ Immune cells in the lung: Maternal vs offspring cell percentages   
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.20: IL-4R𝞪-/- offspring have slightly increased maternal CD45+ immune 
cell populations in the lung.  
WT and IL-4R𝞪-/- 7-week-old offspring were either born to unvaccinated or PCV13 
vaccinated dams. A. Offspring and maternal cell percentages were investigated in 
the lung. All cell populations were identified using flow cytometry. The results are 
expressed as individual mice/data points. Representative of 2 experiments whereby 
n = 5-7 mice per group. Statistical analysis was performed using a Kruskal-Wallis 
test. P values was regarded as significant if less than 0.05 (* p<0.05, ** p<0.01, *** 
p<0.001).  
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CD45+ Immune cell populations were investigated by separating offspring (CD45+ H2Kb+ 

H2Dd-) and maternal (CD45+ H2Kb+ H2Dd+) cells in the lung (Figure 6.21). WT maternally 

vaccinated offspring had significantly reduced total CD45+ cell numbers however cell 

numbers increased in the presence of infection (Figure 6.21). Total CD45+ cell numbers 

were slightly elevated in the presence on infection in both IL-4R𝞪-/- maternally 

unvaccinated and maternally vaccinated offspring (Figure 6.21). Maternal cells numbers 

in the lung were elevated in the presence of infection however more maternal cells were 

recruited to the lungs of IL-4R𝞪-/- compared to WT offspring (Figure 6.21). 

 

Total B220+ B cell numbers were investigated in the lungs of 7-week-old offspring. Overall 

total B220+ B cell numbers were increased in the IL-4R𝞪-/- offspring compared to WT 

offspring (Figure 6.22). WT and IL-4R𝞪-/- maternally vaccinated and infected offspring 

had elevated recruitment of total B220+ B cells to the lung (Figure 6.22). Offspring B220+ 

B cells followed a similar trend to overall total B220+ B cell numbers (Figure 6.23A). 

Maternal B220+ B cells showed a different trend whereby maternal cells were only 

elevated in the WT maternally vaccinated and infected offspring (Figure 6.23B). The 

maternal cells had limited recruitment to the lung in IL-4R𝞪-/- offspring (Figure 6.23B). 
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A. CD45+ immune cells in the lung: maternal vs offspring cell numbers    

 

 

 

 

 

 

 

B. Maternal vs offspring CD45+ immune cells FSC plots in the lung  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

WT Maternally Unvaccinated
WT Maternally Unvaccinated & Infected 
WT Maternally Vaccinated
WT Maternally Vaccinated & Infected 

IL-4Rα-/- Maternally Unvaccinated 
IL-4Rα-/- Maternally Unvaccinated & Infected
IL-4Rα-/- Maternally Vaccinated
IL-4Rα-/- Maternally Vaccinated & Infected

Figure 6.21: IL-4R𝞪-/- infected offspring have increased CD45+ immune cell 
populations in the lung 
7-week-old offspring were either born to unvaccinated or PCV13 vaccinated dams 
A. Total (CD45+), Offspring (CD45+ H2Kb+ H2Dd-) and maternal (CD45+ H2Kb+ 

H2Dd+) CD45+ Immune cell populations were investigated in the lungs. B. FCS files 
of maternal and offspring CD45+ cell populations were investigated in the lungs. 
Representative of 2 experiments whereby n = 4-7 mice per group. Statistical analysis 
was performed using a Kruskal-Wallis test. P values was regarded as significant if 
less than 0.05 (* p<0.05, ** p<0.01, *** p<0.001).  
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A. Total B220+ B cell numbers in the lung  
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WT Maternally Unvaccinated & Infected 
WT Maternally Vaccinated
WT Maternally Vaccinated & Infected 

IL-4Rα-/- Maternally Unvaccinated 
IL-4Rα-/- Maternally Unvaccinated & Infected
IL-4Rα-/- Maternally Vaccinated
IL-4Rα-/- Maternally Vaccinated & Infected

Figure 6.22: IL-4R𝞪-/- offspring have increased maternal B220+ cell populations in 
the lung.  
7-week-old offspring were either born to unvaccinated or PCV13 vaccinated dams.  
A. Total B220+ B cell (CD45+ B220+) populations were investigated in the lungs. 
Representative of 2 experiments whereby n = 4-7 mice per group. Statistical analysis 
was performed using a Kruskal-Wallis test. P values was regarded as significant if 
less than 0.05 (* p<0.05, ** p<0.01, *** p<0.001).  
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A. Offspring B220+ B cell numbers in the lung 

 

 

 

 

 

 

 

B. Maternal B220+ B cell numbers in the lung 
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IL-4Rα-/- Maternally Unvaccinated 
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IL-4Rα-/- Maternally Vaccinated & Infected

Figure 6.23: Maternally vaccinated and infected offspring have increased 
maternal B220+ cell populations in the lung.  
7-week-old offspring were either born to unvaccinated or PCV13 vaccinated dams. 
A. Offspring B220+ B cells (H2Kb+ H2Dd- B220+) and B. maternal B220+ B cell 
(H2Kb+ H2Dd+ B220+) populations were investigated in the lungs. Representative of 
2 experiments whereby n = 4-7 mice per group. Statistical analysis was performed 
using a Kruskal-Wallis test. P values was regarded as significant if less than 0.05 (* 
p<0.05, ** p<0.01, *** p<0.001).  
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Total plasma cell populations (CD45+ B220+ CD138+TACI+) were investigated in the 

lungs. Overall total plasma cells were increased in IL-4R𝞪-/- offspring compared to WT 

offspring (Figure 6.24). Total plasma cells were increased specifically in the presence of 

an infection in both IL-4R𝞪-/- maternally unvaccinated and vaccinated offspring (Figure 

6.24). Offspring plasma cells (CD45+ H2Dd- H2Kb+ B220+ CD138+ TACI+) and maternal 

plasma cell (CD45+ H2Dd+ H2Kb+ B220+ CD138+ TACI+) populations all followed a similar 

trend (Figure 6.25A, B). However no significant differences were observed between 

populations.  

 

A. Total plasma cell numbers in the lung  
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Figure 6.24: IL-4R𝞪-/- offspring have slightly elevated plasma cells in the lung.  
7-week-old offspring were either born to unvaccinated or PCV13 vaccinated dams. 
A. Total plasma cell (CD45+ B220+ CD138+ TACI+) populations were investigated in 
the lungs. Representative of 2 experiments whereby n = 4-7 mice per group. 
Statistical analysis was performed using a Kruskal-Wallis test. P values was 
regarded as significant if less than 0.05 (* p<0.05, ** p<0.01, *** p<0.001).  
 
 
 
 
 
 
 



 181 

A. Offspring plasma cell numbers in the lung 

 

 

 

 

 

 

 

B. Maternal plasma cell numbers in the lung 
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IL-4Rα-/- Maternally Vaccinated & Infected

Figure 6.25: IL-4R𝞪-/- offspring have slightly elevated plasma cells in the lung.  
7-week-old offspring were either born to unvaccinated or PCV13 vaccinated dams. 
A. Offspring plasma cells (CD45+ H2Dd- H2Kb+ B220+ CD138+TACI+) and B. 
maternal plasma cell (CD45+ H2Dd+ H2Kb+ B220+ CD138+TACI+) populations were 
investigated in the lungs. Representative of 2 experiments whereby n = 4-7 mice 
per group. Statistical analysis was performed using a Kruskal-Wallis test. P values 
was regarded as significant if less than 0.05 (* p<0.05, ** p<0.01, *** p<0.001).  
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Total IgG1+ (CD45+ CD19+ IgG1+) and IgG2a+ B cell (CD45+ CD19+ IgG2a+) populations 

were investigated in the lung of 7-week-old offspring. No significant differences or trends 

were observed between in WT and IL-4R𝞪-/- maternally unvaccinated and vaccinated 

offspring (Figure 6.26A, B).  
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A. Total IgG1+ plasma cell profile in the lung of 7-week-old offspring 

 

 

 

 

 

 

 

B. Total IgG2a+ plasma cell profile in the lung of 7-week-old offspring 

 

 

 

 

 

 

 

 

 

 

 

 

 

WT Maternally Unvaccinated
WT Maternally Unvaccinated & Infected 
WT Maternally Vaccinated
WT Maternally Vaccinated & Infected 

IL-4Rα-/- Maternally Unvaccinated 
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Figure 6.26: No differences in total IgG1+ and IgG2a+ B Cell populations were 
present in the lung of 7-week-old offspring. 
7-week-old offspring were either born to unvaccinated or PCV13 vaccinated dams. A. 
Total IgG1+ B cells (CD45+ CD19+ IgG1+) and B. Total IgG2a+ B cell (CD45+ CD19+ 

IgG2a+) populations were investigated in the lungs. Representative of 2 experiments 
whereby n = 4-7 mice per group. Statistical analysis was performed using a Kruskal-
Wallis test. P values was regarded as significant if less than 0.05 (* p<0.05, ** p<0.01, 
*** p<0.001).  
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6. 2.5 WT maternally vaccinated offspring bone marrow cells secrete PCV13-specific 

total IgG and IgG1 antibodies. 

 

Femurs were flushed with sterile 1X PBS and bone marrow cells were processed into 

single cell suspensions. 1X107 bone marrow cells were plated in RPMI media 

supplemented with 10% FBS and supernatants were collected 24h later. PCV13-specific 

total IgG and IgG1 antibodies were investigated in supernatants using ELISA. 

PCV13-specific total IgG and IgG1 antibodies were only detected in WT maternally 

vaccinated and maternally vaccinated and infected offspring (Figure 6.27). No antibody 

titres were detected in IL-4R𝞪-/- maternally vaccinated and maternally vaccinated and 

infected offspring (Figure 6.27).  

 

CD45+ immune cell percentages were investigated in the bone marrow. Total cells were 

separated into offspring (CD45+ H2Kb+ H2Dd-) and maternal (CD45+H2Kb+ H2Dd+) cell 

populations. Maternal cell populations were increased in WT maternally unvaccinated and 

infected, WT maternally vaccinated and infected offspring as well as IL-4R𝞪-/-  maternally 

unvaccinated and infected offspring (Figure 6.28). However maternal cell populations 

decreased in IL-4R𝞪-/-  maternally vaccinated and infected offspring (Figure 6.28). 
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A. Maternally vaccinated 7-week-old offspring have increased maternally 
derived PCV13-specific antibodies in the bone marrow. 
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Figure 6.27: Maternally vaccinated 7-week-old offspring have increased 
maternally derived PCV13-specific antibodies in the bone marrow. 
7-week-old offspring were either born to unvaccinated or PCV13 vaccinated dams 
A. 1X107 bone marrow cells were plated in RPMI media and supernatants were 
collected 24h later.  PCV13-specific antibody serotypes were investigated using 
ELISA. The results are expressed as individual mice/data points. Representative of 
2 experiment whereby n = 5 mice per group. Statistical analysis was performed 
using a Kruskal-Wallis test. P values was regarded as significant if less than 0.05 (* 
p<0.05, ** p<0.01, *** p<0.001).  
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A. Total CD45+ Immune cells in the bone marrow: Maternal vs offspring cell 
percentages   
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Total (CD45+) and Offspring (CD45+ H2Kb+ H2Dd-) immune cell populations were slightly 

elevated in IL-4R𝞪-/- maternally unvaccinated and vaccinated offspring (Figure 6.29). 

Total and offspring immune cell populations increased in IL-4R𝞪-/- maternally vaccinated 

offspring in the presence of an infection (Figure 6.29). Maternal cells (CD45+ H2Kb+ 

H2Dd+) were slightly elevated in the presence of infection in both WT  

 

Figure 6.28: WT infected offspring have slightly increased maternal CD45+ 
immune cell populations in the bone marrow.  
WT and IL-4R𝞪-/- 7-week-old offspring were either born to unvaccinated or PCV13 
vaccinated dams. A. Offspring and maternal cell percentages were investigated in 
the lung. All cell populations were identified using flow cytometry. The results are 
expressed as individual mice/data points. Representative of 2 experiments 
whereby n = 5-9 mice per group. Statistical analysis was performed using a 
Kruskal-Wallis test. P value was regarded as significant if less than 0.05 (* p<0.05, 
** p<0.01, *** p<0.001).  
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A. CD45+ immune cells in the bone marrow: maternal vs offspring cell 
numbers    

 
 
 
 
 
 
 
 
 
 
 
 
 

B. Maternal vs offspring CD45+ immune cells FSC plots in the bone marrow  
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Figure 6.29: WT maternally vaccinated offspring have reduced maternal cells in the 
bone marrow.  
7-week-old offspring were either born to unvaccinated or PCV13 vaccinated dams A. Total 
(CD45+), Offspring (H2Kb+ H2Dd-) and maternal (H2Kb+ H2Dd+) CD45+ Immune cell 
populations were investigated in the bone marrow. B. FCS files of maternal and offspring 
CD45+ cell populations were investigated in the bone marrow. Representative of 2 
experiments whereby n = 4-7 mice per group. Statistical analysis was performed using a 
Kruskal-Wallis test. P values was regarded as significant if less than 0.05 (* p<0.05, ** 
p<0.01, *** p<0.001).  
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and IL-4R𝞪-/- maternally unvaccinated and vaccinated offspring (Figure 6.29). Maternal 

cells in WT maternally unvaccinated and infected offspring were higher than in WT 

maternally vaccinated and infected offspring. However, no differences in maternal cell 

numbers were present between IL-4R𝞪-/- maternally unvaccinated and vaccinated 

offspring under the influence of a T4P2 infection (Figure 6.29). 

 

Total B220+ B cells were elevated in WT maternally unvaccinated offspring however no 

differences were observed between WT maternally vaccinated and IL-4R𝞪-/- maternally 

unvaccinated and vaccinated offspring (Figure 6.30).  

 

A. Total B220+ B cell numbers in the bone marrow  

 

 

 

 

 

 

 

 

 

 

 

 

WT Maternally Unvaccinated
WT Maternally Unvaccinated & Infected 
WT Maternally Vaccinated
WT Maternally Vaccinated & Infected 

IL-4Rα-/- Maternally Unvaccinated 
IL-4Rα-/- Maternally Unvaccinated & Infected
IL-4Rα-/- Maternally Vaccinated
IL-4Rα-/- Maternally Vaccinated & Infected

Figure 6.30: Total B220+ B cells were slightly elevated in WT maternally 
unvaccinated and infected 7-week-old offspring in the bone marrow.  
7-week-old offspring were either born to unvaccinated or PCV13 vaccinated dams. 
A. Total B220+ B cells (CD45+B220+) populations were investigated in the bone 
marrow. Representative of 2 experiments whereby n = 4-7 mice per group. 
Statistical analysis was performed using a Kruskal-Wallis test. P values was 
regarded as significant if less than 0.05 (* p<0.05, ** p<0.01, *** p<0.001).  
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A similar trend was observed in offspring B220+ B (H2Kb+ H2Dd- B220+) cells. WT 

maternally unvaccinated offspring as well as WT maternally unvaccinated and infected 

offspring had slightly elevated B220+ B cells in the bone marrow (Figure 6.31A). No 

differences were observed between WT maternally vaccinated, IL-4R𝞪-/- maternally 

unvaccinated and vaccinated offspring (Figure 6.31A). Maternal B220+ B cell (H2Kb+ 

H2Dd+ B220+) numbers were elevated in WT maternally unvaccinated offspring and cells 

numbers increased in the presence of an infection (Figure 6.31B). Maternal B220+ B cell 

numbers were significantly reduced in both WT maternally vaccinated and WT maternally 

vaccinated and infected offspring (Figure 6.31B). No differences were observed in IL-

4R𝞪-/- maternally unvaccinated and vaccinated offspring (Figure 6.31B). 

  

Total plasma cells (CD45+ B220+ CD138+ TACI+) were investigated in the bone marrow 

and no significant changes can be seen between WT and IL-4R𝞪-/- maternally 

unvaccinated and vaccinated offspring (Figure 6.32). The same trend was observed for 

offspring plasma cells (CD45+ H2Dd- H2Kb+ B220+ CD138+ TACI+) whereas maternal 

plasma (CD45+ H2Dd+ H2Kb+ B220+ CD138+ TACI+) cell numbers were significantly 

reduced in both WT maternally vaccinated and WT maternally vaccinated and infected 

offspring (Figure 6.33A, B). No differences were observed in IL-4R𝞪-/- maternally 

unvaccinated and vaccinated offspring (Figure 6.33B). 
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A.  Offspring B220+ B cell numbers in the bone marrow 

 

 

 

 

 

 

 

B.  Maternal B220+ B cell numbers in the bone marrow  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

WT Maternally Unvaccinated
WT Maternally Unvaccinated & Infected 
WT Maternally Vaccinated
WT Maternally Vaccinated & Infected 

IL-4Rα-/- Maternally Unvaccinated 
IL-4Rα-/- Maternally Unvaccinated & Infected
IL-4Rα-/- Maternally Vaccinated
IL-4Rα-/- Maternally Vaccinated & Infected

Figure 6.31: Maternal B220+ B cells are reduced in WT maternally vaccinated and 
infected 7-week-old offspring in the bone marrow.  
7-week-old offspring were either born to unvaccinated or PCV13 vaccinated dams. A. 
Offspring B220+ B cells (H2Kb+ H2Dd- B220+) and B. maternal B220+ B cell (H2Kb+ 

H2Dd+ B220+) populations were investigated in the bone marrow. Representative of 2 
experiments whereby n = 4-7 mice per group. Statistical analysis was performed using 
a Kruskal-Wallis test. P values was regarded as significant if less than 0.05 (* p<0.05, 
** p<0.01, *** p<0.001).  
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A. Total plasma cell numbers in the bone marrow  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

WT Maternally Unvaccinated
WT Maternally Unvaccinated & Infected 
WT Maternally Vaccinated
WT Maternally Vaccinated & Infected 

IL-4Rα-/- Maternally Unvaccinated 
IL-4Rα-/- Maternally Unvaccinated & Infected
IL-4Rα-/- Maternally Vaccinated
IL-4Rα-/- Maternally Vaccinated & Infected

Figure 6.32: No differences were observed in total plasma cell populations 
were observed in 7-week-old offspring.  
7-week-old offspring were either born to unvaccinated or PCV13 vaccinated dams. 
A. Total plasma cells (CD45+ B220+ CD138+ TACI+) populations were investigated in 
the bone marrow. Representative of 2 experiments whereby n = 4- 7 mice per group. 
Statistical analysis was performed using a Kruskal-Wallis test. P values was 
regarded as significant if less than 0.05 (* p<0.05, ** p<0.01, *** p<0.001).  
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A. Offspring plasma cell numbers in the bone marrow 

 

 

 

 

 

 

 

B. Maternal plasma cell numbers in the bone marrow 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

WT Maternally Unvaccinated
WT Maternally Unvaccinated & Infected 
WT Maternally Vaccinated
WT Maternally Vaccinated & Infected 

IL-4Rα-/- Maternally Unvaccinated 
IL-4Rα-/- Maternally Unvaccinated & Infected
IL-4Rα-/- Maternally Vaccinated
IL-4Rα-/- Maternally Vaccinated & Infected

Figure 6.33: Maternal plasma cell populations were decreased in the bone marrow 
of WT maternally vaccinated and infected 7-week-old offspring. 
7-week-old offspring were either born to unvaccinated or PCV13 vaccinated dams. A. 
Offspring plasma cells (CD45+ H2Dd- H2Kb+ B220+ CD138+ TACI+) and B. maternal 
plasma cell (CD45+ H2Dd+ H2Kb+ B220+ CD138+ TACI+) populations were investigated 
in the bone marrow. Representative of 2 experiments whereby n = 4-7 mice per group. 
Statistical analysis was performed using a Kruskal-Wallis test. P values was regarded 
as significant if less than 0.05 (* p<0.05, ** p<0.01, *** p<0.001).  
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Total IgG1+ (CD45+ CD19+ IgG1+) and IgG2a+ (CD45+ CD19+ IgG2a+) B cells were 

investigated in the bone marrow of 7-week-old offspring. No differences in IgG1+ B cell 

populations were observed between WT and IL-4R𝞪-/- maternally unvaccinated and 

vaccinated offspring (Figure 6.34A). IgG2a+ B cells were significantly reduced in WT 

maternally vaccinated and infected offspring in comparison to WT maternally 

unvaccinated and infected offspring (Figure 6.34B). No differences were observed 

between IL-4R𝞪-/- maternally unvaccinated and vaccinated offspring (Figure 6.34B). 

 

Total plasmoblast (CD45+ B220+ CD138+) cell populations were investigated in the bone 

marrow. No difference in total plasmoblast cell numbers were present between WT and 

IL-4R𝞪-/- offspring (Figure 6.35). In addition, no differences was observed in the presence 

of infection (Figure 6.35). A similar trend was observed for offspring plasmoblast (CD45+ 

H2Dd- H2Kb+ B220+ CD138+) cell populations (Figure 6.36A). Maternal plasmoblast 

(CD45+ H2Dd+ H2Kb+ B220+ CD138+) cell numbers were slightly reduced in WT 

maternally vaccinated offspring when compared to WT maternally unvaccinated offspring 

(Figure 6.36B). No differences were observed between IL-4R𝞪-/- maternally unvaccinated 

and vaccinated offspring. (Figure 6.36B). However, maternal cells were significantly 

reduced in IL-4R𝞪-/- maternally vaccinated and infected offspring compared to WT 

maternally vaccinated and infected offspring (Figure 6.36B). 
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A. Total IgG1+ plasma cell profile in the bone marrow of 7-week-old offspring 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

B. Total IgG2a+ plasma cell profile in the bone marrow of 7-week-old offspring 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

WT Maternally Unvaccinated
WT Maternally Unvaccinated & Infected 
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IL-4Rα-/- Maternally Unvaccinated & Infected
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IL-4Rα-/- Maternally Vaccinated & Infected

Figure 6.34: IgG2a+ B cell populations were decreased in the bone marrow of WT 
maternally vaccinated and infected offspring. 
7-week-old offspring were either born to unvaccinated or PCV13 vaccinated dams. A. 
Total IgG1+ B cells (CD45+ CD19+ IgG1+) and B. Total IgG2a+ B cell (CD45+ CD19+ 

IgG2a+) populations were investigated in the bone marrow. Representative of 2 
experiments whereby n = 4-7 mice per group. Statistical analysis was performed using 
a Kruskal-Wallis test. P values was regarded as significant if less than 0.05 (* p<0.05, ** 
p<0.01, *** p<0.001).  
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A. Total plasmoblast cell numbers in the bone marrow  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

WT Maternally Unvaccinated
WT Maternally Unvaccinated & Infected 
WT Maternally Vaccinated
WT Maternally Vaccinated & Infected 

IL-4Rα-/- Maternally Unvaccinated 
IL-4Rα-/- Maternally Unvaccinated & Infected
IL-4Rα-/- Maternally Vaccinated
IL-4Rα-/- Maternally Vaccinated & Infected

Figure 6.35: No difference in total plasmoblast cell numbers were present in WT 
and IL-4R𝞪-/- offspring.  
7-week-old offspring were either born to unvaccinated or PCV13 vaccinated dams. A. 
Total plasmoblast (CD45+ B220+ CD138+) populations were investigated in the bone 
marrow. Representative of 2 experiments whereby n = 4-7 mice per group. Statistical 
analysis was performed using a Kruskal-Wallis test. P value was regarded as significant 
if less than 0.05 (* p<0.05, ** p<0.01, *** p<0.001).  
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A. Offspring plasmoblast cell numbers in the bone marrow 

B.  

 

 

 

 

 

 

B. Maternal plasmoblast cell numbers in the bone marrow 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

WT Maternally Unvaccinated
WT Maternally Unvaccinated & Infected 
WT Maternally Vaccinated
WT Maternally Vaccinated & Infected 

IL-4Rα-/- Maternally Unvaccinated 
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IL-4Rα-/- Maternally Vaccinated & Infected

Figure 6.36: Maternal cells are significantly reduced in IL-4R𝞪-/- maternally 
vaccinated and infected offspring compared to WT maternally vaccinated and 
infected offspring.  
7-week-old offspring were either born to unvaccinated or PCV13 vaccinated dams. A. 
Offspring plasmoblast (CD45+ H2Dd- H2Kb+ B220+ CD138+) and B. maternal 
plasmoblast (CD45+ H2Dd+ H2Kb+ B220+ CD138+ ) populations were investigated in the 
bone marrow. Representative of 2 experiments whereby n = 4-7 mice per group. 
Statistical analysis was performed using a Kruskal-Wallis test. P values was regarded 
as significant if less than 0.05 (* p<0.05, ** p<0.01, *** p<0.001).  
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6.3.  Discussion  

 

Dam B cell numbers were similar between WT and IL-4R𝞪-/- dams in the spleen, axillary 

and illiac lymph nodes. However, the differences were observed in the IgG1+ B cell and 

IgG2a+ B cell populations. IgG1+ expressing B cell numbers were significantly reduced in 

IL-4R𝞪-/- dams irrespective of PCV13 vaccination. PCV13 vaccination did further elevate 

IgG1+ expressing B cell numbers in the WT dams but this effect was not present in IL-

4R𝞪-/- dams. In the axillary and illiac lymph nodes, a shift of IgG1+ to IgG2a+ expressing 

B cell dominance was observed in IL-4R𝞪-/- dams. The lack of IgG1+ expressing B cells 

present in IL-4R𝞪-/- dams suggests that less IgG1+ is transferred to offspring which may 

play a crucial role in the quality of immune cells transferred to offspring. The lack of IL-

4R𝞪-/- present in dams may also limit the antibody class switching ability of B cells. 

Therefore, when B cells are activated due to PCV13 vaccination, IgM antibodies are not 

able to class switch specifically to IgG1+ expressing cells B cells but rather to non-specific 

IgG2a+ expressing B cells.  

 

The innate immune system in the BAL seems to be important in WT maternally vaccinated 

offspring. The T4P2 infection is immediately controlled in BAL’s of WT maternally 

vaccinated offspring which indicates that the BAL would be considered the “first line of 

defence” against the pneumococcal infection. In WT maternally unvaccinated offspring, 

IL-4R𝞪-/- unvaccinated and maternally vaccinated offspring had an increased immune cell 

recruitment to the BAL. These cells are alveolar macrophages and neutrophils which are 

immediately activated in the presence of infection. WT maternally vaccinated offspring 
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have a dampened alveolar macrophage, neutrophil response but an increased DC 

activity.  This results in addition with the reduction in CFU indicates that PCV13 maternal 

vaccination may contribute to immune control which is dependent on IL-4R𝞪-/-  in the BAL. 

 

PCV13 specific IgG and IgG1 antibodies were only detected in WT maternally vaccinated 

offspring. In addition, bacteria opsonised with heat inactivated WT maternally vaccinated 

offspring serum had the only significant reduction in T4P2 bacteria in the blood of 7-week-

old Balb/C mice. Heat inactivation inhibits complement activity in serum further indicating 

that functional antibodies are present and important for eliminating bacteria in WT 

maternally vaccinated offspring serum. The lack of IL-4R𝞪-/- in dams not only decreases 

the complexity of antibodies present but also limits the transfer of functional circulating 

antibodies in offspring.  

 

T4P2 CFU’s were not detectable in the lungs of WT maternally vaccinated and infected 

offspring however all remaining groups had significantly elevated CFU’s present. These 

results mimic the CFU’s present in the BAL with approximately half the bacteria present 

in the BAL have migrated out and colonised the lungs. Interestingly, in the presence of 

infection, WT maternally unvaccinated, IL-4R𝞪-/- maternally unvaccinated and vaccinated 

offspring have significant infiltration of maternal CD45+ immune cell into the lung to help 

establish immune control of the T4P2 infection. However, maternal CD45+ immune cells 

remain relatively the same in WT maternally vaccinated and infected offspring therefore 

the intrinsic maternal CD45+ immune present in the lungs remain unaffected. In addition, 

WT and IL-4R𝞪-/- offspring have different B220+ B cell profiles in the presence of infection. 
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Offspring B220+ B cells were significantly increased in IL-4R𝞪-/- maternally unvaccinated 

and vaccinated offspring while no difference was observed in WT offspring B220+ B cells. 

Interestingly, maternal B220+ B cells were elevated in WT maternally vaccinated in the 

presence of infection whereas maternal cells were not increased in WT and IL-4R𝞪-/- 

maternally unvaccinated as well as IL-4R𝞪-/- maternally vaccinated offspring. The 

infiltration of maternal B220+ B cells is interesting as bacteria was not detected in the 

lungs however maternal cells have still been recruited to the lung. Therefore this would 

indicate that upon an infection, the immune system has been primed to respond with a 

specialised maternal response which may increase the rate at which the infection can be 

controlled.  

 

The most significant result was present in the bone marrow as WT maternally vaccinated 

offspring had the ability to secrete long lasting PCV13-specific IgG and IgG1 antibodies. 

Bone marrow cells in WT maternally unvaccinated, IL-4R𝞪-/- maternally unvaccinated and 

vaccinated offspring were unable to secrete PCV13-specific IgG and IgG antibodies. This 

result was expected in the WT and IL-4R𝞪-/- maternally unvaccinated offspring as they 

have never been exposed to PCV13. However, the lack of PCV13 antibodies produced 

in IL-4R𝞪-/- maternally vaccinated offspring is interesting as they have been exposed to 

maternal vaccination in the same manner as WT maternally vaccinated offspring. This 

results indicate that IL-4R𝞪-/- is not only important for the transfer of protection but also 

for the ability for bone marrow cells to constantly produce crucial PCV13-specific IgG and 

IgG1 antibodies.  
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Chapter 7: Discussion, conclusions, and future work 

 

7.1 Discussion 

 

A range of maternal cell types have been identified in offspring ranging from maternal 

neutrophils, alveolar macrophages, IgG1+ to IgG2a+ B cells. The reason for the population 

of maternal cells found in offspring can be explained by microchimerism, a phenomenon 

where a small number of cells with a genetic origin different from the host are present in 

an individual’s tissues or bloodstream. This occurs most commonly during pregnancy 

when cells from the mother and fetus cross the placental barrier(123, 124). Maternal 

microchimerism involves maternal cells residing in fetal tissue and these exchanged cells 

can persist and be detected in various organs and can influence immune responses(125).  

 

The preliminary data indicates that bone marrow cells have the ability to secrete PCV13 

specific IgG due to the increased PCV13 specific antibody titres found in the bone marrow 

of PCV13 maternally vaccinated offspring. At this stage in the study, the cells responsible 

for this significant result is not understood but a reasonable explanation for the array of 

maternal immune cells present in the offspring could be that the maternal cells being 

transferred to offspring is maternal stem cells(124, 126).  

 

Evidence of stem cells involved in microchimerism is explained from studies detecting 

pluripotent and multipotent stem cells in tissues where they are not typically found, 

originating from a genetically distinct individual(123, 125, 126). Maternal stem cells have 
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been identified in fetal tissues and organs long after birth as well as fetal stem cells have 

been found in maternal tissues. Moreover, experiments in mice have shown that 

transplanted stem cells from one mice can engraft and proliferate in another, mirroring 

natural microchimerism(123, 126). This body of evidence supports the notion that stem 

cells play a crucial role in the bidirectional cellular exchange and long-term persistence 

of microchimerism. 

  

Investigating if any modifications in the antibody structure of PCV13 secreted antibody 

could further explain the interesting increase in antibody half-life present in PCV13 

maternally vaccinated offspring. One of the post-translational antibody modifications of 

interest is antibody glycosylation(31, 127). Antibody glycosylation refers to the attachment 

of sugar molecules (glycans) to antibodies. Glycosylation is a post-translational 

modification that plays a crucial role in the structure and function of antibodies(128, 129). 

One of the proposed mechanisms is Fc glycosylation which has been associated with 

extended antibody half-life. Certain glycosylation sites, especially Asparagine (Asn) 297, 

have been widely studied and alterations in this site have been affiliated with viral and 

bacterial diseases(129, 130). In various disease conditions, changes occur in antibody 

glycosylation during infection and changes are shown to act as potential biomarkers of 

disease state but may also functionally contribute to control of the disease(127, 131).  

 

Cells in the bone marrow are able to secrete antibodies that can circulate throughout the 

body. Once antibodies are secreted into the bloodstream they can travel to different parts  
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of the body through the circulatory system and settle in different tissues and organs where 

they might be needed. In some cases antibodies produce may be specific to target 

specific pathogens that are localised into different parts in certain organs or tissues. In 

this body of work, we see that bone marrow cells are able to secrete PCV13 specific 

antibodies that may settle in the lungs. This is evident as an intrinsic population of 

maternal cells are found in the lungs of maternally vaccinated offspring.  

 

The benefits of B cells producing antibody in the bone marrow are especially involved in 

long-term immunity(132). The constant secretion of antibodies in the bone marrow 

contributes to the establishment and maintenance of long-term immune responses and 

ensures a rapid and robust immune response upon re-exposure to the a reoccurring 

pathogen or to vaccination(132). In addition, constant antibody secretion provides 

immediate protection against pathogens. If the circulating antibody levels decrease over 

time, the presence of antibody secreting cells in the bone marrow can ensure the 

production of cells capable of rapidly producing antibodies upon exposure to 

pathogens(76). The constant antibody production ensures that the immune system is 

primed and ready to mount an effective immune response(133). This can be seen in the 

maternally vaccinated offspring as T4P2 bacterial titre is significantly reduced in the BAL, 

Lung and serum. The degree of inflammation is also reduced due to the decreased 

bacterial titres present when compared to maternally unvaccined offspring as well as IL-

4R𝞪-/-  maternally unvaccinated and vaccinated offspring.   
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7.2 Conclusions 

 

PCV13 maternal vaccination in WT dams induces maternal transfer and this protection 

can be seen in WT maternally vaccinated offspring. Maternally vaccinated offspring have 

reduced T4P2 titre in the BAL, lung and blood. In addition, maternally vaccinated offspring 

had increased PCV13 specific IgA in the BAL and PCV13 specific IgG (IgG1 and IgG2a) 

in the serum. Maternally vaccinated offspring have increased immune control in the BAL 

compared to maternally unvaccinated offspring. Maternal cells (H2Dd+ H2Kb+) were 

tracked using flow cytometry and results indicate that maternal immune cells leave the 

bone marrow in the presence of infection. Preliminary results indicate that maternal cells 

migrate to other areas such as the lung as an intrinsic maternal immune cell population 

was present in WT maternally vaccinated offspring lungs. WT Maternally vaccinated 

offspring have increased PCV13 specific antibody in bone marrow supernants and 

preliminary results indicate that bone marrow cells are actively secreting PCV13 specific 

IgG (IgG1 and IgG2a) antibodies. Finally, IL-4 is essential for the transfer of protection. 

In the absence of IL-4, dams have reduced PCV13 specific antibody responses in the 

serum and reduced IgG1+ B cell populations. This result is then transferred to offspring 

as PCV13 specific antibodies are reduced in the serum and bone marrow supernatants 

of IL-4R𝞪-/- maternally vaccinated offspring.  
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7.3 Future work 

 

This body of work indicates that WT maternally vaccinated 7 week old offspring have 

maternal CD45+ immune cell populations present in the bone marrow that migrate out of 

the bone marrow in the presence of infection. In addition, preliminary data suggests that 

these maternal cells in PCV13 maternally vaccinated offspring have the ability to secrete 

PCV13 specific antibody’s. These PCV13 specific antibodies are also present in the 

serum and BAL of PCV13 maternally vaccinated offspring. This significant result indicates 

that PCV13 specific antibodies are being secreted, circulating and have a potential 

increase in antibody half-life. To validate if bone marrow cells are able to secrete enzyme-

linked immunospot (ELISPOT) specific to PCV13 will need to be  performed on bone 

marrow cells. This ability for bone marrow cells to secrete PCV13 specific antibodies is  a 

novel finding and therefore needs to be confirmed.  

 

Breastmilk isolated from pups was added to PCV13 specific ELISA coated plates however 

no PCV13 specific antibodies could not be detected in breastmilk pellets using the ELISA 

protocol described. Breastmilk pellets are filled with an abundant amount of proteins and 

the lack of antibodies detected could be masked by non-specific binding of larger proteins. 

In order to confirm that is no antibodies are being transferred via the breastmilk, litter 

swop experiment needed to be performed. The same allogeneic mating model will be 

applied but once offspring are born maternally vaccinated offspring will be breastfed off 

an unvaccinated dams and maternally unvaccinated offspring will be breastfed on 

maternally vaccinated offspring. Half of the offspring will be infected with 1x107 CFU for 
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48h  while the remaining offspring remain uninfected. All offspring will be euthanized after 

48h and cardiac blood, BAL and bone marrow will be collected. Antibody titres will be 

checked in the BAL, serum and bone marrow supernatants. PCV13-specific antibody 

(IgG, IgG1, IgG2 and T4P2) titres will be checked in the serum and bone marrow while 

IgA titres will be detected in the BAL. If the maternally unvaccinated offspring acquired 

PCV13 specific antibodies to the same extent as previous experiments we can be 

assured that maternal transfer is occurring through the breastmilk. If antibody transfer is 

occurring at a reduced level we can say that maternal transfer is occurring though utero 

as well as through the breastmilk. If no maternal transfer is occurring, then maternal 

transfer is only happening via utero. In addition to collecting and analysing antibody 

supernatants for PCV13 specific antibodies, bone marrow cells will be collected to 

measure PCV13 specific antibody titres as well as perform ELISPOT’s.  This will validate 

that bone marrow cells are secreting antibody specific to PCV13 and results will be 

compared to the results explained in chapter 5 and 6.  

 

The next list of experiments will be honing into further classifying the differences between 

maternal (H2Dd+ H2Kb-) and offspring cells (H2Dd- H2Kb+). We have previously used flow 

cytometry to separate total immune cell populations from an allogeneic mating experiment 

into maternal and offspring cells. Next, we aimed to sort the bone marrow immune cells 

into maternal and offspring cells. Once cells were sorted into these two populations we 

will plate maternal and offspring cells separately and collect supernatant to investigate if 

PCV13 specific antibody was secreted only in the maternal cell populations. In addition, 

bone marrow cells will be plated and ELISPOT experiments will be performed against 
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PCV13 to investigate if cells isolated maternal and offspring cells are able to secrete 

PCV13 specific antibodies. If maternal cells in the bone marrow cells secrete PCV13 

specific antibody but no PCV13 specific antibody is secreted from offspring cells we can 

validate that maternal cells are responsible for the protection observed and offspring cells 

don’t play a role in secreting PCV13 specific antibodies.  

 

To validate the model used to investigate maternal vs offspring cells an additional model 

can be used using Fluorescently labelled mice. This experiments will be planned in 

collaboration with the Toellner lab at the University of Birmingham. At 7 weeks of age 

tomato labelled female mice will be mated with GFP labelled males which will result in 

offspring with 50% tomato and 50% GFP labelled cells (WTtomato/GFP).  At 3 weeks of age, 

WTtomato/GFP offspring will be weaned and separated according to sex. females will be 

selected, and males will be culled. At 7 weeks of age WTtomato/GFP females will either be 

vaccinated intraperitoneally with PCV13 one week before mating or left unvaccinated. 

These females will be mated with GFP labelled males resulting in WTtomato/GFP and 

WTGFP/GFP offspring. At 3 weeks of age, offspring will be weaned once again and tail 

bleeds will be collected. Mice will be selected for only GFP positive cells (WTGFP/GFP). The 

WTtomato/GFP offspring will be culled and WTGFP/GFP offspring will be left to age. At 7 weeks 

of age, WTGFP/GFP offspring will be infected with 1X107 T4P2 intranasally and euthanized 

48H post infection. The BAL, bone marrow and serum will be collected. Maternal cells will 

be tomato labelled while offspring will be GFP labelled. Using flow cytometry, cells can 

be gated accordingly with GFP and Tomato antibodies. In addition, sorting will be done, 



 207 

and the same protocols as above will be used to investigate if maternal cells are actively 

playing a role in maternal protection observed.   

 

To investigate if the maternal cells that are being transferred to offspring are stem cells, 

flow cytometry experiments need to be performed with a focus on stem cell markers. To 

increase the probability and of detecting the stem cells, maternally unvaccinated and 

vaccinated offspring will be euthanized at 10 days of age, 3 weeks of age and 7 weeks of 

age. Bone marrow cells will be processed and stained with stem cell markers: CD49f 

(Integrin alpha-6), Sca-1 (Stem cell antigen-1), CD34, CD38, CD90, CD117, lineage 

marker and H2Dd+ and H2Kb+.  

 

Finally, the last experiment planned will be investigating if any antibody post translational 

modifications are occurring in the bone marrow supernatants and serum of both dams 

and offspring. Antibody glycosylation is difficult process to investigate and therefore we 

would do this in collaboration with other groups such as the Crouch-Meyers group at the 

University of Birmingham or with the Ragon institute at Harvard University.  
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Chapter 8: Appendix 

 

8.1.   Appendix A:  

 

8.1.1 Antibodies  

8.1.1.1 ELISA Antibody  

 

 

 

  

Coating 
Antibody 

Coating Antibody 
Concentration 

Clone Detection 
Antibody 

Detection 
Antibody 
Concentration 

Clone 

T4P2 10 μg/mL 
(80 μL in 10 mL) 

Purified in 
lab 

Total IgG 1:1000 
(10 μL in 10 mL) 

Poly4053 

TiGR4 10 μg/mL 
(105 μL in 10 mL) 

Purified in 
lab 

Total IgG 1:1000 
(10 μL in 10 mL) 

Poly4053 

PCV13 1:1000 
(10 μL in 10 mL 

Purified in 
lab 

IgA 1:1000 
(10 μL in 10 mL) 

RMA-1 

Total 
IgG 

1:1000 
(10 μL in 10 mL) 

Poly4053 Total IgG 1:1000 
(10 μL in 10 mL) 

Poly4053 

 
PCV13 

10 μg/mL 
(10 μL in 10 mL) 

Purified in 
lab 

Total IgG 1:1000 
(10 μL in 10 mL) 

Poly4053 

 
PCV13 

10 μg/mL 
(10 μL in 10 mL) 

Purified in 
lab 

IgG1 1:1000 
(10 μL in 10 mL) 

RMG1-1  

 
PCV13 

10 μg/mL 
(10 μL in 10 mL) 

Purified in 
lab 

IgG2a 1:1000 
(10 μL in 10 mL) 

RMG2a-62 

 
PCV13 

10 μg/mL 
(10 μL in 10 mL) 

Purified in 
lab 

IgG3 1:1000 
(10 μL in 10 mL) 

RMG3-1   

Table 3: ELISA antibodies concentrations and dilutions.  

https://www.biolegend.com/en-gb/search-results?Clone=RMG1-1
https://www.biolegend.com/de-at/search-results?Clone=RMG2a-62
https://www.biolegend.com/de-at/search-results?Clone=RMG3-1
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8.1.1.2 Flow Cytometry antbodies  

 

 

Marker  Antibody fluorophore 
 

Clone 
Antibody 
Dilution 

 

Source  

B Cell Panel Options 
Viability Dye eFlour 520 - 1:500 BD Biosciences 

CD19 A488 1D3 1:200 BD Biosciences 

B220 BV421 RA3-6B2 1:200 eBioscienceTM 

CD45 BV510 30-F11 1:200 eBioscienceTM 

CD138 APC Cy7 DL-101 1:200 eBioscienceTM 

IgG1 PE M1-14D12 1:200 eBioscienceTM 

IgG2a APC m2a-15F8 1:200 eBioscienceTM 

CD21 APC 7G6  1:200 eBioscienceTM 

CD23 PE B3B4  1:200 eBioscienceTM 

T Cell Panel Options 

Viability Dye eFlour 520 - 1:500 BD Biosciences 

CD45 BV510 30-F11 1:200 eBioscienceTM 

CD3 A700 145-2C11 1:600 eBioscienceTM 

CD4 PercpCy5/BV421 RM4-5 1:600 eBioscienceTM 

CD44 FITC/APC IM7 1:200 eBioscienceTM 

CD62L BV605 MEL-14  1:200  eBioscienceTM 

Myeloid Panel Options 

Viability Dye eFlour 520 - 1:500 BD Biosciences 

CD45 BV510 30-F11 1:200 eBioscienceTM 

CD11b APC/Cy7 M1/70 1:200 eBioscienceTM 

CD11c Alexa FluorÒ 700 N418 1:200 eBioscienceTM 

Ly6G BV605TM HK1.4 1:200 eBioscienceTM 

Siglec-F Alexa FlourÒ 647 E50-2440 1:400 eBioscienceTM 

MHCII FITC M5/114.15.2 1:200 eBioscienceTM 

CD206 PE-Cy7-A MR6F3 1:200 eBioscienceTM 

Table 4: Flow Cytometry antibodies concentrations, dilutions and panels.    
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Maternal Cell Panel  
Viability Dye eFlour 520 - 1:500 BD Biosciences 

CD45 BV510 30-F11 1:200 eBioscienceTM 

H2Dd PE 34-5-8S 1:200 eBioscienceTM 

H2Kb PE-Cy7-A 25-D1.16 1:200 eBioscienceTM 

Ki67 FITC SolA15 1:200 eBioscienceTM 

CD19 A488 1D3 1:200 BD Biosciences 

B220 BV421 RA3-6B2 1:200 eBioscienceTM 

CD21 APC 7G6 1:200 eBioscienceTM 

CD23 PerCP-Cy5-5 B3B4 1:200 eBioscienceTM 

IgD BV605 11-26c.2a  1:300 eBioscienceTM 

Plasma cell Panel 
CD45 Alexa Flour 700 30-F11 1:200 eBioscienceTM 

CD138 APC Cy7 DL-101 1:200 eBioscienceTM 

IgD BV605 11-26c.2a 1:300 eBioscienceTM 

TACi PE ebio8F10-3 1:200 eBioscienceTM 

CD38 PE-CY-594 HIT2 1:200 eBioscienceTM 

CD19 PE-Cy7-A 1D3 1:200 eBioscienceTM 

GL7 PerCP-Cy5-5 GL-7 (GL7) 1:200 eBioscienceTM 

Additional Markers  
Fc block - - 1:200 BD Biosciences 

Rat serum - - 1:50 BD Biosciences 
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8.1.2 Gating Strategies 

8.1.2.1 Dam B cell gating strategies in the spleen, axillary and illiac lymph 

nodes 

 

 

 

 

 

 

 

 

 

 

 

 

 

8.1.2.2 Dam T cell gating strategies in the spleen, axillary and illiac lymph 

nodes   
T cells 

IgG1+ B cells IgG2a+ B cells 

B cells 
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8.1.2.3 Offspring myeloid gating strategies in the BAL  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
  

Alveolar Macrophages Neutrophils 

Dendritic cells 
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8.1.2.4 Offspring B and T cell gating strategies in the lung and bone marrow   

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 

8.1.2.5 Offspring Plasma cell gating strategies in the lung and bone marrow 

 
  

Total CD45+  Maternal CD45+  

Maternal IgG2a+ 

B cells 

Maternal IgG1+ B 
cells 

Total IgG2a+ B 
cells 

Total IgG1+ B 
cells 

Total 
plasma cells 
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8.1.2.6  Offspring Maternal vs offspring cell gating strategies in the lung 

  

Total CD45+  

Total B220 
Cells 
  

Total B cells  

Maternal 
CD45+  

Offspring 
CD45+  

Maternal B cells  

Maternal B220 cells  

Offspring B cells  

Offspring B220 cells  
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8.1.2.7  Offspring Maternal vs offspring cell gating strategies in the bone 

marrow  

 
  

Total CD45+  

Maternal 
CD45+  

Offspring 
CD45+  

Maternal B cells  

Offspring B cells  

Total B cells  
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8.2.   Appendix B: Media and buffer recipes  

 

Complete Media  

Roswell Park Memorial Institute (RPMI) 1640, 50 mL heat-inactivated Fetal Calf Serum 

(Gibco™), 5 mL Penicillin/streptomycin (100X) 

 

FACS Buffer 

0.1% bicinchoninic acid (BSA), 0.05% NaN3 (Merck), Made up in 1X PBS 

 

ELISA Wash buffer  

1X PBS (Gibco), 0. 05% Tween 20 (National diagnostics) 

 

p-Nitrophenol phosphate (pNPP) Substrate (per 20 mL)  

Open one pNPP tablet package (silver foil) and Trizma buffer tablet package (gold foil) 

and place in 20 mL of sterile H2O. Cover the tube with foil and place the tubes on a vertical 

rotator until all contents have been dissolved.  

 

Blocking buffer  

1X PBS, 2g Bovine Serum Albumin (BSA) (Sigma) 

 

Dilution Buffer  

1X PBS, 1g BSA  
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