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Abstract 

 

Pertussis is major public health problem, even in developed countries, where it remains 

endemic despite an effective vaccine. Optimisation of vaccine schedules, reduction and 

understanding of adverse reactions and protection of newborns are key elements to 

reducing the impact of pertussis on the community. Neonatal pertussis vaccination as a 

tool for earlier protection has been examined in the context of whether an appropriate 

immune response can be elicited by vaccinating children at birth with acellular pertussis 

vaccine. Modifications to vaccine schedules must ensure that appropriate immunity 

persists and adverse reactions are minimised. Removal of the 18-month booster dose of 

DTaP (based on demonstration of persistence of pertussis protection to 4 years) in 

Australia was designed to reduce large local reactions at the 4-year booster dose. 

However, data presented here suggest that a subset of individuals may be left 

unprotected from tetanus and diphtheria. The rates of large local reactions are shown to 

have been reduced by the removal of the 18 month booster dose, however an association 

between large local reactions with raised vaccine specific IgE could not be confirmed. 

There were no significant differences between vaccine-specific immune responses to 

pertussis at the protein or molecular level in those with or without injection site 

reactions. Comparison of gene expression profiles in response to pertussis vaccination 

or house dust mite stimulation demonstrate that pertussis vaccination does not induce 

Th2 (allergic) type immune response in contrast to house dust mite stimulation. This 

thesis presents data on the immune responses induced by neonatal pertussis vaccination 

and previously unidentified effects of vaccine schedule modification. In addition, 

correlation between protein production and gene expression in the context of cell 

mediated immune responses to pertussis vaccination and the gene expression profile of 

pertussis vaccination in contrast to house dust mite stimulation is presented. Better 

understanding of pertussis vaccine responses and the effects of modification of vaccine 

schedules on immune responses will provide a firm foundation for future policy making 

with a view to improved protection and ultimately the possible eradication of pertussis 

which still claims lives despite the availability of a safe, effective vaccine. 
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1.1 Introduction 

 

The impact of vaccination on the health of the world‟s people has been one of the most 

crucial and significant achievements of modern medicine in terms of disease prevention 

and decreased mortality [1]. Advances in our understanding of the development and 

function of the immune system contribute to the ever-increasing array of vaccinations 

available and to improving current vaccines and vaccination strategies. There are 

continued efforts to develop vaccines that are more efficient, provide longer lasting 

immunity while keeping side effects to a minimum, and to provide protection for those 

most at risk, such as newborns, the elderly, immunocompromised patients, indigenous 

populations and those from developing countries.  

 

Pertussis, also known as „Whooping cough‟ is a vaccine-preventable disease caused by 

infection with the bacterium Bordetella pertussis. Pertussis is endemic in many 

countries including those with high vaccination rates [2]; Australia has one of the 

highest rates of pertussis disease worldwide (22-58 cases per 100,000) [3]. Moreover, 

pertussis has consistently been the most common vaccine-preventable disease in 

Australia, overtaken only by Human-Swine influenza in 2009 [4]. Pertussis disease is 

responsible for significant morbidity in the adult and adolescent population and reported 

rates of pertussis are increasing in these age groups in various countries [2, 5, 6]. Most 

concerning is the severe pertussis disease experienced by infants, with high 

hospitalisation rates and severe complications, on occasion leading to pertussis-related 

deaths [7-10]; this occurs most often in very young infants, too young to have received 

vaccine immunity. In the majority of cases of pertussis in newborns, a parent was 

identified as the source of transmission [8, 11], with other close adults and older 

siblings also posing a risk for transmission [12, 13].  

 

From these statistics one can see that pertussis is a significant health problem, especially 

in Australia, and more effective vaccination strategies are required to combat this 

disease. Several approaches warrant investigation. Firstly, is there a way we can 

immunise the most vulnerable of the population who are also most at risk of severe 

disease and death – newborns? The neonatal period is a time of increased risk for 

infections, such as pertussis, as the immune system develops [14, 15]. While 

accelerating the first pertussis vaccination to within days of birth could increase the 
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likelihood of protection from pertussis disease, the selective immaturity of the immune 

system poses a challenge for a neonatal vaccination strategy [15]. Additionally, it is 

important that a neonatal pertussis vaccine induces an appropriate immune response that 

provides optimal protection from disease with limited and acceptable side effects and 

minimal negative influences on future vaccine responses. It is essential that these issues 

be investigated extensively before a neonatal vaccination schedule is recommended. 

The first aim of this thesis will therefore be to examine immune responses to neonatal 

pertussis vaccination. 

 

Secondly, containing the spread of pertussis in the community by increased vaccination 

is essential. Several studies have found that levels of pertussis immunity in adolescents 

and adults have decreased over time since the last vaccination, which most commonly 

took place in childhood [2, 3]. Strategies to overcome this have been implemented in 

some countries, including Australia, with the introduction of a low dose pertussis 

vaccine recommended for these age groups [16]. In contrast, Australian data have 

shown that in younger age groups (5-9 years), pertussis disease has declined probably as 

a result of funded vaccination programs for infants and booster vaccines for toddlers 

and pre-schoolers that have been active since the 1990s [17]. However, the booster dose 

for toddlers given at 18 months was recently removed from the Australian national 

immunisation program [18], based on data from an Italian cohort which showed 

ongoing protection from pertussis until pre-school age [19]. Concern over large 

injection site swelling reactions to booster doses that were reported in at least 15% of 

vaccinated children was in part behind this decision [20]. However, pertussis vaccine is 

routinely given in combination with vaccines for diphtheria and tetanus, which therefore 

are no longer boosted at 18 months. The effects of the removal of this booster dose on 

vaccine-specific humoral immune response and rates of injection site reactions have not 

been investigated; addressing this issue is the second aim of this thesis.  

 

As mentioned above, injection site reactions (ISR) are common after booster 

vaccination against pertussis/diphtheria/tetanus, and although these reactions are not 

painful, they can be large (> 50 mm), and occasionally involve swelling of the entire 

limb [21, 22]. Parental concern over ISR contributes to vaccine refusal, affecting 

timeliness and rates of vaccine uptake, which in turn contributes to a reduction in herd 

immunity, allowing the continued spread of pertussis throughout the community. 

Working to reduce the frequency of ISR to pertussis/diphtheria/tetanus vaccine could 
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potentially restore parental faith in vaccination and lead to an increase in vaccine 

uptake. An understanding of the aetiology of ISR may help us to overcome the problem, 

by improving the vaccine formulation, assessing different vaccine adjuvants, or by at 

least allowing accurate prediction of the likelihood of a local reaction so that parents 

can be suitably forewarned. Evidence from this laboratory and from others suggests that 

these large local reactions are associated with a Th2-type immune response, exemplified 

by vaccine-specific production of IgE antibodies and Th2-type cytokines [23, 24]. The 

third aim of this thesis will be to investigate the association of Th2 cytokines and IgE 

antibodies with the occurrence of injection site reactions in children receiving a 

pertussis booster at 4 years of age. In addition changes to gene expression profiles in 

response to pertussis vaccine antigen stimulation in vitro have also been examined using 

microarray technology. 

 

Although vaccination against various infectious agents has been in place for many 

years, to date there have been no thorough examinations of the changes in gene 

expression that result from vaccination and result in protection against subsequent 

infection. In contrast, a number of studies have looked at changes in gene expression 

that take place in allergic responses. The fourth aim of this thesis is to identify the 

changes in gene expression profile, identified using microarray technology, that result 

from pertussis/diphtheria/tetanus vaccination, and to contrast these changes with those 

seen in an allergic reaction to a common allergen. 

 

The reporting of the above aims will make an important contribution to the 

understanding of the immune response to pertussis vaccination, an understanding which 

is necessary to bring about greater protection against this deadly disease. 
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1.2 Aspects of general immune function 

 

The immune system is most commonly divided into two distinct yet highly integrated 

arms, the innate and the adaptive, which contribute to the immune response to 

pathogens and vaccination [25]. The innate immune response is a reaction to a foreign 

antigen and does not rely on the immune system having encountered the antigen 

previously, allowing for a rapid response. This immediate response acts to reduce the 

number and virulence of microorganisms, and to activate the adaptive immune response 

[14]. Adaptive immunity involves the reactivation of immune components in response 

to specific antigens, which have been encountered previously. Both systems act in 

combination to combat pathogens and produce an appropriate immune response to clear 

infections. 

 

1.2.1 Innate immune system 

 

The first line of defence against pathogens is the innate immune system, starting with 

the physical barriers of the skin, mucous membranes, and ciliated epithelial lining [25]. 

At these sites of infection, the primary effector cells of the innate immune system, 

phagocytes, act to „sample‟ the external environment, engulfing and destroying 

pathogens, via phagocytosis. Phagocytic cell types include monocytes, macrophages 

and neutrophils [26]. Neutrophils phagocytose and eradicate microbial pathogens [27], 

and can secrete cytokines including tumour necrosis factor alpha (TNF), interleukin-

1beta (IL-1), and IL-6 to further recruit neutrophils and other cells to the site of 

infection [28] and CXCL8. NK cells also play a role in innate immunity, as they can 

recognise and kill virus-infected target cells by release of cytotoxic granules containing 

perforin and granzyme and can secrete interferon gamma (IFN), TNF and 

granulocyte macrophage-colony stimulating factor (GM-CSF) [29]. 
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1.2.2 Pattern recognition receptors and antigen presentation 

 

Some phagocytic cells are specialised at antigen processing and presentation to activate 

the adaptive immune system. Whilst the interaction of the antigen presenting cells 

(APC) with an antigen is a relatively non-specific event, there is a certain amount of 

regulation conferred by the presence of pattern recognition receptors (PRR) on the 

surface of these cells. These receptors recognise pathogen-associated molecular patterns 

(PAMP), which are conserved regions of microorganisms and are expressed by the 

invading organism, or by the infected cell. This delivers the so-called „danger‟ signal to 

APC resulting in antigen presentation and adaptive immune system activation against 

foreign antigen as distinct from self-antigen [30]. This ensures an appropriate response, 

such as signalling to initiate phagocytosis, against pathogens rather than reacting to 

harmless host cells [31].  

 

The most common PRR involved are the Toll-like receptors (TLR), which discriminate 

between different types of pathogens and evoke a different immune response 

accordingly [32]. They are members of the IL-1 receptor super-family and signal 

through NFB and MAP kinase [33]. Activation of TLR initiates a cascade of 

immunologic events to contain infection, the first of which is effector cell release of 

multiple pro- and anti-inflammatory mediators and cytokines as an immediate defence 

against infection, in addition to initiating the adaptive immune response, which requires 

more time for activation of APC [34]. APC, in particular dendritic cells (DC) take up 

and process the foreign antigen, resulting in DC maturation from a phagocytic cell to an 

antigen-presenting cell [35].  
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1.2.3 Activation of T cells  

 

Mature DC migrate to lymphoid organs where they have the ability to provide naïve T 

cells with antigen-derived peptide presented by the major histocompatibility complex 

(MHC); MHC Class I activates CD8
+
 T cells and MHC class II activates CD4

+
 T cells. 

This activation occurs via the T cell receptor (TCR) and requires costimulation via 

CD40, CD80 and CD86 to prevent tolerance of the T cell to the presented antigen. This 

antigen presentation induces T cell differentiation into effector cells specific for the 

same antigen-MHC, thereby triggering a specific, adaptive immune response [36]. 

 

1.2.3.1 CD8
+
 T cells 

 

CD8
+
 T cells bind to infected host cells via Fas:Fas ligand interaction, and release 

perforin and granzyme to kill infected cells. After the infection has been cleared, a small 

number remain as long-lived memory CD8+ T-cells that can provide immediate 

responses upon re-challenge [35].  

 

1.2.3.2 CD4
+
 T cells 

 

CD4
+ 

T cells, or T helper (Th) cells, recognise antigen peptides presented by MHC 

Class II molecules, and are essential in driving the humoral B cell antibody response 

and establishing T cell memory. Differentiation of these T cells from naïve precursor 

cells in response to antigen presentation is influenced by the phenotype of functionally 

different mature DC subsets. Differentiated CD4
+ 

Th cell can be categorised into four 

main types dependent on cytokine-secretion phenotypes; Th1, Th2, Th17, or Treg. 

These T cell populations are antagonistic to each other and one will dominate the 

immune response to a particular pathogen [37]. The decision of a naïve T cell to 

differentiate into one of these effector subsets is determined by a complex series of 

events, but primarily relies on the predominant cytokine environment [38]. Other factors 

include the type of co-stimulation from the APC, the nature of the antigen, and the type 

of TCR signalling that results [39].  
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1.2.3.2.1 Th1 cells 

 

Th1 cells protect against intracellular pathogens by the release of cytokines including 

IFN, TNF, and IL-2. Th1 immunity generally is associated with production of 

complement activating and opsonising IgG subclass antibodies (IgG2a, IgG2b and IgG3 

in mice [40] and IgG1 and IgG3 in humans [41]). They activate CD8
+
 T cells to induce 

a cytotoxic cellular response to eliminate infection. The development of Th1 cells 

occurs after release of cytokines from macrophages and DC upon activation by 

intracellular pathogens. This process includes secretion of IL-12 from the APC, which 

induces production of IFN by the APC and in a positive feedback loop, induces further 

IL-12 production [42]. In addition, IL-12 activates natural killer (NK) cells to produce 

IFN, which in turn adds to the positive feedback loop, further enhancing APC 

production of IL-12. This production of IFN from the APC and NK cells inhibits the 

proliferation of Th2 cells, thereby antagonising Th2 pathway development [43]. Further 

downstream, the signalling pathways mediating Th1 cell development following IFN 

activation involve JAK1 and JAK2 activation of the STAT1 transcription factor, 

inducing expression of the T-bet transcription factor, which is considered a master 

regulator of Th1 development. T-bet production further enhances IFN production and 

IL-12 receptor expression, reinforcing Th1 cell development. IL-12 receptor signalling 

activates STAT3, STAT4 and NFB, leading to the production of Th1 cytokines [44].  

 

1.2.3.2.2 Th2 cells 

 

Th2 cells provide protection against extracellular pathogens. They secrete cytokines 

such as IL-4, IL-5, IL-9, and IL-13, which mediate processes including production and 

activation of eosinophils and mast cells, in addition to B cell class switching and 

production of IgE, IgG1 in mice [45] and IgG4 antibodies in humans [46]. It is of 

interest to note that human IL-10 enhances IgG4 production in isotype switched B cells 

but inhibits IgE production [47]. The Th2 response is primarily targeted against 

parasites, however, a reaction to innocuous agents can result in an inappropriate 

response as seen in allergy and asthma. Development of Th2 cells is mediated by the 

cytokines IL-4 and IL-6. The source of the IL-4 involved in this process has not yet 

been defined, as DC are not capable of producing IL-4. It has been proposed that other 

cells of the initial immune response are responsible for the IL-4 production, such as NK 
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cells, eosinophils or mast cells [48]. IL-4 activates the naïve T cell to up regulate 

STAT6 thereby up regulating expression of GATA-3 transcription factor, which is an 

antagonist of T-bet [49]. This expression of GATA-3 further amplifies GATA-3 

production via a positive feedback loop, ensuring continued Th2 maturation and 

secretion of characteristic Th2 cytokines, IL-4, IL-5, IL-9, and IL-13. In addition, 

GATA-3 expression inhibits IL-12R expression, inhibiting development of a Th1 

response [42]. Production of IL-4 by Th2 cells also stimulates neighbouring naïve T 

cells to become Th2 cells [25]. 

 

1.2.3.2.3 Th17 cells 

 

The most recently described T cell phenotype is the Th17 subset. These cells appear to 

play a role in tissue inflammation, and to activate neutrophils to phagocytose 

extracellular bacteria by the secretion of IL-17, IL-17F, IL-6, IL-22, and TNF [50]. 

These cytokines act on macrophages, fibroblasts, epithelial and endothelial cells to 

produce chemokines and other inflammatory mediators recruiting granulocytes and 

resulting in a state of inflammation [51] (for example, via the induction of CXCL8 for 

neutrophils attraction). The precise mechanism of Th17 cell induction remains to be 

elucidated, however, it is thought that a combination of IL-6 and TGF initiate the 

development, while the role of IL-23 appears to be involved in further Th17 

development but not initial differentiation [52]. Some Th17 cells also secrete IFN and 

contribute to the development of various inflammatory states including the autoimmune 

model EAE [53]. 

 

1.2.3.2.4 Regulatory T cells 

 

In addition to enabling differentiation of CD4
+
 and CD8

+
 T cells, DC can initiate 

maturation of naïve T cells into regulatory T cells (Tregs); these are CD4
+
 T cells that 

also express CD25 on their surface (CD4
+
CD25

+
) (as reviewed in [54]). In addition, 

naturally occurring Tregs have been shown to express the transcription factor FoxP3 

[55, 56]. Tregs are antigen-specific immunosuppressive cells that secrete IL-10 and/or 

TGF which modulate helper T cell activity to suppress Th1 cytokine production and 

limit Th1 activation by competition binding to APC (as reviewed in [57]). Studies to 
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definitively characterise Tregs are hampered by the lack of a unique marker for Tregs as 

FoxP3 is also expressed by activated, CD25
-
 T cells [58]. 

 

 

 

1.2.3.2.5 Memory T cells 

 

At the end of a primary immune response a proportion of T cells become antigen-

specific, long-lived memory T cells; the mechanisms by which this occurs remain 

unclear (as reviewed by [59]). Upon recognition of the antigen for which it is primed, a 

memory T cell initiates a robust secondary response, eliminating infected cells, by 

cytotoxic CD8
+
 T cells, or by influencing B cell responses via CD4

+
 Th cells [60]. 

Memory T cell cytokine production and proliferation in response to antigenic 

stimulation has been shown to be more rapid than that of naïve T cells [61]. Two types 

of memory T cell have been described based on activation status and expression of the 

chemokine receptor CCR7, which is essential for the homing of T cells to lymph nodes 

[62]. Central memory T cells (TCM) are CCR7
+
 and reside in the lymphoid organs. In 

contrast, effector memory T cells (TEM) are CCR7
-
 and continually circulate throughout 

the peripheral tissues ready to encounter specific antigen and promote T cell 

proliferation, ensuring dissemination of different T cell specificities. According to the 

proposed model, TCM have little or no effector function, rather, they differentiate into 

CCR7
-
 memory cells and migrate to inflamed sites and display effector function [63]. 

 

The factors influencing the maintenance of T cell memory populations are also 

undefined. Evidence suggests that unlike naïve T cells, memory T cells do not require 

continuous contact with MHC ligands; rather they require cytokine stimulation, such as 

IL-7 for survival [60]. The length of maintenance appears to be dependent on the type 

of antigen; for example, T cell memory after vaccination with peptides is shorter than 

after vaccination with an attenuated virus [64]. Persistence of T cell memory, especially 

in response to vaccination, is an area of intense interest. 

 

1.2.4 B cells 

 

As mentioned above, B cell activation is also an outcome of APC presentation to T 

cells. It is dependent on CD4+ T cell signalling in which recognition of peptide 
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antigen:MHC complex on the APC by T cells results in the upregulation of CD40L on 

the surface of these cells, which in turn binds to CD40 expressed on nearby B cells. 

This results in the expression of cytokine receptors on the B cell surface, enabling them 

to respond to cytokines produced by the helper T cells [65]. However, mature B cells 

may also be activated in a T cell-independent manner, by direct activation of surface 

immunoglobulin (Ig) [66], as well as TLR on their surface, such as TLR4 [67]. 

 

Upon activation and proliferation, B cells differentiate into either antibody-producing 

plasma cells or memory B cells. Antibodies are essential to eliminate pathogens and 

play an important role in the response to vaccination. The different actions of antibodies 

in defence against pathogens include opsonisation, agglutination, complement 

activation, antibody-dependent cellular cytotoxicity, and neutralisation [25]. As an 

intermediate step in the B cell maturation process, B cells hypermutate the variable 

region of their immunoglobulin genes (somatic hypermutation) that results in isotype 

switching of antibody production from IgM to IgA, IgG or IgE. This allows for an 

appropriate effector function dependent on the type of antigen [68]. IgG antibodies are 

required for the opsonisation of antigen, a process which involves coating if the antigen 

with specific antibody to promote phagocytosis of the antigen. IgA acts at mucosal 

surfaces to complex with microorganisms preventing infection and aiding clearance by 

effector T cells. IgE antibodies are important in the defence against parasites and some 

viruses and bacteria; IgE cross-links the antigen and an Fc receptor on mast cells and 

basophils initiating the release of histamine, known as degranulation. However, over-

production of histamine, or production in response to inert antigens, or allergens, leads 

to allergic diseases such as allergy and asthma [68]. 

 

Circulating specific antibodies, induced by infection or by vaccination, provide 

protection against many diseases, and Table 1.1 shows the minimum level of specific 

antibodies determined to be protective (correlate of protection) for some common 

diseases. These correlates are used in evaluating the efficacy of novel or modified 

vaccine formulations and immunisation schedules [69]. 
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Table 1.1 Humoral correlates of protection for common disease and vaccinations. 

Vaccine Minimum protective antibody concentration 

Hib conjugate 0.15 g/ml 

Pneumococcus 0.20 – 0.35 g/ml 

Diphtheria 0.01 – 0.10 IU/ml 

Tetanus 0.01 IU/ml 

Acellular pertussis unknown 

Polio 1/4 - 1/8 dilution (micro-neutralisation) 

Measles 120 mIU/ml 

Mumps 2 ELU/ml 

Rubella 10 – 15 mIU/ml 

Varicella ≥ 5 IU/ml 

Hepatitis B 10 mIU/ml 

Hepatitis A 10 mIU/ml 

Rotavirus unknown 

Human Papilloma Virus unknown 

Adapted from [64]. ELU; ELISA units. 

 

1.2.4.1 Memory B cells 

 

The production of memory B cells occurs in the lymph node and spleen and involves a 

selection process called affinity maturation [70]. Random mutations of immunoglobulin 

genes occur and the B cells with the highest affinity for the waning antigen levels 

survive and persist as memory B cells. Reactivation of memory B cells is an important 

component of vaccine-induced immunity. This allows for rapid response upon re-

exposure to an antigen via production of high affinity antibody specific for the antigen. 

The maintenance of memory B cells does not require continued CD4
+
 T cell help or the 

persistence of antigen [71]. 

 

1.2.5 Secondary adaptive response 

 

Upon host re-exposure to a pathogen, two to five days are required for memory B and T 

cells to expand give rise to mature effector cells that can mount an immune response, 

known as a secondary adaptive response. During this time, the innate immune system 
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and pre-existing circulating antibody are relied upon to prevent disease progression. A 

secondary adaptive response occurs more quickly than the primary response ensuring 

rapid disease attenuation (as reviewed by [59]). 

 

1.3 Neonatal and infant immune function 

 

During the immediate neonatal period there are a range of developmentally related 

deficiencies in innate, adaptive and regulatory immune function [14, 72-74]. In 

particular, Th1 responses in the foetal compartment are actively suppressed in order to 

protect the placenta against the toxic effect of Th1 cytokines such as IFN [75]. This 

carries over into neonatal life where Th1 development is delayed relative to Th2, 

leading to an overall Th2 polarisation of responses. Developmental deficiencies render 

the newborn susceptible to infection, with a limited ability to appropriately respond to 

vaccination [76] and at increased risk for the development of allergic disease [77]. 

 

1.3.1 Th1 maturation is delayed relative to Th2  

 

The delay in maturation of the Th1 arm of the T helper immune response relative to Th2 

has been shown in a number of models. The ratio of Th1 to Th2 functional capacity in 

newborns is reduced compared to that of adults. For example, compared with naïve 

adult T cells, murine neonatal T cells have been shown to secrete little IL-2 or IFN 

(Th1 cytokines), but high levels of IL-4 (Th2) in response to primary stimulation in 

vitro [78]. Various studies in mice have shown that priming with antigen during the 

neonatal period leads to a Th2-polarised secondary response (higher vaccine-specific 

IL-5 and decreased IFN) suggesting that Th1 memory after neonatal priming is delayed 

relative to Th2 memory [79-81]. In addition, studies in infants have shown that 

polyclonally induced production of IFN is deficient [82-84], remaining low for at least 

the first 12 months. This is in contrast to Th2 cytokine production, which has been 

observed to peak at 12 months and to then decline [85]. This reduced intrinsic capacity 

to produce IFN is thought in part to be due to the immaturity of the responding T cells. 

For example, it has been suggested that in neonatal CD4+ T cells hypermethylation of 

CpG sites of the IFN promoter suppresses IFN gene transcription [86]. Additionally, 
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the differentiation of naïve T cells to Th1 cells, but not to Th2 cells is accompanied by 

progressive demethylation of CpG sites in the IFN promoter [87]. 

 

1.3.1.1 Accessory cell immaturity 

 

However, Th1 deficiencies in infancy cannot be ascribed to the T cell alone; a parallel 

deficiency in accessory cell function during the neonatal period has been observed [88]. 

Fully functional accessory cells, such as monocytes, are required to induce infant IFN 

responses to polyclonal stimuli [82, 83]. However, neonatal DC are low in numbers, 

relatively immature, and provide suboptimal presentation of antigen with co-stimulation 

[89]. It has been shown that antigen priming can be achieved in neonatal mice by 

providing mature DC, restoring the expression of neonatal Th1 immunity [90]. It has 

been hypothesised that defects in APC function and ability to produce cytokines 

contribute to impaired Th1 function in infants [91, 92]. Indeed, the capacity to 

demonstrate vaccine-specific Th1 memory responses in vitro in infant PBMC can be 

markedly enhanced by the addition of mature DC to PBMC cultures, suggesting that 

reduced capacity to respond to vaccination may be due to deficiencies in number and 

function of infant APC [93]. 

 

1.3.1.2 Mature Th1 function can be elicited 

 

While neonatal and infant Th1 deficiency has been well described, it has also been 

shown that it is not absolute. Infant Th1 activity comparable to adult levels has been 

demonstrated in response to a number of agents such as Bordetella pertussis infection 

[94] and vaccination with Mycobacterium bovis bacillus Calmette-Guérin vaccine 

(BCG) [95, 96]. In addition, DNA based vaccines have been shown to induce Th1 

immunity in early life [97]. Furthermore, the use of an appropriate adjuvant to 

vaccination such as CpG motifs [98] or complete Freund‟s adjuvant (CFA) in mouse 

models can redress much of the Th2 imbalance in response via selective stimulation of 

Th1 immunity via upregulation of accessory cell function [79]. From these observations 

it would seen that a possible mechanism for induction of Th1 immunity in young infants 

is via PAMP (both microbial and synthetic origin) signalling of PRR, therefore 

suggesting PAMP such as TLR as potential targets in the future for enhancing vaccine 

responses [99]. 
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1.3.1.3 Maturation of T cell response to vaccination  

 

This intrinsic delay in ability to produce IFN and to mount a Th1 response has 

implications for early life vaccinations. Whilst a mixed Th1/Th2 response may be 

induced in certain cases, the default is Th2 production, which may influence subsequent 

vaccinations towards a Th2 profile [98]. In the case of many infectious diseases, such as 

hepatitis B, pertussis, and pneumococcal disease that can cause significant morbidity in 

young infants, vaccination soon after birth could prevent disease or long-term carriage. 

However, there is little known on T cell responses to vaccination in young infants [15]. 

There is now increasing evidence that many vaccines administered in early life 

preferentially induce a Th2-polarised response. In a recent study in a Papua New 

Guinean population, neonatal vaccination with pneumococcal conjugate vaccine 

enhanced Th2 T cell responses to the vaccine carrier protein CRM197, without an 

increase in Th1 responses [100]. Neonatal hepatitis B vaccination was shown to induce 

a mixed Th1/Th2 primary response and a Th2 skewed memory response, which 

persisted to 12 months while the Th1 response declined [101]. Th2-polarised responses 

have also been observed after diphtheria, tetanus and acellular pertussis (DTaP) 

vaccination in infants [102-104]. The vaccine-specific Th2 polarisation was shown to 

persist to 18 months of age following vaccination at 2, 4, and 6 months, in contrast to 

vaccine-specific Th1 responses, which declined rapidly after vaccination [85]. This 

mirrors polyclonal responses observed out to 12 months of age suggesting that the 

delayed Th1 response to vaccine antigens is secondary to the overall delayed Th1 

development [85]. The Th2 polarisation of vaccine-specific responses observed in the 

study by Rowe was more prominent in children with an atopic family history [85]. This 

suggests that children at high genetic risk of atopy are more likely to display lower Th1 

function and are therefore more likely to develop further Th2 bias, especially towards 

environmental allergens [84].  

 

There are various consequences of delayed Th1 maturation relative to Th2 and these are 

briefly summarised in Table 1.2. As well as in increased risk of infection and reduced 

ability to respond to some vaccinations, another important potential consequence of 

delayed Th1 immunity is an increased risk for the development of allergy and asthma. It 

has been shown that Th1 development was slowest amongst those at high genetic risk 
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for allergy [84, 85]. Additionally, studies of T cell responses to inhalant allergens in 

neonates demonstrated a Th2 dominant phenotype with Th1 responses low and variable 

[105]. Unchecked Th2 immunity can potentially produce pathogenic allergic 

inflammation via cytokines (IL-4, IL-5, IL-13). 

 

Table 1.2 Consequences of delayed Th1 maturation 

Consequences of delayed Th1 maturation Reference 

Increased susceptibility to RSV Holt 1995 

Lower levels of protection against the pathogens targeted by the 

vaccine 

Holt 2000 

Increased risk for allergy Prescott 1999 

Attenuated and Th2-polarised memory responses to DTaP 

vaccine 

Prescott 1998, 

Rowe 2001 

Reduced humoral immune responses to pneumococcal vaccines Arkwright 2000 

Reduced capacity to respond to vaccination Siegrist 1999 

Reduced capacity to generate stable Th1-memory to BCG 

vaccine 

Mascart 1999 

Lower levels of responsiveness to vaccination up to age 2 years Prescott 1998 

Failure to develop long lasting delayed-type hypersensitivity 

responses to tuberculin 

Shirakawa 1997 
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1.4 Vaccine-preventable diseases in childhood 

 

Vaccination has been successful in the control of many infectious diseases. Smallpox, 

for example has been virtually eradicated, and polio had been controlled in all but 4 

countries [1] with outbreak cases in a number of countries more recently[106]. Diseases 

relatively well controlled compared to the pre-vaccine era include diphtheria, tetanus, 

pertussis, Haemophilus influenzae type b (Hib) disease, measles, mumps and rubella. 

However, reductions in vaccination uptake can lead to resurgence of these diseases. A 

notable example of this is the decline in measles, mumps, and rubella vaccination 

(MMR) in the UK after a proposed temporal association with autism was described 

[107]. Whilst these claims have subsequently been categorically disproven the 

reluctance of parents to have their children vaccinated led to a resurgence of measles 

infection. Similarly, concerns over the reactogenicity of whole cell pertussis vaccines in 

children lead to a reduction in vaccination, and in Sweden a cessation of pertussis 

vaccination completely [107].  

 

Even when there are high vaccination rates in a particular population, infections are 

easily imported from other regions and can result in resurgence of disease. For example, 

an outbreak of diphtheria infection in the former Soviet Union was thought to be in part 

due to a deterioration of health service infrastructure, which included vaccination 

services. Subsequent to this, cases of diphtheria were recorded in neighbouring 

countries, previously free of diphtheria notifications [108].  
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1.4.1 Diphtheria, tetanus and pertussis diseases 

 

Pertussis, diphtheria, and tetanus are all diseases caused by infection with bacteria that 

release potent toxins as summarised in Table 1.3.  

 

Table 1.3 Diphtheria, Tetanus and Pertussis 

 Diphtheria Tetanus Pertussis 

Bacteria Corynebacterium 

diphtheriae 

Clostridium tetani  Bordetella pertussis 

Disease 

characteristic 

Upper respiratory tract 

and cutaneous infection 

Paralysis 

“Lockjaw” 

Respiratory infection 

Transmission Respiratory droplets, 

direct contact 

Penetrating wounds Respiratory droplets 

Source Human only, normal 

flora of nasopharynx  

Natural reservoir in 

soil 

Human only 

Virulence 

factors 

Diphtheria toxin Tetanus toxin Pertussis Toxin 

(See Table 1.4) 

Mechanism Blocks protein 

synthesis  

Inhibits relaxation 

of muscle 

Attaches to ciliated 

epithelial cells 

Notifications^ 0 0.02 per 100,000 41.5 per 100000 

Vaccine Diphtheria toxoid Tetanus toxoid Whole-killed or 

acellular pertussis 

^ Average annual rate per 100000 population, based on 2003-2005 in Australia. 

 

1.4.1.1 Diphtheria 

 

Diphtheria disease is described as an upper respiratory tract infection often causing 

membranous pharyngitis, and as a skin infection causing lesions. In some cases, 

diphtheria toxin enters the circulatory system and blocks protein synthesis in distal 

organs [109, 110], which can lead to severe complications such as myocarditis and 

neuritis resulting in death in approximately 5-10 % of infected individuals [1]. Despite 

advances in medical treatment, this mortality rate has not changed over the years, which 

highlights the necessity for adequate vaccination. 
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The development of a diphtheria toxoid vaccine by Glenny and Hopkins in the 1920s 

marked a major advance in the control of diphtheria [111]. Diphtheria was a major 

cause of death amongst children worldwide until successful mass immunisation using 

the diphtheria toxoid vaccine began [108]. The incidence of infection has decreased and 

diphtheria is no longer routinely observed in many countries including Australia [112]. 

However, diphtheria has persisted in many countries, and breakthrough cases have been 

reported in countries with high diphtheria vaccination rates such as Norway and the 

Newly Independent States of the former Soviet Union [108]. This highlights the need 

for continued surveillance and timeliness of primary and booster vaccinations even in 

non-diphtheria areas, and particularly for travellers to endemic areas [113]. It is 

believed that to maintain herd immunity and prevent outbreaks of diphtheria, a 

minimum of 75% of adults and 90% of children should have recommended protective 

antibody tires [114] (as noted in Table 1.1), and this may be achieved by high 

vaccination rates. 

 

1.4.1.2 Tetanus 

 

Tetanus is an acute toxin-mediated disease characterised by muscular spasms especially 

of the jaw (lockjaw) and neck: this is caused by binding of tetanus toxin to nerve 

terminals, which inhibits muscle relaxation [115]. Tetanus is not transmitted from 

person to person and is the only vaccine-preventable disease that is infectious but is not 

contagious [1]. As Clostridium tetani are ubiquitous in soil and common in animal 

faeces, vaccine induced immunity against tetanus is extremely important; untreated 

tetanus is universally fatal. Tetanus toxoid vaccines were developed in the 1920s [116] 

and subsequent use has reduced the incidence of tetanus disease [1]. The reported 

incidence of tetanus in Australia is approximately 2-5 cases each year [117]. However, 

in developing countries tetanus remains a significant health concern with high rates of 

infection; most cases are in newborns, usually occurring through infection of the 

unhealed umbilical stump shortly after birth [118]. 
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1.4.1.3 Pertussis 

 

Bordetella pertussis infection causes a respiratory disease that is characterised by 

severe, spasmodic coughing episodes including a high-pitched intake of breath that 

sounds like a "whoop", hence the common name "Whooping cough". In severe cases, 

pertussis infection can lead to death primarily caused by pneumonia, and may be 

complicated by apnoea, seizures and encephalopathy. Current treatments for pertussis 

are macrolide antibiotics, which render the patient non-infectious but are unlikely to 

alter the course of their illness, thereby controlling carriage rates in the community but 

not reducing disease progression [1]. Therefore, the most effective strategy against 

pertussis is vaccination. 

 

B. pertussis bacteria colonise ciliated cells of the respiratory mucosa, adhering to 

macrophages and neutrophils and multiplying rapidly. There is now evidence that 

pertussis is taken up by these macrophages where they can survive as an intracellular 

pathogen [119]. A number of murine studies have suggested the a combination of B 

cells, Th1 and Th17 responses are involved in protective immunity against B. pertussis 

[120-123]. In addition, IL-10 and Treg responses act to subvert the protective immune 

response of the host, and limit immunopathology [124, 125]. Vaccines for protection 

from B. pertussis infection must therefore involve cell-mediated immunity as well as 

humoral immunity for extracellular bacterial infection [119, 126, 127].  

 

B. pertussis produces a number of toxins, which protect the bacterium from the host 

immune response and contribute to pathogenesis [128]. Other virulence factors are also 

produced by pertussis that aid the bacterium‟s survival by mediating adherence to the 

ciliated epithelial cells of the respiratory tract, macrophages and neutrophils [1]. Table 

1.4 lists some of these virulence factors and indicates which are used in pertussis 

vaccines. 
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Table 1.4 Pertussis toxins and virulence factors and their use in pertussis vaccines 

 Biological Activity 
Used in pertussis 

vaccines 

Pertussis Toxin 

(PT) 

A secreted exotoxin that induces 

lymphocytosis and immune enhancement 
In all vaccines 

Filamentous 

haemagglutinin 

(FHA), 

Facilitate binding to monocytes and 

macrophages, and ciliated respiratory 

epithelial cells 

In 2 and 3 

component 

vaccines 

Pertactin (PRN)  
An outer membrane protein that promotes 

adhesion to ciliated respiratory epithelium 

In 3 component 

vaccines 

Fimbriae (FIM) Cell surface structure 
In 5 component 

vaccines 

Adenylate cyclase 

Toxin (ACT) 
Inhibits phagocytic function No 

Lipopolysaccharide 

(LPS) 

An endotoxin that contributes to 

colonisation of respiratory tract 
No 

Tracheal cytotoxin 

(TCT) 

Induces paralysis and destruction of the 

respiratory ciliated epithelium 
No 

BrkA 
An outer membrane protein that mediates 

adherence and resists complement 
No 

References: [1, 128] 

 

B. pertussis remains endemic in many parts of the world despite vaccine availability and 

high rates of vaccination coverage [2, 16, 129]. Pertussis disease affects more than 50 

million people worldwide [9], 90% of whom live in developing countries, and causes up 

to 400,000 deaths each year, primarily among infants [3]. After a nadir of cases in the 

post-vaccine era in the 1970s, rates of reported cases of pertussis have increased in 

recent years [130]. This may in part be due to the availability of more sensitive 

diagnostic tests, an increase in surveillance and reporting and increased awareness of 

pertussis disease amongst health care professionals. However, many cases of pertussis, 

especially in adults, goes unreported and therefore reported rates are a minimum 

estimate [3].  

 

Australia has one of the highest incidences of pertussis globally, with 22-58 cases per 

100,000 population each year, and pertussis has been epidemic in Australia since 1993 
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[3]. From 1993-2002 there were 16 deaths from pertussis infection in Australia, 15 of 

which were in infants under 12 months of age [117]. Current data indicate that pertussis 

rates are increasing most significantly in adolescent and adult populations [6]. This is of 

concern as adolescents and adults, especially parents, have been identified as a source of 

transmission to very young infants [11] who are particularly susceptible to pertussis 

disease [13, 131]. This issue of infant pertussis will be discussed further in the 

following sections.  

 

1.5 Vaccination against diphtheria, tetanus and pertussis 

1.5.1 DTwP vaccines 

 

In the 1940s diphtheria and tetanus toxoid vaccines were combined with whole cell, 

killed pertussis vaccines (wP) to form the DTP „triple antigen‟ vaccine (DTwP) that 

remains in use in many countries [1]. The vaccine consists of a suspension of heat killed 

Bordetella pertussis bacteria and elicits a strong Th1 immune response [94], which is 

likely due in part to the lipopolysaccharide (LPS) component of the bacterial cell wall 

[132].  

 

Around 50% of children receiving DTwP have experienced adverse reactions [133]; 

these include minor local reactions such as redness, swelling and pain at the site of 

injection, and minor systemic reactions such as mild fever, irritability and drowsiness 

[134]. These reactions vary in frequency and severity amongst batches and 

manufacturers and it has been shown that reactions are five times more frequent 

following vaccination with DTwP compared with DT vaccination alone suggesting that 

the wP component plays a major role in reaction pathogenesis [133]. 

 

Rare but more severe reactions attributed to DTwP include: high-grade fever, (≤ 1% 

with fever greater than 40.5 °C) [135], and febrile seizures and hypotonic-

hyporesponsive episodes in 0.06% of vaccination children [133]. Despite the clear 

benefits of pertussis vaccination, concern regarding the incidence of adverse reactions 

has in the past limited the uptake of DTwP vaccine leading to increased rates of 

pertussis disease in some countries [1]. For example, in the 1970s Japan and Sweden 

ceased pertussis vaccination programs completely due to concerns over severe adverse 

reactions and the incidence of pertussis increased significantly [3, 136]. This lead to the 
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development of a second generation of vaccines in Japan based on purified virulence 

factors - acellular pertussis vaccines. 

 

1.5.2 Acellular pertussis and DTaP vaccines 

 

An acellular pertussis vaccine (aP) consisting of purified pertussis toxin (PT) and 

filamentous haemagglutinin (FHA) was developed by Sato and colleagues and was first 

introduced for routine use in toddlers in Japan in 1981 [137]. Subsequently, 

manufacturers have developed a variety of acellular pertussis vaccines, which differ in 

method of production, pertussis components and concentration and inclusion of 

adjuvant (Table 1.5). These vaccines have differing rates of efficacy in protection 

against pertussis disease, immunogenicity to pertussis antigens and reactogenicity to 

vaccination. Acellular pertussis vaccine in combination with diphtheria and tetanus 

toxoids (DTaP vaccine) was first recommended for use in Australia in 1998. This 

vaccine formulation has been shown to be safe and effective in various large-scale 

clinical trials (Section 1.5.2.1) and have replaced whole cell vaccines in the United 

States, Canada, and Australia, as well as some Asian and European countries [1]. 

However, DTwP remains the recommended vaccine for many countries, especially 

developing countries, due to the lower cost of manufacture. 
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Table 1.5 DTaP vaccines 

Manufacturer Vaccine 
Pertussis Antigens* 

DT
§
 TT

§
 Alum Diluent Preservative 

PT FHA PRN FIM 

Aventis Pasteur 

(Canada) 

Tripacel 

DAPTACEL 
10 5 3 5 15 5 0.33 PBS Phenoxyethanol 

Aventis Pasteur 

(France) 

Triavax 

Triaxin 
25 25 0 0 15 5 0.33 PBS Thiomersal 

Aventis Pasteur  

(USA) 

Tripedia 
23.4 23.4 0 0 6.7 5 0.30 PBS None 

Chiron Vaccines 

 

Acelluvax 
5 2.5 2.5 0 25 10 1.0 NA Thiomersal 

GlaxoSmithKline 

 

Infanrix 
25 25 8 0 25 10 0.625 Saline None 

GlaxoSmithKline 

 

Boostrix 
8 8 2.5 0 2.5 5 0.50 Saline Phenoxyethanol 

SmithKline 

Beecham  

SKB-2 
25 25 0 0 25 10 0.50 Saline Phenoxyethanol 

Wyeth 

Pharmaceuticals 

ACEL-

IMUNE 
3.5 35 2 0.8 9 5 0.23 PBS Thiomersal 

* pertussis antigens expressed as micrograms per dose 
§
 Diphtheria and Tetanus toxoids expressed as Lime‟s flocculation units per dose (LfU) 

¶ 
Aluminium expressed in milligrams 

PT: Pertussis toxoid, FHA: Filamentous Haemagglutinin, PRN: pertactin, FIM: 

Fimbriae, DT: Diphtheria toxoid, TT: Tetanus toxoid, Alum: Aluminium adjuvant, 

PBS: Phosphate buffered saline. 

 

1.5.2.1 Safety and efficacy of acellular versus whole cell pertussis vaccines 

 

A number of large-scale clinical trials have contributed to the evidence of the safety and 

efficacy of DTaP vaccines compared with DTwP vaccines. A controlled trial conducted 

in the US from 1991-1992 evaluated 13 acellular and 1 whole cell pertussis vaccine in a 

cohort of 2200 infants [138]. The findings from this study demonstrated that all of the 

aP vaccines were more immunogenic than the standard commercial whole cell vaccine 

licensed for use in the United States (DTwP-US). Importantly, the acellular vaccines 

elicited fewer and less severe adverse reactions than the whole cell vaccine [135]. 

 

Following this study in the US, further randomised, controlled, double-blind efficacy 

trials were conducted in Sweden [139] and Italy [19], countries in which vaccination 

rates for pertussis had declined and the incidence rates of pertussis infection and disease 

were high. As in the US study, these trials included a licensed whole cell pertussis 

vaccine for direct comparison of efficacy of the vaccines and infants were immunised at 

age 2, 4, and 6 months of age. 
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A clinical trial in a Swedish cohort of 9829 infants compared a 2 and a 5 component 

DTaP and a DTwP vaccine with 59%, 85% and 48% efficacy observed respectively 

[139]. The 5-component DTaP demonstrated sustained efficacy to 2-years of age. The 

rates of adverse events were similar for both acellular vaccines trialled and more 

frequent in whole cell vaccine recipients.  

 

In an Italian cohort of 14751 infants it was found that both of the 3-component acellular 

pertussis vaccines (containing PT, FHA and PRN) evaluated were had protective 

efficacy against pertussis disease of 84% over the first 2 years of life compared with a 

low efficacy of 36% in DTwP recipients [19]. The frequencies of adverse events were 

reported to be higher in DTwP recipients than in recipients of either of the DTaP 

vaccines. 

 

Subsequent to this, a large scale international trial demonstrated the efficacy of three 

different DTaP vaccines (2, 3 and 5 component) compared with a DTwP vaccine (UK) 

in a cohort of 82,892 infants [140]. The safety profile of the DTaP vaccines was 

significantly improved compared with DTwP vaccines.  

 

1.5.2.2 Injection site reactions to booster doses of DTaP vaccine 

 

After studies demonstrated the safety of DTaP vaccines in infants, investigations 

focussed on the safety of the vaccine used for the 4
th

 and 5
th

 dose, or booster dose. 

These studies have reported that DTaP vaccination commonly caused local reactions of 

redness and swelling after the 18-month [141-144] and 4-year booster [23, 145-151] in 

the 24-48 hours following vaccination. In summary, large local reactions of redness 

and/or swelling ≥ 50 mm in diameter to DTaP booster vaccinations occur in over 15% 

of immunised children. Studies in Australian children receiving their 5
th

 dose prior to 

preschool entry have reported rates of large local reactions to be from 24-46 % [23, 152, 

153]. The local reactions were not considered as painful as local reaction to DTwP 

vaccination and were therefore better tolerated [143, 145, 146, 148]. However, in 1-2% 

of cases the swelling and redness affected the entire limb, known as extensive limb 

swelling (ELS), prompting concerned parents to seek medical advice [21, 22, 154]. 
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Local reactions after a 5
th

 dose of DTaP at 4-6 years of age have been reported to occur 

at rates 3-5 times higher than after the 4
th

 dose [148]. This evidence, combined with 

similar finding from other studies suggests that with each successive dose of DTaP 

vaccine the risk for large local reactions increases [142, 148, 152, 154, 155].  

 

The exact cause of the inflammatory response observed at the injection site has not been 

defined and is an issue of intense interest [151]. A number of hypotheses have been 

suggested, many based on the concentration of vaccine antigens [156]. Recent studies 

have shown that use of a vaccine with reduced concentrations of DTaP components 

(dTap) reduces the frequency of local reactions [155] suggesting a role for vaccine 

components in the aetiology of local reactions. Other vaccine components such as 

aluminium adjuvant have also been suggested as possible causes of swelling reactions 

[157, 158]. However, studies comparing local reactions to DTaP administered with and 

without aluminium have reported similar incidences of local reactions [159].  

 

A study into the kinetics of booster responses to DTaP showed that IgG antibody 

concentrations are not likely to contribute to local reactions, as they do not increase fast 

enough [146, 149]. Pre-existing levels of vaccine-specific IgG antibody have been 

suggested to be associated with rates of local reactions [147] by forming immune 

complexes of high affinity antibody and vaccine antigen at the injection site. However, 

other studies report that pre-immunisation titres are not related to local reactions [146, 

148] and that dose administration is timed to boost antibody concentrations, which are 

likely to be low [160].  

 

Vaccine-specific IgE antibody titres are suggested to be associated with DTaP 

vaccination in a number of studies [23, 24, 161-163] but have not been conclusively 

defined as a cause. Again the disparity of timing of onset of local reaction and 

production of vaccine-specific IgE, which is low pre-boost, would suggest that there is 

no direct causal relationship. However, kinetics of antibody responses has shown that 

IgG antibody titres wane gradually after vaccination, but vaccine-specific IgE titres 

persist [161]. From this it would seem that the IgE response is a by-product of the 

booster vaccination. This raises the issue of an IgE/Th2 type response to DTaP 

vaccination, and the possible role of cytokine production, which will be discussed in 

next section. 
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1.5.2.3 Cytokine response profile following DTaP vaccination 

 

There is limited available data describing the profile of cytokine production after DTaP 

vaccination. However, the role of T cell-mediated memory in response to both DTaP 

vaccination [102, 164-166] and pertussis infection in humans [167, 168] and in mouse 

models [123, 169] has been well described. In addition, it has been shown that cell-

mediated memory persists for years following vaccination, whilst vaccine-specific 

antibodies decrease over this time [164, 170]. This is consistent with the suggestion that 

priming in infancy with DTaP vaccine to produce cell-mediated memory is important 

for long lasting protection from pertussis disease. Upon rechallenge the cell-mediated 

memory response rapidly induces humoral immunity and subsequent activation of 

phagocytic cells to clear infection [171]. 

 

The ability of DTaP vaccination in infancy to induce a T cell response was described by 

Zepp and colleagues in 1996. This German efficacy study of DTaP vaccine found that 

the cellular responses to pertussis antigens after DTaP vaccination involved a 

preferential induction of IL-2 and IFN-producing Th1 cells and low production of IL-

10 [102]. This was in contrast to earlier studies in mice, where a Th1-type response was 

observed only after natural infection or vaccination with whole cell pertussis, while 

acellular pertussis vaccines induced a Th2 cytokine profile [166]. However, the German 

study did not measure any cytokines considered to Th2-type and therefore they study 

did not directly compare Th1 and Th2 phenotypes in DTaP responses.  

 

A further study investigating cytokine profiles in response to DTaP vaccination in 

infancy was conducted in an Italian cohort [103]. This study measured Th1 cytokines 

IL-2 and IFN as well as Th2 cytokines IL-4 and IL-5 in children aged 7 months, after 

primary vaccination with either DTaP or DTwP vaccine at 2, 4, and 6 months. They 

found that DTwP vaccine induced exclusively Th1 cytokines, IL-2 and IFN, with little 

or no production of IL-4 and IL-5. In contrast, the acellular vaccines elicited a mixed 

cytokine profile, with IFN, IL-4 and IL-5 produced in response to pertussis antigens 

[103]. These results were supported by findings from Ryan and colleagues that whole 
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cell and acellular pertussis vaccines activate different subpopulations of T cells in 

immunised children [172]. 

 

A subsequent study by Rowe and colleagues measured IL-5, IL-6, IL-13, and IFN 

cytokine levels in response to in vitro stimulation with tetanus toxoid and the polyclonal 

stimuli PHA after the 2, 4, 6, and 12-month vaccinations [104]. Their results indicated 

that the Th2 cellular response developed first and persisted for at least 6 months, in 

contrast to a more delayed and transient pattern of Th1-like IFN production [104]. This 

was supported by follow-up studies of these children at 18 months of age [85]. The 

vaccine-specific cytokine response profiles mirrored that of response patterns to PHA, 

suggesting that the delayed Th1 vaccine response is likely to be associated with a 

general delay in maturation of the Th1 compartment. This is supported by the 

observation that production of polyclonally induced IFN was elevated by 18 months 

compared with 12 months. Interestingly, the Th2 component of vaccine specific 

responses was found to be more prominent in children with a family history of atopy.  

 

It has been demonstrated by a number of studies that vaccine-specific cytokine 

production persists until the 4-6 year preschool booster vaccination [23, 24]. They have 

also shown that Th2 cytokine levels increase after the booster dose, in conjunction with 

vaccine-specific IgE antibody production. Authors have suggested that DTaP 

vaccination in infancy promotes a Th2-biased cellular response which is reactivated by 

booster vaccination, and subsequently downregulates Th1 responses, compared with wP 

immunisation which primes Th1 cells and results in less Th2 bias after boosting. 

 

The study by Rowe and colleagues published in 2005 demonstrated an association 

between pre-existing vaccine-specific Th2 polarised cellular immune memory prior to 

administration of the preschool booster vaccine, and the occurrence of large local 

reactions to the booster [23]. Firstly, large reactions were essentially restricted to 

children primed exclusively with DTaP in infancy, with 43% of subjects experiencing 

local reactions greater than 50 mm after DTaP booster, compared with 6% in children 

who had received one or more doses of DTwP during infancy. Secondly, the size of the 

local reactions correlated highly with vaccine-specific production of IL-5, IL-6, and IL-

13, and to a lesser extent with IFN. PHA-specific production of IL-5 and IL-13 only 

were correlated with local reaction size. These data together form the basis of the 

hypothesis that the underlying mechanism of local reactions involves reactivation of the 
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Th2 polarised cellular memory [23]. This hypothesis is supported by Scheifele and 

colleagues who suggest that the levels of cell mediated immunity measured before the 

preschool booster vaccination may explain the high rates of injection site inflammation 

[160]. Understanding this inflammatory response will assist in perfecting vaccine 

formulation and timing, to ensure an adequate balance between the required antibody 

and cell-mediated immune response to prevent infection, with minimum inflammatory 

responses. 

 

1.5.3 DTP vaccination and the Australian National Immunisation Program 

 

Until 1998 the Australian National Immunisation Program (NIP) recommended a 

schedule of DTwP vaccine for infants beginning at 2 months of age, with the primary 

series of 3 vaccinations spaced 2 months apart, as is the case for many other countries 

(Table 1.6). This was followed by a booster DTwP vaccination at 18 months and a 

second booster prior to entering preschool (4-6 years). DTaP vaccine was introduced 

into the Australian NIP in 1998 and has now replaced DTwP for all recommended 

doses.  

 

Another noteworthy change to the NIP was the removal in 2003 of the first booster dose 

of DTaP scheduled for 18 months. This changed came after protection studies published 

from Italy suggested that three initial DTaP doses in infancy were sufficient to provide 

protection from pertussis disease for at least 6 years [173]. However, researchers who 

conduced this study also suggested that protection from tetanus and diphtheria would 

need to be measured if the 18-month dose was to be removed. This has not been 

reported to date. An additional motive behind removal of the 18-month vaccine from 

the schedule was the potential for decreased rates of large local reactions to booster 

doses, which will be discussed in the following sections. 

 

Trends in vaccination coverage estimates from 2003-2005 show 92% coverage at 12 

months of age, 95% at 24 months and dropping to 85% by age 6 years [17]. 

  



 30 

 

Table 1.6 Changes to the Australian National Immunisation Program in the last 20 

years 

 

AGE PRE OCT 1996 PRE SEPT 2003 NOV 2005-PRESENT 

Birth None None Hep B 

2 months DTwP 

OPV  

Hib 

DTwP or DTaP  

OPV 

Hib 

DTaP  

IPV 

Hib 

Hep B 

PCV 7v 

4 months DTwP 

OPV  

Hib 

DTwP or DTaP  

OPV 

Hib 

DTaP  

IPV 

Hib 

Hep B 

PCV 7v 

6 months DTwP 

OPV  

Hib 

DTwP or DTaP  

OPV 

Hib 

DTaP  

IPV 

Hib 

Hep B 

PCV 7v 

12 months MMR  

Hib 

MMR Hep B 

Hib 

MMR 

MenCCV  

18 months DTwP 

Hib 

DTwP or DTaP VZV 

Prior to school 

entry (4-5 

years) 

DTwP  

OPV 

DTwP or DTaP  

OPV 

MMR 

DTaP 

IPV 

MMR 

10-13 years MMR  Hep B 

VZV 

15-17 Diphtheria and 

tetanus (ADT ) 

 dTap 

Hep B: Hepatitis B; DTwP: diphtheria, tetanus, whole cell pertussis; DTaP: diphtheria, 

tetanus, acellular pertussis; dTap: low dose diphtheria, tetanus, acellular pertussis; OPV: 

Oral poliovirus; IPV: Inactivated poliovirus; Hib: Haemophilus influenzae type b; PCV 

7v: Pneumococcal conjugate vaccine 7-valent; MMR: measles, mumps, and rubella; 

MenCCV: Meningococcal C Conjugate vaccine; VZV: Chickenpox (varicella). 
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1.6 Strategies for improved pertussis prevention in early infancy 

 

To address the issues of infant morbidity and mortality from pertussis, the Global 

Pertussis Initiative (GPI) was formed in 2001 [2]. The GPI discussed the current state of 

pertussis and developed recommendations on how to combat this deadly disease [2, 16]. 

The suggested strategies to prevent the spread of pertussis, especially to vulnerable 

infants include an indirect approach of increasing immunisation rates of all age groups, 

starting with targeting immediate contacts of newborns. More direct approaches being 

considered are passive immunisation of young infants by vaccination of pregnant 

mothers, and active immunisation of newborns within the first few days after birth. 

Each of these strategies, used in combination, has the ability to reduce infant pertussis 

burden, and will be discussed in this section. 

 

1.6.1 Universal adult pertussis immunisation 

 

Rates of pertussis have increased in adolescents and adults [5, 6] who therefore 

represent a significant reservoir for transmission of pertussis to young infants [13]. 

Whilst parents, especially mothers, are the most significant source of transmission to 

their newborn [8, 11], grandparents and older siblings can also be the source [174], as 

well as health care workers [2, 12]. The increase in pertussis infection in these age 

groups is most likely a result of waning immunity to pertussis due to lack of boosting by 

vaccination or by naturally acquired subclinical infection [2]. Therefore, universal 

boosting of immunity by vaccination of adults and adolescents has the potential to 

prevent transmission to unimmunised infants. This tactic, however, encounters the huge 

obstacle of cost, and implementation of widespread vaccination campaigns, and relies 

on coverage of a significant proportion of the population, calculated to be greater than 

85% [175].  

 

As an initial step in this direction, the GPI has recommended selective vaccination of 

close contacts of newborns, known as the cocoon strategy. A low dose, dTap booster 

vaccine has been shown to be safe and to reduce pertussis disease in adolescents and 

adults [176] and is now recommended for vaccination of parents, grandparents, older 

siblings and health care workers [16]. This strategy has been implemented in Australia, 

France, USA, Germany, and Austria, however, without government funding uptake is 
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likely to be low [177]. Whilst this appears to be the best available approach at present to 

protect vulnerable young infants and appropriate vaccines are available, without 

government funding uptake is likely to remain poor, and would not be a viable strategy 

in developing countries.  

 

1.6.2 Maternal pertussis vaccination 

 

Immunisation of mothers to allow the passive transfer of maternal anti-pertussis 

antibodies to newborns as a protection strategy is a controversial one; it may 

successfully transfer protection within the first crucial weeks of life, however, it could 

possibly interfere with active immunisation. The general principle of maternally derived 

protection has been demonstrated in the case of neonatal tetanus, whereby maternal 

antibodies provide adequate protection in newborns, and has contributed to the 

reduction of neonatal tetanus in developing communities [178]. In the case of pertussis, 

antibodies have been demonstrated to cross the placenta efficiently and are able to be 

measured in unimmunised newborns (reviewed by [179]). However, further studies 

have shown that the half-life of these antibodies is short [7, 180], and by 2 months titres 

are negligible [181]. Additionally, in studies of whole cell pertussis vaccination there 

are reports of high anti-pertussis antibody titres being associated with a suppression of 

active immunisation [182-184], which would reduce the attractiveness of a maternal 

immunisation strategy. In contrast, current reports focusing on aP vaccination have 

shown no suppressive effects of pertussis antibody titres after birth, although generally 

the levels measured were low [185, 186]. In fact, passively acquired maternal antibody 

has been shown to increase vaccine-specific cell mediated immunity [187] which may 

be an important factor in delivering protection from pertussis disease. Further 

investigations are necessary before implementation of this approach, however, trials of 

immunisation during pregnancy face significant hurdles, and even then, uptake during 

pregnancy may not be high. To date there are two trials currently registered in USA and 

Canada to investigate this, but this strategy alone is unlikely to adequately reduce the 

pertussis burden [16]. 
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1.6.3 Neonatal pertussis vaccination 

 

The most direct way to offer earlier protection against pertussis to immunise the 

newborn, within days of birth, to induce early protection during this critical period. This 

strategy has been shown to be effective for other infectious disease vaccinations that are 

licensed and in routine use in newborns. Firstly, Bacille Calmette-Guérin (BCG) 

vaccine is administered in many countries within the first few days of life to combat 

tuberculosis and has a good safety profile [188]. Importantly, BCG vaccination at birth 

induces a Th1 immune response in neonates [96]. Secondly, Hepatitis B vaccine (HBV) 

is universally recommended for neonates before discharge from hospital [189] and is 

administered at birth in Australia as part of the national immunisation program [20]. 

These neonatal vaccines provide proof of principle that certain formulations of vaccines 

are able to induce protective immune responses in neonates despite the apparent 

immaturity of the neonatal immune system.  

 

Early trials of whole cell pertussis vaccine at birth were instrumental in demonstrating 

that newborns are capable of mounting an antibody response to pertussis vaccination 

(reviewed by [190]). However, concerns of immune tolerance to subsequent DTwP 

vaccinations [184] discouraged further studies, and therefore 6 weeks of age was the 

earliest recommended schedule for pertussis vaccination. 

 

Now that acellular pertussis vaccines have replaced whole cell pertussis vaccines in 

some developed countries, the issue of neonatal pertussis vaccination is again being 

addressed. To date, three clinical trials of pertussis vaccination at birth have been 

reported. The first, published in 2003 by Belloni and colleagues, investigated 

monovalent aP vaccine at birth followed by DTaP at 3, 5, and 11 months, as per the 

Italian vaccination schedule. This study demonstrated for the first time that aP vaccine 

at birth initiated earlier antibody responses to pertussis antigens compared with the 

standard schedule [185]. However, at 12 months of age, infants who received aP at birth 

had significantly lower levels of pertussis-specific antibodies. The authors speculated 

that this may have been due to elevated titre of high affinity antibodies in the birth 

cohort, which may have interfered with the fourth dose of vaccine at 11 months. This 

may not have been the case for the standard schedule group, who received one less dose 

of vaccine. From this, they suggest that if the birth schedule were to be adopted, the 

fourth dose could be delayed from 12 months to 15-18 months. 
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A second study of neonatal pertussis vaccination published in 2008 reported poor 

immune responses within a birth dose in a US cohort [186]. However, this study 

differed from the Italian study in that newborns were given DTaP vaccine, as opposed 

to the monovalent aP vaccine used in the previous study. In addition, the birth dose was 

given within the first 2 weeks of life, rather than in the first 5 days and the standard 

vaccine schedule differs in the US: DTaP vaccine is administered at 2, 4, and 6 months, 

the same as the Australian schedule [20]. Whilst this study reports pertussis antibody 

levels at 6 months to be similar in a birth cohort compared with a standard schedule 

cohort, by 7 months (1 month post 4
th

 or 3
rd

 dose respectively) antibody titres were 

significantly lower in the birth group, and this difference persisted to 18 months. The 

authors postulate this may be due to the different pertussis vaccine components, or the 

effect of diphtheria and/or tetanus toxoid in the birth vaccination, similar to the early 

DTwP studies [184]. In addition, this study reported reduced antibody responses to 

concomitant diphtheria and pneumococcal vaccine antigens in the birth group and 

concluded that neonatal pertussis vaccination was not a good strategy. On the contrary, 

in an editorial, Siegrist suggested neonatal administration of DTaP prompts vaccine 

interference as the reason for the suboptimal responses rather than inducing immune 

tolerance [191]. It was proposed by Siegrist that the combination of diphtheria and 

tetanus with aP in the birth dose formulation may have resulted in interference with B 

lymphocyte priming or antigen presentation, and subsequent responses explaining the 

lower antibody levels in the experimental group. It should be noted that B and T cell 

responses were not assessed in this study. 

 

Importantly, this study has reported that the birth dose of DTaP vaccine was well 

tolerated, with no observed differences between the groups for number or extent of local 

or systemic reactions. This study showed that neonatally vaccinated infants did mount 

an immune response to the vaccine antigens, providing further evidence that newborns 

are able to respond to vaccination [191]. It is difficult to compare the Italian and US 

studies due to both the differences in study design, and the fact that the US study did not 

measure antibody levels at 2 or 4 months and therefore it is difficult to know whether 

accelerated antibody titres were achieved. 

 

In the most recent study of neonatal pertussis vaccination, Knuf et al. report on a 

German cohort who received monovalent aP at birth followed by DTaP at 2, 4, and 6 
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months. The authors reported that a birth dose of aP is able to induce early pertussis-

specific IgG antibody responses, measured at 3 months. In contrast to the other two 

studies, there were no significant differences in these antibody titres between the birth 

cohort and standard dose cohort at 7-8 months of age [192]. These are encouraging 

results for the use of aP vaccination to provide earlier protection for newborns. 

However, this study also reported that infants who received the birth dose of aP had 

significantly lower antibodies to Haemophilus influenzae type b (Hib). The authors 

hypothesised that this may be due to the strong secondary pertussis response after the 

first dose of combined DTaP-IPV-HBV/Hib vaccine at 2 months leading to interference 

with the induction of primary Hib responses. Known as bystander interference, the 

strong pertussis response may potentially interfere with CD4
+
 T cell help required for 

Hib responses but not with CD4
+
 T cell help specific for other vaccine antigens [191]. 

Whilst this interference with subsequent antibody is of concern, the level of Hib 

antibodies observed was still considered protective. Further studies of vaccine 

interference and possible reduction in protection are required. This study was not 

designed to measure the possible vaccine interference on concomitantly administered 

Hepatitis B vaccination (HBV) as subjects were randomised to receive either aP or 

HBV. This is an important issue as the ensuing T helper cell response pattern is likely 

different for both vaccines, as aP has been shown to be Th2-stimulatory [104] while 

HBV is Th1-inducing [96]. This may have implication on subsequent immune response 

profiles, and may lead to bystander interference of Hep B responses. 

 

The conflicting results from the studies detailed above are not easily explained. The 

most obvious explanation for the variations in immune responses to neonatal 

vaccination is the use of different vaccine formulations used for the birth dose; DTaP 

compared to monovalent aP. DTaP at birth resulted in lower antibody titres to 

subsequent vaccination and was shown to affect diphtheria responses but not tetanus 

responses. This is a phenomenon previously reported by Dagan et al. [193] and suggests 

that diphtheria-induced interference could play a role, however, the exact mechanism is 

not known. It would seem however, that the presence of diphtheria and/or tetanus toxoid 

in the vaccine preparation administered at birth influences in some way the subsequent 

antibody response. 

 

The salient points from all three studies are that a birth dose of aP either given alone or 

in the DTaP combination vaccine was able to elicit an immune response in neonates, 
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which was well tolerated with no significant reactogenicity reported, and similar rates of 

local reactions in both groups to subsequent vaccinations. Previous studies have shown 

an increased risk for local reaction with each successive dose of DTaP [142, 148, 152, 

154, 194] and a Th2-skewed profile associated with this reactogenicity [23]. Given 

these two points, it is reasonable to hypothesise that adding one or two extra doses of 

pertussis vaccine at birth and one month after birth, at a time when T cell responses are 

intrinsically biased toward a Th2 profile [195] may increase the possibility of local 

reactions to subsequent booster doses. This is an important issue to be addressed taking 

into consideration the possible trade-off between earlier protection from a life-

threatening disease in early infancy, and local vaccine reactions in later life.   

 

Whilst these studies show the principle of early antibody responses to pertussis, they do 

not establish a correlation between antibody levels and protection from disease. 

Additionally, a number of issues have been raised in relation to the safety of neonatal 

pertussis vaccination. One issue that has not been addressed in any of the current studies 

is cell mediated immune (CMI) responses to neonatal pertussis immunisation. The 

importance of these studies is two-fold; firstly, with the lack of clinical correlates of 

antibody-induced protection from pertussis disease, one is unable to predict protection 

efficacy from antibody titres alone. With a clear role for CMI in clearance of pertussis 

infection [102, 164-166], and in response to pertussis vaccination [123, 167, 168], an 

effective CMI response may be sufficient to provide adequate protection in the absence 

of high antibody tires. Secondly, as aP-containing vaccines have been shown to induce a 

Th2-polarised cellular response [104], aP at birth may be priming for a Th2 bias, 

possibly affecting subsequent vaccinations [23]. Therefore, studies of CMI in this 

setting are required. An understanding of the neonatal immune response to pertussis 

vaccination is essential to improve protection from disease. 
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1.7 Thesis aims 

 

1) Investigation of the cell mediated immune response to acellular pertussis 

vaccination at birth 

2) Elucidation of the effects of the removal of the 18 month dose of DTaP vaccine 

from the Australian schedule 

3) Investigating associations between T cell response to booster DTaP vaccine 

local reactions 

4) Investigation of gene expression profiles in response to DTaP vaccination 

compared with response to allergen 
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Chapter 2. Materials and Methods 
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2.1 Neonatal pertussis vaccination trial 

2.1.1 Study subjects 

 

The National Centre for Immunisation Research, Sydney, Australia conducted a 

randomised, non-blinded trial of monovalent acellular pertussis (aP) vaccination in 

newborn infants from February 2005 to March 2007 [196]. Follow-up studies of these 

children at age 4 years of age are ongoing. Seventy six healthy newborns were recruited 

from The Children‟s Hospital Westmead, Sydney, Australia and The Women‟s and 

Children‟s Hospital, Adelaide, Australia. Of these, 62 were consented to an add-on 

study of cell-mediated immunity (CMI) to vaccine antigens, coordinated by Prof. Pat 

Holt, in Perth, Australia. CMI studies, which comprised measurement of in vitro 

cytokine responsiveness of peripheral blood mononuclear cells (PBMC) from study 

subjects, were conducted solely by this PhD candidate and are presented in Chapter 3 of 

this thesis. In addition, antibody levels were measured in serum for vaccine antigen 

responses by GSK, Belgium; these results were made available for analysis by this PhD 

candidate and presented in Chapter 3. This study was carried out with the approval of 

relevant institutional ethics committees. 

 

2.1.2 Vaccination program 

 

Subjects were randomly assigned to one of three groups which each followed a specific 

immunisation schedule. One group of subjects (Group 3 herein) received vaccines 

according to the Australian National Immunisation Program (NIP) [18], which dictates 

immunisation with hepatitis B vaccine (HBV, Engerix B, GlaxoSmithKline (GSK) 

Biologicals, Rixensart, Belgium) at birth, followed by a combination diphtheria, tetanus, 

acellular pertussis, hepatitis B, inactivated polio virus, Haemophilus influenzae type b 

vaccine (DTaP-HBV-IPV/Hib, Infanrix-Hexa, GSK) and 7-valent pneumococcal 

conjugate vaccine (Prevenar, Wyeth Pharmaceuticals Inc., Philadelphia, USA) at 2, 4 

and 6 months of age. Two other groups were given in addition investigational 

monovalent aP vaccine containing 25 g pertussis toxoid (PT), 25 g filamentous 

haemagglutinin (FHA), 8 g pertactin (PRN), and 0.5 mg aluminium as hydroxide salts, 

(GSK), either as a single dose at birth (Group 2) or at birth and at one month of age 

(Group 1). „Birth‟ doses of vaccine (aP and HBV) were administered within 5 days of 
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birth. All subjects received vaccination according to the Australian NIP at 4 years of 

age: DTaP-IPV (Infanrix, GSK) and Measles Mumps Rubella vaccine (MMR, 

Priorix, GSK).  

 

2.1.3 Blood sample collection 

 

Peripheral blood samples were collected from subjects at four time points: 8 months, 2 

years, and immediately before and 4-6 weeks following DTaP preschool booster 

vaccination at 4 years of age. Thirty subjects had blood samples of sufficient volume for 

measurement of cytokine responsiveness at 8 months of age, and 27 subjects (matched 

with 27 of the subjects from the 8 month time point) for the 2-year time point. As the 4-

year follow-up is still ongoing, selection of samples to be analysed at the 4-year time 

point was based on availability; cytokine responsiveness was examined using pre- and 

post-vaccination blood samples at 4 years from 25 subjects. Blood was collected into an 

equal volume of RPMI 1640 (Cytosystems, Castle Hill, Australia) containing 20 IU/ml 

preservative-free heparin (Pharmacia, Australia) and shipped to Perth from Sydney or 

Adelaide at room temperature. PBMC were isolated and cryopreserved within 24 h as 

per Section 2.3.1.  

 

2.1.4 IgG antibody measurement: GSK 

 

Serum samples were collected at 2, 4, 6, and 8 months, and 2 years and shipped frozen 

to GSK Biologicals, Rixensart, Belgium for analysis. An ELISA method was used by 

GSK to determine geometric mean concentrations (GMC) of IgG antibody specific for 

the pertussis vaccine antigens PT, FHA and PRN, as per GSK standard assays 

developed for licensure of DTaP vaccines. The limit of detection for the assay was 5 

ELISA units per ml (EL.U/ml). 

 

2.1.5 Statistical analysis of in vitro cytokine responses 

 

Mann-Whitney U-test was used to compare cytokine responses and antibody titres 

between the three vaccine groups using SPSS software package (SPSS Inc., Chicago, 

USA). For the 8-month analyses, calculations were performed to account for multiple 
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testing using Bonferroni adjustments. Comparisons of pre- and post- 4-year booster 

vaccination cytokine measurements were determined by Wilcoxon test for paired 

responses. A p value of ≤ 0.05 was considered significant for both tests. 

 

2.2 Preschool DTaP vaccination trial 

2.2.1 Subjects 

 

Subjects from two clinical trials were studied as part of this thesis; these clinical trials 

are summarised in Table 2.1. The 5-dose cohort consists of a subset of subjects from a 

clinical trial that was performed to investigate vaccination of 4-6 year olds with 

combined DTaP-IPV compared with DTaP and IPV administered separately [23, 197]. 

This subset comprised 30 healthy subjects aged 4-6 years who had completed a primary 

immunisation course of DTaP-IPV at 2, 4, and 6 months, followed by measles, mumps, 

rubella (MMR) vaccine at 12 months and DTaP-IPV at 18 months [23]. Any subject 

who had received whole cell pertussis vaccination during infancy was excluded from 

the study presented in this thesis. 

 

The 4-dose cohort consisted of subjects from a clinical trial designed to investigate the 

effects of removal of the 18-month dose of DTaP. This cohort consisted of 106 healthy 

subjects who consented to the study and had completed a primary immunisation course 

of DTaP-IPV at 2, 4, and 6 months and MMR at 12 months. Subjects were recruited at 

age 4-6 years when presenting for a 4
th

 dose of DTaP-IPV, having not received a dose at 

18-months. These studies were approved by relevant ethics committees and were 

conducted in accordance with Good Clinical Practice guidelines.  

 

Table 2.1 Summary of clinical cohorts 

Cohort 
Number of 

subjects 
Previous DTaP vaccinations Clinical trial duration 

5-dose 30 2, 4, 6, 18 months Jun-Dec 2002 

4-dose 106 2, 4, 6 months Jun 2006- Jun 2008 
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2.2.2 Vaccines 

 

All subjects from the 4- and 5-dose cohorts received the vaccines recommended for 

children aged 4 in Australia [18]: DTaP-IPV (Infanrix-IPV, GSK, Rixensart, 

Belgium) and MMR (Priorix, GSK). However, in the 5-dose cohort, 14 of the 30 

subjects received DTaP (Infanrix, GSK) in one arm and IPV (IPOL, Aventis Pasteur) 

in the other arm. As efficacy of the combination vaccine was found to be similar to 

receiving the vaccines separately [23, 197], subjects from the 5-dose cohort have not 

been considered separately based on mode of injection in the studies presented in this 

thesis. 

 

2.2.3 Reactogenicity measurement 

 

The size of any local reactions at the injection sites was recorded for 3 days following 

the administration of the 4-year booster vaccination of DTaP-IPV and MMR for both 

cohorts. Parents or guardians were asked to measure and record in a diary card the 

diameter in mm of any redness and of any swelling at the site of injection in a diary 

card, along with any systemic events for three days post-vaccination. Of the 106 

subjects recruited to the 4-dose cohort, 99 returned a completed diary card and were 

included in the analyses presented in this thesis. 

 

2.2.4 Blood sample collection 

 

Blood samples were collected from study participants immediately before (pre) and 4-6 

weeks following (post) booster vaccination. Blood was centrifuged to separate serum, 

which was stored at -80 ˚C for later batch analysis. Plasma separated from whole blood 

and diluted in an equal part of RPMI 1640 (Cytosytems, Castle Hill, Australia) was 

stored at -20 ˚C.  
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2.2.5 Antibody measurement 

2.2.5.1 Total and tetanus toxoid specific IgE 

 

Total IgE and Tetanus Toxoid-specific IgE (RC208) were measured from serum using 

Pharmacia UniCAP 100 system as per the manufacturer‟s instructions. The limit of 

detection was 0.36 kU/l; any value below this was assigned the value of half the cut off, 

which is 0.18 kU/l. 

 

2.2.5.2 Tetanus and diphtheria specific IgG 

 

ELISA assays to measure tetanus and diphtheria antibodies were performed according 

to a standard operating diagnostic procedure at the Immunology Department at Princess 

Margaret Hospital, Subiaco, Western Australia, by this PhD candidate. 

 

Tetanus toxoid concentrate (CSL, Parkville; detoxified, Special Item No. 04850 Lot No. 

0485700) (Lf/ml) and diphtheria toxoid concentrate (CSL; detoxified, Special Item 

No.08200 Lot No. 0820348) were used as coating proteins for the ELISA. Each toxoid 

was diluted to 10 Limes flocculation doses/ml (Lf/ml) in a carbonate coating buffer (0.1 

M sodium carbonate bicarbonate pH 9.6) and added to separate Maxisorp 96 well 

ELISA plates (Nunc Als, Denmark) at 100 l per well and incubated overnight at room 

temperature. Plates were washed 3 times in wash buffer (1.93 g/L Na2HPO4 anh, 0.39 

g/L NaH2PO4.2H2O, 8.5 g/L NaCl, 0.5 ml/L Tween 20 (Sigma, Castle Hill, Australia), 

pH 7.3) using a BioRad (Gladesville, Australia) immunoplate washer. Standards, 

tetanus immunogloubin (CSL) and pooled serum D234 (standardised against CSL 

standard), were serially diluted (1:200 to 1:25600) in dilution buffer (wash buffer as 

described above, containing 1% foetal bovine serum [FBS; Trace Scientific, Noble 

Park, Australia]) to form a standard curve. Quality control (QC) samples of pooled 

human serum of known antibody titres (1.0 IU/ml for high QC, and 0.1 IU/ml for low 

QC) were diluted in buffer to 1:800. Samples were diluted in buffer to 1:200 and 1:400. 

Standards, quality controls and unknown samples were added to the plate to give 90 l 

per well and the plate was incubated for 30 min at 37
o
C. Plates were washed as 

previously described and secondary antibody added at 100 l per well; sheep anti-

human IgG–alkaline phosphatase (Chemicon, Boronia, Australia) diluted 1:1000 in 

dilution buffer. Plates were incubated for 90 min at 37
o
C and then washed 3 times as 
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previously stated. A substrate solution of p-nitrophenyl phosphate disodium, prepared 

by dissolving 5 mg tablets (Sigma 104-105, 1 tablet per 5 ml) in substrate buffer (100 

mg MgCl2.6H20, 97 ml diethanolamine, 800 ml distilled water, pH to 9.8 with 1M HCl) 

was added at 100 l per well and incubated in the dark for 15 min. Sodium hydroxide 

(3M NaOH) was used at 50 l per well to stop the enzymatic reaction. The 

colourimetric outcome was measured at absorbance 405 nm on a BioRad ELISA plate 

reader (Model 3550) and unknown sample concentrations were calculated from 

standard curves using BioRad Microplate Manager III software (4-parameter curve fit). 

Undetectable titres were assigned a value of 0.005, which is half of the lower detection 

limit.  

 

2.3 PBMC culture and measurement of in vitro cytokine responses 

2.3.1 Blood sample processing for PBMC isolation 

 

Blood was collected into an equal volume of RPMI 1640 (Cytosystems, Castle Hill, 

Australia) containing 20 IU/ml preservative-free heparin (Pharmacia, Australia) and 

processed within 24 hours of collection employing standard methodology, which does 

not significantly alter subsequent in vitro cellular responses [198, 199]. PBMC were 

isolated by ficoll density gradient centrifugation using Lymphoprep (Vital Diagnostics, 

Australia). Cells were washed twice in RPMI 1640 containing 2% foetal calf serum 

(FCS, JRH Biosciences, Australia) and counted using white cell counting fluid (crystal 

violet in 2% acetic acid and sodium chloride). Cells were then resuspended in freezing 

medium (7.5 % DMSO, 2% FCS in RPMI) and cryopreserved in liquid nitrogen.  

 

2.3.2 PBMC culture 

 

Cryopreserved PBMC were batch analysed in groups of 8 within a short period and with 

identical reagents, as described previously [104]. PBMC were thawed rapidly and 

resuspended at 1 x 10
6
 viable cells/ml in either RPMI 1640 supplemented with 5% 

Human AB serum (Dynal Biotech – Heat inactivated) for cultures with vaccine 

antigens, or in AIM-V serum-free medium (Gibco Life Technologies, Waverley, 

Australia) supplemented with 2-mercaptoethanol (4 x 10
-5

 M final concentration; 

Sigma) for cultures with PHA. Cells were cultured in 96-well, round bottom plates with 
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2.5 x 10
5
 cells/well in 250 l in duplicate; replicates were pooled for subsequent 

analysis. Cells were cultured at 37
o
C under 5% CO2 for 96 h in medium alone or 

medium containing a stimulation antigen as detailed in the following sections. 

Following culture, cells were centrifuged at 8000 rpm for 10 min at room temperature 

and supernatants were collected and stored at -20
o
C for cytokine protein quantification.  

 

2.3.2.1 Culture conditions: PBMC from Neonatal Pertussis Vaccination Trial subjects 

 

PBMC were cultured separately with each of the antigens listed in Table 2.2. PBMC 

from the 8 month and 2 year time points were cultured with all stimuli for all subjects. 

PBMC from the 4-year time point were cultured only with pertussis vaccine antigen 

mix, TT and unstimulated. Pertussis vaccine antigen concentrations were based on 

preliminary dose response experiments performed by this candidate (data not shown). 
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Table 2.2 Stimulation antigens used in the neonatal pertussis vaccination trial 

Stimulus Concentration 

Culture 

duration 

(h) 

Source 
Time point 

assayed 

Unstimulated Medium only 96 and 48 NA ALL 

PT 1 g/ml 96 GSK, Rixensart 8 months 

2 years 

FHA 1 g/ml 96 GSK, Rixensart 8 months 

2 years 

PRN 1 g/ml 96 GSK, Rixensart 8 months 

2 years 

MIX 1 g/ml of 

each* 

96 GSK, Rixensart ALL 

TT 0.5 Lf/ml 96 CSL, Melbourne ALL 

DT 1.0 Lf/ml 96 CSL, Melbourne 8 months 

2 years 

Hep B 2.5 g/ml 96 ProSpec-Tany 

TechnoGene 

Ltd., Rehovot, 

Israel 

8 months 

2 years 

PHA 1 g/ml 48 Murex Biotech, 

Dartford, UK 

ALL 

*Mix is a combination of pertussis vaccine antigens: 1 g/ml of each of PT, FHA, PRN, 

all generously supplied by GSK, Rixensart, Belgium. TT: tetanus toxoid. DT: diphtheria 

toxoid. Hep B: hepatitis B surface antigen. PHA: phytohaemagglutinin. Lime‟s 

flocculation doses (Lf)/ml. 
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2.3.2.2 Culture conditions: PBMC from Preschool DTaP Vaccination Trial subjects 

 

PBMC from subjects in the 4-dose cohort before and after the 4-year booster DTaP 

vaccination were cultured separately with the antigens listed in Table 2.3. 

 

Table 2.3 Stimulation antigens used in the preschool DTaP vaccination trial 

Stimulus Concentration Culture duration 

(h) 

Source 

Unstimulated Medium only 48 and 96 NA 

MIX 1 g/ml of each* 96 GSK, Rixensart 

TT 0.5 Lf/ml 96 CSL, Melbourne 

DT 1.0 Lf/ml 96 CSL, Melbourne 

PHA 1 g/ml 48 Murex Biotech, 

Dartford, UK 

*Mix is a mixture of pertussis vaccine antigens, a combination of 1 g/ml of each of 

PT, FHA, PRN, all generously supplied by GSK, Rixensart, Belgium. TT: tetanus 

toxoid. DT: diphtheria toxoid. PHA: phytohaemagglutinin. Limes flocculation doses 

(Lf)/ml. 

 

2.3.3 Protein quantification 

 

Two methods were used for protein quantification from thawed cell culture 

supernatants: time resolved fluorometry (TRF) and a quantitative multiplex fluorescent 

bead assay based on the Luminex platform (Luminex assay) which became available 

only after these PhD studies were underway. For subjects from the neonatal pertussis 

vaccination trial, cytokines from 8-month PBMC cultures were measured by TRF assay 

while cytokines from the 2- and 4-year samples were measured using the Luminex 

assay. For subjects from the preschool DTaP vaccination trial (4-dose cohort), 4-year 

pre- and post-DTaP booster cytokine responses were measured using the Luminex 

assay.  

 

 

 

2.3.3.1 Time resolved fluorometry (TRF) Assay 
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Concentrations of IL-5, IL-6, IL-13, TNF and IFN in culture supernatants were 

measured by TRF, which has been optimised in-house and described previously [85]. 

Table 2.4 shows the antibodies used for each cytokine assay.  

 

Table 2.4 Details of primary and secondary commercial antibodies used in TRF 

assays 

 Primary Antibody Secondary Antibody 

IL-5 Purified rat -mouse/human IL-5  

0.5 mg/ml [554393] @ 1 g/ml 

Biotin rat -human IL-5 

0.5 mg/ml [554491] @ 0.25 g/ml 

IL-6 Purified rat -human IL-6 

0.5 mg/ml [554543] @ 2 g/ml 

Biotin rat -human IL-6 mAb 

0.5 mg/ml [554546] @ 1 g/ml 

IL-13 Purified rat -human IL-13 mAb 

0.5 mg/ml [54821] @ 2 g/ml 

Biotinylated mouse -human IL-13 

0.5 mg/ml [555054] @ 1 g/ml 

IFN Purified -human IFN (capture) 

1.0 mg/ml [551221] @ 4 g/ml 

Biotin mouse -human IFN 

0.5 mg/ml [554550] @ 2 g/ml 

TNF Purified -human TNF (capture) 

0.5 mg/ml [551220] @ 2 g/ml 

Biotin mouse -human TNF 

0.5 mg/ml [554511] @ 2 g/ml 

All antibodies in the above table are from BD Biosciences Pharmingen (North Ryde, Australia) 

 

ELISA plates (Nunc Immunoplate F96 Maxisorp Cat # 442404 [Nunc Als, Denmark] 

were coated with primary antibody diluted in a carbonate coating buffer of 15 mM 

sodium carbonate (Na2CO3) and 35 mM sodium hydrogen carbonate (NaHCO3) pH 9.6, 

and incubated at 4
o
C overnight. Primary antibody was discarded from the wells and 

unbound sites blocked with a solution of 0.05 M Tris, 0.9% sodium chloride (NaCl), 

0.05% Sodium azide (NaAz), and 0.5% Bovine serum albumin (BSA) for 1 h at room 

temperature. The blocking solution was discarded and the wells washed 5 times with a 

wash solution of 0.5 M Tris, 0.9% sodium chloride (NaCl), and 0.05% Sodium azide 

(NaAz), diluted 1:19 in deionised H2O and 0.1% Tween-20 [Fluka Sigma]. Samples, 

standards and quality controls (QC) were added to the plate at 50 l/well and incubated 

for 1 h at room temperature. Samples and QC were diluted 1:1 in assay buffer (in house 

“CBI Blue” assay buffer). Well contents were then discarded and wells washed 5 times 

in wash buffer. Secondary antibodies were added to each well and incubated for 1 h at 

room temperature with agitation. Secondary antibody was then discarded and wells 

washed with wash buffer 5 times. Europium labelled streptavidin (0.1 mg/ml Cat # 

1244-360 [Delfia, Wallac Oy Turku, Finland]) was diluted 1 in 500 in assay buffer, 
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added to the wells and incubated for 30 min at room temperature with agitation. This 

solution was then discarded and wells washed 8 times in wash buffer. Enhancement 

solution (Delfia) was added to the wells and incubated at room temperature in the dark 

for 10 min. Fluorometry was measured no longer than 1 h after enhancement solution 

was added, on a Victor Wallac fluorometer (Turku, Finland) with blank correction, 

dilution factor of 2 and cubic spline curve analysis used to interpolate unknown sample 

concentrations from standard curve. The limit of detection for each cytokine assay was 

10 pg/ml. Values less than 10 pg/ml were reassigned a value half of the lower limit of 

detection (5 pg/ml). Antigen-induced cytokine responses were calculated by subtracting 

control sample concentrations from stimulated sample concentrations for each 

treatment. 

 

2.3.3.2 Cytokine measurement by Luminex assay 

 

IL-5, IL-6, IL-9, IL-13, IFN and TNF protein concentrations were measured by 

Luminex assay using xMAP® technology. Cytokine standards for each cytokine (Becton 

Dickinson, USA, 0.5 mg/ml in PBS, 1% human serum albumin [HSA]) were serially 

diluted in culture media and assay buffer (PBS, 1% bovine serum albumin [BSA]) to the 

following concentrations in pg/ml: 30000, 10000, 3000, 1000, 3000, 1000, 300, 100, 30, 

10, 3. Culture supernatants and quality control (QC) samples (high and low) were 

diluted 1:1 in assay buffer. Microspheres (MagPlex, Luminex
®
, USA) had been 

previously coupled to azide-free primary antibodies IL-5, IL-6, IL-9, IL-13, TNF (all 

Becton Dickinson) and IFN (eBioscience, USA); details are shown in Table 2.5. 

 

Table 2.5 Microspheres used for Luminex assay 

Cytokine Region Catalogue number 

IFN 056 MC10056-01 

IL-5 036 MC10036-01 

IL-6 025 MC10025-01 

IL-9 073 MC10073-01 

IL-13 038 MC10038-01 

TNF 054 MC10054-01 
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Microspheres were stored at 1x10
6 

beads/ml in PBS-BN (PBS + 1% BSA + 0.05% 

Sodium Azide, pH 7.4) and were vortexed and sonicated for use in master mix, which 

was plated at 50 l/well into a 96-well, round-bottom plate (Costar, USA). Diluted 

samples, QCs and standards were also added at 50 l/well and the plate incubated on a 

plate shaker in the dark at room temperature for 30 min. A magnetic bead separator 

(LifeSep
TM

 96F, Dexter Magnetic Technologies Inc, USA) was used to retain 

bead:protein complexes within the wells while supernatant was discarded and these 

complexes were washed twice in 100 l/well of Assay buffer then resuspended in 50 

l/well assay buffer . Biotinylated secondary antibodies (IL-5, IL-6, IL-9, IL-13, TNF 

[all Becton Dickinson] and IFN [eBioscience]) were diluted in a master mix and added 

to the wells (50 l/well). The plate was incubated on plate shaker in the dark at room 

temperature for 30 min.  

 

Magnetic separation, washing and re-suspension steps were again performed as above. 

Streptavidin-phycoerythrin (Becton Dickinson) was diluted 1 in 1000 in assay buffer 

and added to the wells (50 l/well), and the plate incubated on a shaker in the dark at 

room temperature for 30 min. Magnetic separation and washing steps were performed, 

and bead:protein resuspended in 100 l/well assay buffer. The magnitude of bead 

fluorescence was measured on the Bio-Plex Suspension Array System (BIO-RAD, 

USA). Unknown sample concentrations were calculated from the standard curve. The 

limit of detection for this assay was 10 pg/ml. Any value under this was reassigned the 

value of 5 pg/ml. 

 

2.4 Microarray examination of gene expression changes within CD4
+
 T cells in 

response to pertussis vaccine 

2.4.1 Microarray study design and subject selection 

 

A subset of subjects from the preschool DTaP vaccination trial was used for microarray 

studies. Subjects from the 4-dose cohort were selected based on the maximum-recorded 

measurement of redness or swelling at the injection site after the 4-year DTaP 

vaccination. Subjects were separated on the basis of the measurement of redness and 

swelling at the injection site, into reactors (≥ 40 mm, n=15) and non-reactors (zero 

redness and swelling, n=15). RNA from each subject was processed and hybridised onto 
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individual chips: 15 reactor chips and 15 non-reactor chips. However, after the quality 

control measured on each hybridised chip were assessed following manufacturer‟s 

instructions, it was found that 4 chips did not pass our stringent QC test criteria, and 

were therefore excluded from the final analysis of gene expression profiles; therefore 

the number of chips included in data analyses are 15 reactor chips and 11 non-reactor 

chips. 

 

2.4.2 Preparation of samples and microarray hybridisation 

2.4.2.1 PBMC culture 

 

PBMC samples were cultured for microarray analysis following the culture conditions 

described in Sections 2.3.2 and 2.3.2.2 with the exception that cells were cultured for 24 

h in medium alone or with medium containing pertussis vaccine antigen mixture (1 

g/ml of each of PT, FHA and PRN). Following culture, CD4
+
 cells were isolated from 

cultured PBMC for RNA extraction as described in the following sections. 

 

2.4.2.2 Isolation of CD4
+
 T cells 

 

CD4
+
 T cells were isolated from 24 h cultured PBMC by positive selection using anti-

CD4 Dynabeads as per manufacturers instructions (Dynal Biotech, Australia). The 

purity of the CD4
+
 fraction was assessed on a subset of samples (where sufficient cell 

numbers allowed) by FACS (Fluorescence Activated Cell Sorting) analysis with the 

assistance of Dr Kathy McKenna using an LSRII flow cytometer. The purity of CD4
+ 

cells was on average 88 %. 

 

2.4.2.3 Extraction and purification of total RNA from CD4
+ 

T cells 

 

Total RNA was isolated from CD4
+ 

T cells attached to Dynabeads using TRIzol reagent 

(Invitrogen Life Technologies, Australia) immediately after the isolation process 

according to manufacturer‟s instructions; 500 l TRIzol was added to each sample and 

mixed vigorously. Cell-bead suspensions in TRIzol were stored at -80
o
C until batch 

purification. 
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RNA was purified according to TRIzol manufacturer‟s instructions; 100 l of 

chloroform was added to thawed samples, which were mixed vigorously and 

centrifuged at 14 000 x g for 5 min at 4
o
C. The aqueous phase was collected (~ 290 l) 

and an equal volume of 70% ethanol was added. This was further purified using RNeasy 

Minelute purification kit (Qiagen, Australia) according to manufacturer‟s instructions. 

A DNase treatment step was performed on these RNA samples using Wipeout DNase 

according to manufacturer‟s instructions. RNA yield was measured by 

spectrophotometry using a Nanodrop spectrophotometer (Thermo Scientific, USA). 

 

2.4.2.4 RNA labelling and hybridisation to microarray chips 

 

Total RNA samples, (~ 100 ng of each) were labelled using a single cycle labelling kit 

(Millennium Science) according to manufacturer‟s instructions, and hybridised to 

Human Gene 1.0 ST microarrays (Affymetrix) using standardised methodology and 

reagents from Affymetrix. 

 

The final steps of the procedure, hybridisation to chips, washing, staining, scanning and 

assessment of genechip quality control parameters were performed according to 

manufacturer‟s instructions by staff at the Australian Neuromuscular Research Institute, 

Sir Charles Gairdner Hospital, Western Australia, under commercial agreement. 

 

2.4.3 Analyses of gene expression profiles 

 

Microarray data were pre-processed in Expression Console software (Affymetrix, 

California, USA) using the probe logarithmic intensity error algorithm (PLIER, 

parameters: PM-GCBG background subtraction, quantile normalisation, iterPLIER 

summarisation). These data were then further analysed in the R environment (www.r-

project.org). To „stabilise‟ the data, a factor of 16 was added to each data point, and 

then a log2 transformation.  

 

To identify genes that were differentially expressed (up or downregulated) by pertussis 

stimulation, gene expression intensity was compared in cells stimulated with pertussis 

antigen with unstimulated cells resulting in a value for fold change in gene expression. 

The fold change in gene expression of differentially expressed genes were visualised on 

http://www.r-project.org/
http://www.r-project.org/
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a minus-average plot (MA). This plots the log2 fold change of gene expression intensity 

in stimulated cells relative to unstimulated cells on the vertical axis, and the average 

signal intensity on the horizontal axis. 

 

To determine the significance of differential gene expression the signal intensity for 

each gene was analysed by a moderated T-test [200]. A false discovery rate (FDR) was 

calculated and applied to account for multiple testing [201]; a FDR ≤ 0.05 was selected 

as the significance level for differential expression. Data were visualised on a volcano 

plot for each group (reactors and non-reactors) with log2 fold change of stimulated 

versus unstimulated samples on the horizontal axis and the statistical significance 

(absolute T-test) on the vertical axis. 

 

Limma (linear models for microarray data) analysis was used to compare reactor and 

non-reactor gene expression profiles [200]. The results are displayed as a volcano plot 

with the log2 fold change in expression comparing reactors and non-reactors on the 

horizontal axis and T-test statistic on the vertical axis.  

 

In addition, SAM analysis (significance analysis of microarrays) was used as an 

alternative comparator of reactor and non-reactor log2 fold change gene expression 

[202]. This method assigns a score to each gene on the basis of change in gene 

expression relative to the standard deviation of repeated measurements for that gene. 

The significance level is determined by an adjustable tuning parameter „delta‟ based on 

the percentage of genes identified by chance, the false discovery rate (FDR) [202].  

 

2.4.4 Analyses of gene expression networks 

 

As well as creating lists of significantly differentially expressed genes, microarray array 

data can provide additional information by utilising network analysis, which considers 

the relationships between measured transcripts [203]. Network connectivity represents a 

measure of how correlated a gene is with all other genes in the network and can identify 

„modules‟ of genes that are highly correlated (connectivity) with other genes, such as in 

a biological pathway, and can also identify „hub‟ genes, which are very highly 

connected with many other genes within the module. 
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Network analysis was performed using a weighted gene coexpression algorithm 

developed by Horvath and co-workers [204]. Once a list of genes relevant to the 

response being studied ha been identified, the algorithm calculates the absolute Pearson 

correlation for all pair-wise gene combinations across the microarray samples. This 

correlation matrix was transformed into a connectivity matrix by raising the correlation 

to a power , which serves to emphasise strong correlations and remove weak 

correlations. The value for  was selected by using a statistical model that is based on 

the assumption that the distribution of connectivity in biological networks exhibits an 

approximate scale-free topology [205]. The topological overlap matrix was calculated 

from the connectivity matrix, which measures the degree in which each pair of genes is 

connected to „third party‟ genes. Hierarchical clustering was then performed and 

modules were defined from the resulting tree branches of the dendrogram employing an 

automated adaptive algorithm [206, 207].  

 

In addition, network analysis was performed on these samples as an entire cohort, with 

out stratifying for reactor or non-reactor subjects. Network modules were analysed to 

identify any significantly up or downregulated modules. These network modules, from a 

cohort of vaccinated individuals displaying gene expression in response to pertussis 

vaccine antigen stimulation were compared with previous published data on network 

modules from atopic individuals in response to house dust mite (HDM; D. 

pteronyssinus) [208]. 

 

2.5 Reverse transcription and real-time PCR 

 

RNA samples from microarray cultures were reverse transcribed using Omniscript RT-

PCR kit (Qiagen) according to manufacturer‟s instructions. The resultant cDNA was 

diluted 1:10 in RNase-free water. 

 

Quantitative reverse-transcription PCR (qRT-PCR) was performed using cDNA 

samples with QuantiTect SYBR Green and PCR master mix (Qiagen) and an ABI Prism 

7900HT real-time thermocycler (Applied Biosystems, Australia). Primers for some 

targets had been previously designed in house using Primer Express software (Applied 

Biosystems) and are described in Table 2.6. Pre-designed QuantiTect primer sets were 

purchased from Qiagen, Australia for other targets; as these primer assays are 
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proprietary, the sequences are not known. Samples were assayed concurrently with a 

series of standards produced by serial dilution of either PCR product, or plasmids 

containing cloned product. Primers were used at a final concentration of 300 nM. PCR 

conditions for in-house primer assays were 1 cycle: 94 °C 15 min: 40 cycles: (94 °C for 

15 sec then 60 °C for 1 min); a dissociation step of 1 cycle: 95 °C 15 sec, 60 °C 15 sec, 

95 °C 15 sec. PCR conditions for QuantiTect primer assays were 1 cycle: 94 °C 15 min: 

40 cycles: (94 °C for 15 sec then 55 °C for 30 sec, then 72 °C for 30 sec). 

 

Dissociation profiles were examined to determine the specificity of the reaction, with no 

primer-dimers or co-amplified genomic DNA. 

 

Unknown sample gene expression was quantified by interpolation from standard curves 

and normalised to the stably expressed gene, EEF1A1 [209, 210]. Change in gene 

expression in response to treatment was calculated by subtracting normalised expression 

level for unstimulated cells from normalised expression level for treated cells.  

 

Table 2.6 PCR primer sequences for mRNA quantitation by qRT-PCR 

Gene Forward Primer (5’ – 3’) Reverse Primer (3’ – 5’) Source 

IL5 TCCTGTTCCTGTACATAAAAATCACC CTAGGAATTGGTTTACTCTCCGTCTT In house 

IL6 AGCCCTGAGAAAGGAGACATG ACCAGGCAAGTCTCCTCATTG In house 

IL13 CAACATCACCCAGAACCAGAAG TGGTGTCTCGGACATGCAA In house 

IL3 NA NA Qiagen 

CD36 NA NA Qiagen 

FABP4 NA NA Qiagen 

SLC6A17 NA NA Qiagen 

TFPI2 NA NA Qiagen 

NA: Not available 
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2.6 Statistical analyses 

2.6.1 Statistical analyses: neonatal pertussis vaccination trial 

 

Mann-Whitney U-test was used to compare cytokine responses and antibody titres 

between the three vaccine groups using SPSS software package (SPSS Inc., Chicago, 

USA). For the 8-month analyses, calculations were performed to account for multiple 

testing using Bonferroni adjustments. Comparisons of pre- and post- 4-year booster 

vaccination cytokine measurements were determined by Wilcoxon test for paired 

responses. A p value of ≤ 0.05 was considered significant for both tests. 

 

2.6.2 Statistical analyses: preschool DTaP vaccination trial 

 

Mann-Whitney U-test was used to compare antibody titres between the two cohorts. 

Wilcoxon matched-pair signed-rank test was used to compare antibody titre responses 

for each individual for before and after DTaP booster dose. Chi-square test (
2
) was 

used to assess the differences between the rates of large local reactions in the cohort 

group. Statistical analyses were performed using SPSS (SPSS Inc., Chicago, USA). 
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Chapter 3. Th2-polarisation of cellular 

immune memory to neonatal 

pertussis vaccination 
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3.1 Introduction 

 

Acellular pertussis (aP) vaccines, in combination with diphtheria and tetanus (DTaP) 

have been used in the national immunisation program in Australia since 1997, with 

significant improvements in immunisation coverage compared with whole cell pertussis 

vaccines (DTwP) [20]. Despite this, infants under 6 months of age continue to have the 

highest annual notification rates of hospitalisation and death [129]. During the period 

from birth to the first pertussis-containing vaccination at 2 months of age, newborns are 

more susceptible to pertussis infection due to the relatively immature state of their 

immune system [15] with a lack of cellular immunity against pertussis antigens, and the 

inadequacy of antibody-mediated protection from at best modest levels of maternally 

derived IgG antibodies [187, 211]. A neonatal pertussis immunisation strategy that 

could significantly redress these immunological deficiencies would potentially provide 

newborns with a significantly greater level of early protection against pertussis disease 

than currently available, and there is intense interest internationally in developing this 

approach.  

 

Neonates are capable of responding effectively to at least some types of vaccines. 

hepatitis B vaccine (HBV), for instance, is routinely administered at birth in many 

countries, including Australia, and has been proven to be safe and effective in this age 

group [212]. Similarly, BCG vaccine is routinely administered at birth in countries 

where tuberculosis continues to be an important health concern [96]. These vaccines 

have been shown to induce strong cellular immune memory responses; in particular 

Type-1-memory associated with production of cytokines that mediate sterilising 

immunity such as interferon gamma (IFN). In addition, previous studies of neonatal 

immunisation have shown monovalent aP vaccine to be safe and have established that it 

is possible to induce early humoral immune responses to pertussis antigens [185, 191, 

192]. However, theoretical concerns remain regarding qualitative aspects of vaccine 

immunity induced in neonates due to the intrinsically Type-2-polarised nature of 

immune responses (default to production of IL-4, IL-5 and IL-13) in this age group, 

which have the potential to antagonise development of Type-1-dependent sterilising 

immunity [15]. For example, studies of RSV infection in both neonatal mice [213] and 

human neonates [214] concluded that early infection commits the immune system to 

development of strong primary Type-2 immunity, and moreover this may influence 
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symptomatology associated with future infections via the presence of an excessive 

component of pro-inflammatory Type-2 cytokines in the resultant memory response 

[213]. Such concerns are also relevant to acellular pertussis vaccines, which lack 

intrinsic Th1-stimulatory components and/or contain Th2-stimulatory agents, but this 

issue has not yet been systematically addressed in the context of neonatal pertussis 

vaccination. Such investigations into the nature of immune responses to neonatal 

pertussis vaccination are required before this potentially life-saving strategy may be 

implemented. 
 

 

As an initial step in this direction, we measured humoral and cell-mediated immune 

responses in infants who received monovalent aP vaccine at birth, or at birth and at one 

month, followed by the Australian standard vaccination schedule of DTaP at 2, 4, and 6 

months [18]. These subjects were compared with infants who received the standard 

schedule vaccination only.  

 

3.2 Results 

3.2.1 Early aP vaccination results in increased vaccine-specific IgG titres 

 

Specific IgG antibody titres to the three pertussis vaccine antigens pertussis toxoid (PT), 

filamentous haemagglutinin (FHA) and pertactin (PRN), for the three groups from 2 to 

8 months, are shown in Figure 3.1. Infants receiving 2 early doses of aP at birth and one 

month (Group 1) had significantly increased pertussis antigen-specific IgG titres by 2 

months of age relative to those in Group 3 receiving the standard DTaP schedule. Titres 

to PT were also significantly higher in this group at 4 and 6 months, and in the case of 

IgG anti-FHA and anti-PRN, at 4 months (Figure 3.1). Vaccination-induced elevations 

in IgG titres in Group 2 (one early aP dose at birth) were restricted to responses to PT 

and FHA and were only evident in the 4 months samples. At 2 months of age, there is a 

significant increase in IgG titres to all three pertussis antigens in infants receiving 2 

early doses (Group 1) compared to infants receiving one early dose (Group 2), and this 

difference continued to 4 months in the case of PT and PRN. 
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Figure 3.1 Vaccine-specific IgG antibody production measured in serum samples 

from 30 children at 2, 4, 6, and 8 months.  
BASELINE: maternal antibody titre; Group 1: aP at birth and 1 month plus DTaP at 2, 4, and 6 

months (n=9); Group 2: aP at birth plus DTaP at 2, 4, and 6 months (n=11); Group 3: DTaP at 

2, 4, and 6 months (n=10). Data are shown as geometric mean concentration (EL U/ml), with 

standard error bars. *Significant at the 95% level when comparing Group 1 or Group 2 with 

Group 3. **Significant at the 99% level when comparing Group 1 or Group 2 with Group 3. 
+
Significant at the 95% level when comparing Group 1 with Group 2. 

++
Significant at the 99% 

level when comparing Group 1 with Group 2. All statistics shown are Mann-Whitney U-test.  
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Specific antibody titres were measured in subjects at 2 years of age specific for the 

pertussis vaccine antigens PT, FHA, and PRN as well as tetanus toxoid (TT), diphtheria 

toxoid (DT) and hepatitis B surface antigen (HBSAg) (Figure 3.2). No significant 

differences were observed between groups for IgG titres specific for PT, PRN, TT, DT 

and HBSAg. Over half of the subjects had no detectable antibodies against PT. 

Responses to FHA were significantly higher in Group 1 compared with Group 2, and 

FHA titres were higher in Group 1 than in Group 3, however this did not reach 

significance. Within Group 3 the FHA response for one subject was a great deal higher 

than any other subject assayed. The responses to other pertussis antigens were very low; 

therefore it is possible the FHA response in this subject is an outlier, which would affect 

the difference between Group 1 and Group 2. 
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Figure 3.2 Vaccine-specific IgG antibody production measured in serum samples 

at 2 years of age. 
Data are shown as geometric mean concentration (EL U/ml) with geometric mean and 95% CI 

indicated. Group 1: aP at birth and 1 month plus DTaP at 2, 4, and 6 months (n=8); Group 2: aP 

at birth plus DTaP at 2, 4, and 6 months (n=10); Group 3: DTaP at 2, 4, and 6 months (n=8). 

Mann-Whitney U-test was used to compare groups, p value is shown. 
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3.2.2 Early aP vaccination results in Th2 skewed pertussis-specific cytokine 

responses 

 

Pertussis-specific Th-memory responses in PBMC were assessed at the 8 months time 

point for a subset of subjects post-vaccination (Table 3.1). Infants who received initial 

aP vaccinations at birth (Groups 1 and 2) differed markedly from those receiving the 

standard DTaP schedule (Group 3). The cytokine production profiles in response to in 

vitro stimulation of their PBMC with the mixture of the three major pertussis vaccine 

antigens revealed increased levels of Th2 cytokines IL-5 and IL-13 (Table 3.1). In 

comparison to Group 3, both IL-5 and IL-13 responses to the PT/FHA/PRN mix were 

increased in the subjects from combined Groups 1 and 2, which form a larger „birth‟ 

cohort. The level of significance in relation to this key comparison is also shown 

(italicised in Table 3.1) after application of the highly stringent Bonferroni adjustment 

for multiple testing, i.e. we conducted 20 independent tests (5 stimuli [Control, Mix, 

TT, DT, and HB] with 4 outcomes [cytokines] x1 comparison between Groups 1 and 2 

versus Group 3, resulting in a x20 adjustment of p values). This finding was restricted to 

the Th2 cytokines and was not seen with respect to IL-6 or the Th1 cytokine IFN, for 

which no significant differences were seen between groups. 
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Table 3.1 Cytokine responses to in vitro stimulation of PBMC at 8 months of age. 

Stimulus Group IL-5 IL-13 IFN IL-6 

Un-

stimulated 

1 0 (0, 0) 0 (0, 12) 0 (0, 0) 25 (0, 121) 

2 0 (0, 17) 0 (0, 29) 0, (0, 9) 11 (0, 600) 

1,2 0 (0, 17)  0 (0, 29) 0, (0, 9) 22, (0, 600) 

3 0 (0, 24) 0 (0, 9) 0 (0, 0) 27 (0, 359) 

Mix 

(PT, FHA, 

PRN) 

1 
493 (0, 1008) 

[0.010] 

[0.200] 

460 (0, 1220) 

[0.013] 

[0.260] 

8 (0, 92) 

[n.s.] 
394 (0, 1587) 

[n.s.] 

2 
137 (0, 492) 

[0.003] 

[0.060] 

199 (0, 652) 

[0.004] 

[0.080] 

15 (0, 347) 

[n.s.] 
218 (15, 1422) 

[n.s.] 

1,2 
163 (0, 1008) 

[0.001] 

[0.020] 

220 (0, 1220) 

[0.001] 

[0.020] 

11 (0, 347) 

[n.s.] 
244 (0, 1587) 

[n.s.] 

3 0 (0, 55) 23 (0, 108) 8 (0, 32) 108 (0, 1990) 

PT 

1 
30 (0, 421) 

[n.s.] 
63 (0, 244) 

[n.s.] 
0 (0, 211) 

[n.s.] 
56 (11, 353) 

[n.s.] 

2 
32 (0, 145) 

[0.016] 

[0.320] 

59 (0, 240) 

[0.043] 

[0.860] 

0 (0, 21) 

[n.s.] 
36 (11, 1054) 

[n.s.] 

1,2 
30 (0, 421) 

[0.023] 

[0.460] 

60 (0, 244) 

[0.043] 

[0.860] 

0 (0, 211) 

[n.s.] 
42 (11, 1054) 

[n.s.] 

3 0 (0, 18) 9 (0, 57) 3 (0, 25) 22 (0, 158) 

FHA 

1 
61 (0, 406) 

[n.s.] 
137 (0, 464) 

[n.s.] 
59 (0, 475) 

[0.014] [0.280] 
104 (0, 5106) 

[n.s.] 

2 
65 (0, 553) 

[0.021] 

[0.420] 

89 (0, 699) 

[0.012] 

[0.240] 

16 (0, 79) 

[n.s.] 
47 (10, 314) 

[n.s.] 

1,2 
63 (0, 553) 

[0.013] 

[0.260] 

102 (0, 699) 

[0.009] 

[0.180] 

37 (0, 475) 

[0.027] [0.540] 
53 (0, 5106) 

[n.s.] 

3 9 (0, 32) 7 (0, 48) 0 (0, 34) 32 (0, 423) 

PRN 

1 
0 (0, 9) 

[n.s.] 
7 (0, 29) 

[n.s.] 
0 (0, 0) 

[n.s.] 
182 (18, 608) 

[n.s.] 

2 
0 (0, 0) 

[n.s.] 
0 (0, 21) 

[n.s.] 
0 (0, 0) 

[n.s.] 
190 (27, 1877) 

[n.s.] 

1,2 
0 (0, 9) 

[n.s.] 
0 (0, 29) 

[n.s.] 
0 (0, 0) 

[n.s.] 
186 (18, 1877) 

[n.s.] 

3 0 (0, 40) 0 (0, 0) 0 (0, 0) 29 (0, 425) 

TT 

1 0 (0, 0) 0 (0, 8) 0 (0, 0) 72 (22, 418) 

2 0 (0, 76) 11 (0, 107) 0 (0, 47) 166 (13, 756) 

1,2 0 (0, 76) 0 (0, 107) 0 (0, 47) 109 (13, 756) 

3 0 (0, 26) 4 (0, 49) 0 (0, 25) 29 (18, 278) 

DT 

1 0 (0, 23) 7 (0, 24) 0 (0, 0) 3726 (1615, 10350) 

2 9 (0, 135) 26 (0, 162) 8 (0, 17) 5171 (2951, 13962) 

1,2 4 (0, 135) 14 (0, 162) 0 (0, 17) 5151 (1615, 13962) 

3 7 (0, 40) 31 (0, 102) 0 (0, 28) 4321 (1664, 7481) 

HB 

1 0 (0, 14) 25 (8, 31) 276 (269, 278) 4262 (4251, 27963) 

2 0 (0, 49) 19 (10, 87) 
240 (144, 

1258) 
12304 (5121, 32987) 

1,2 0 (0, 49) 19 (8, 87) 
269 (144, 

1258) 
11989 (4251, 32987) 
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3 34 (0, 278) 57 (9, 369) 210 (0, 1164) 14573 (1858, 16541) 

Data are median cytokine concentrations in pg/ml (min, max). For pertussis antigens 

[uncorrected p value] derived from Mann-Whitney U- test to compare difference between either 

Group 1, or Group 2 or Groups 1 and 2 combined, with Group 3. [p value following Bonferonni 

correction as per text]. [n.s.]: not significant at the 95% level: unstimulated: medium only; Mix: 

mixture of three Bordetella pertussis vaccine antigens, pertussis toxoid (PT), filamentous 

haemagglutinin (FHA) and pertactin (PRN); TT: tetanus toxoid; DT: diphtheria toxoid; HB: 

hepatitis B surface antigen. No significant differences between groups were seen for TT, DT 

and HB responses. 
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Vaccine-specific Th-memory responses were also measured at 2 years of age in a subset 

of the original cohort. Cytokine protein levels were measured by Luminex assays, rather 

than time-resolved fluorometry as for the 8 month samples. This new assay system 

allowed the measurement of a number of cytokines in the same assay, so in addition to 

the cytokines measured previously (IL-5, IL-6, IL-13, and IFN), IL-9 and TNF were 

also measured. 

 

At 2 years, there was a consistent trend for increased pertussis-specific cytokine 

responses from the groups receiving neonatal aP (Groups 1 & 2) compared with the 

control group (Group 3) for IL-5, IL-13, IFN, IL-6, and IL-9. Of these the Th2 

cytokines IL-5, IL-13, and IL-9 were significantly elevated in the birth cohort (Groups 1 

and 2 combined) compared with Group 3. Additionally, Group 2 had significantly 

elevated IL-5 and IL-13 levels compared with Group 3 (Figure 3.3). TNF levels were 

uniformly low across the groups, with no significant differences.  
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Figure 3.3 Pertussis vaccine antigen-specific cytokine production measured in 

stimulated PBMC culture supernatants at 2 years of age.  
Data shown are antigen-induced cytokine levels (pg/ml) calculated by subtracting concentration 

for unstimulated cell supernatants from concentration for stimulated cell supernatants for each 

subject. Group 1 (n=8): aP at birth and 1 month plus DTaP at 2, 4, and 6 months; Group 2 

(n=10): aP at birth plus DTaP at 2, 4, and 6 months; Group 3 (n=9): DTaP at 2, 4, and 6 months; 

Group 1+2: combination of Group 1 and Group 2; Line: median; p values: Mann-Whitney U-

test for comparison between groups. 
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Study participants were followed-up at 4 years of age when they received their 

scheduled preschool booster vaccinations. Blood samples were collected for cell-

mediated immune response (CMI) analysis immediately before the 4-year vaccination 

(pre) and 4-6 weeks after the vaccines had been administered (post). T cell memory 

cytokine responses were measured from culture supernatants by Luminex assay in a 

subset of the cohort. This subset differed from those included in CMI analyses at 8 

months and 2 years, due to availability of subject samples at the time of assay. 

 

Immediately before the 4-year booster DTaP vaccination, cytokine levels for IL-5 and 

IL-13 were significantly higher in Groups 1 and 2 combined compared with Group 3, in 

Group 1 compared with Group 3, and in Group 2 compared with Group 3. No 

differences were seen for IFN, IL-6, IL-9 or TNF responses across the groups. The 

elevated IL-9 observed at 2 years is no longer evident (Figure 3.4 and Figure 3.5). 

 

Cytokine levels measured 4-6 weeks following the 4-year DTaP booster were 

significantly higher in the birth cohorts compared with the standard schedule for IL-5, 

IL-13, IL-9 and TNF (Figure 3.4 and Figure 3.5). There were no differences between 

groups for IFN or IL-6 concentrations. 
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Figure 3.4 Pertussis vaccine antigen-specific IL-5, IL-13, and IFN cytokine 

production measured in stimulated PBMC culture supernatants pre and post 4-

year booster vaccination.  
Data shown are antigen-induced cytokine levels (pg/ml) calculated by subtracting concentration 

for unstimulated cell supernatants from concentration for stimulated cell supernatants for each 

subject. Group 1 (pre n=10, post n=9): aP at birth and 1 month plus DTaP at 2, 4, and 6 months; 

Group 2 (pre n=5, post n=4): aP at birth plus DTaP at 2, 4, and 6 months; Group 3 (pre and post 

n=10): DTaP at 2, 4, and 6 months; Group 1+2: combination of Group 1 and Group 2; Line: 

median; p values: Mann-Whitney U-test for comparison between groups. 
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Figure 3.5 Pertussis vaccine antigen-specific IL-6, IL-9, and TNF cytokine 

production measured in stimulated PBMC culture supernatants pre and post 4-

year booster vaccination.  
Data shown are antigen-induced cytokine levels (pg/ml) calculated by subtracting concentration 

for unstimulated cell supernatants from concentration for stimulated cell supernatants for each 

subject. Group 1 (pre n=10, post n=9): aP at birth and 1 month plus DTaP at 2, 4, and 6 months; 

Group 2 (pre n=5, post n=4): aP at birth plus DTaP at 2, 4, and 6 months; Group 3 (pre and post 

n=11): DTaP at 2, 4, and 6 months; Group 1+2: combination of Group 1 and Group 2; Line: 

median; p values: Mann-Whitney U-test for comparison between groups. 
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To assess Th2 cytokine profile in individuals, Spearman‟s Rho correlations were 

performed on IL-5, IL-13, and IL-9 cytokines. Each of these cytokines correlated highly 

at each time point, showing that the significantly elevated Th2 cytokines are part of an 

overall Th2 biased response. IL-9 cytokine levels were not measured at the 8 months 

time point, therefore these data are not available to be displayed. 

 

Table 3.2 Correlations between IL-5, IL-13, and IL-9 cytokine levels in all subjects 

at all time points, by Spearman’s Rho 

Time of sample collection IL-5/ IL-13 IL-5/IL-9 IL-13/IL-9 

8 months (n = 30) 0.979 (0.000) NA* NA* 

2 years (n = 27) 0.810 (0.000) 0.757 (0.000) 0.918 (0.000) 

4 years – pre (n =25) 0.965 (0.000) 0.649 (0.000) 0.700 (0.000) 

4 years – post (n = 23) 0.950 (0.000) 0.862 (0.000) 0.815 (0.000) 

Data are expressed as the correlation coefficient followed by (p value) 

*NA: not available, IL-9 was not measured at this time point. 
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3.2.3 The cellular response to other antigens is not altered by early aP vaccination 

 

We assessed the T-cell responses of the infants to tetanus, diphtheria and hepatitis B 

antigens at 8 months and 2 years. At 8 months no significant differences were seen in 

production of IL-6, IFN or the Type-2 cytokines IL-5 and IL-13 in response to tetanus, 

diphtheria or hepatitis B (Table 3.1). 

 

At 2 years cytokine responses to tetanus toxoid (Figure 3.6) and diphtheria toxoid 

(Figure 3.7) were not significantly different for any of the cytokines tested: IL-5, IL-13, 

IFN, IL-6, IL-9, and TNF. In contrast, hepatitis B responses were significantly lower 

in Group 1 compared with Group 2 and compared with Group 3 for IL-5, IL13 and 

IFN (Figure 3.8). However, Group 1 responses were low across all cytokines, with 

only one or two subjects with any measureable cytokine levels, which has contributed to 

the differences seen between groups. No differences were seen when comparing Group 

2 (2 early doses) with Group 3 or with Groups 1 and 2 combined and Group 3. IL-9 and 

TNF responses were generally low across all groups. 

 

At 4 years, only tetanus toxoid-specific cytokine responses were measured in addition to 

the pertussis antigens. No differences between groups were recorded for any cytokine 

tested (Figure 3.9). Additionally, there were no significant differences in PHA 

responses across the time points (data not shown). 
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Figure 3.6 Tetanus toxoid-specific cytokine production measured in stimulated 

PBMC culture supernatants at 2 years of age.  
Data shown are antigen-induced cytokine levels (pg/ml) calculated by subtracting concentration 

for unstimulated cell supernatants from concentration for stimulated cell supernatants for each 

subject. Group 1 (n=8): aP at birth and 1 month plus DTaP at 2, 4, and 6 months; Group 2 

(n=9): aP at birth plus DTaP at 2, 4, and 6 months; Group 3 (n=9): DTaP at 2, 4, and 6 months; 

Group 1+2: combination of Group 1 and Group 2; Line: median; p values: Mann-Whitney U-

test for comparison between groups. 
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Figure 3.7 Diphtheria toxoid-specific cytokine production measured in stimulated 

PBMC culture supernatants at 2 years of age.  
Data shown are antigen-induced cytokine levels (pg/ml) calculated by subtracting concentration 

for unstimulated cell supernatants from concentration for stimulated cell supernatants for each 

subject. Group 1 (n=7): aP at birth and 1 month plus DTaP at 2, 4, and 6 months; Group 2 

(n=7): aP at birth plus DTaP at 2, 4, and 6 months; Group 3 (n=8): DTaP at 2, 4, and 6 months; 

Group 1+2: combination of Group 1 and Group 2; Line: median; p values: Mann-Whitney U-

test for comparison between groups. 
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Figure 3.8 Hepatitis B surface antigen-specific cytokine production measured in 

stimulated PBMC culture supernatants at 2 years of age.  
Data shown are antigen-induced cytokine levels (pg/ml) calculated by subtracting concentration 

for unstimulated cell supernatants from concentration for stimulated cell supernatants for each 

subject. Group 1 (n=8): aP at birth and 1 month plus DTaP at 2, 4, and 6 months; Group 2 

(n=8): aP at birth plus DTaP at 2, 4, and 6 months; Group 3 (n=9): DTaP at 2, 4, and 6 months; 

Group 1+2: combination of Group 1 and Group 2; Line: median; p values: Mann-Whitney U-

test for comparison between groups. 
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Tetanus toxoid-specific responses were measured at 4 years, before and after the 4-year 

vaccinations. Again, no differences were seen for tetanus responses for any of the 

cytokines tested, IL-5, IL-13, IFN (Figure 3.9), IL-6, IL-9 and TNF (data not shown). 

 

 

Figure 3.9 Tetanus toxoid-specific IL-5, IL-13, and IFN cytokine production 

measured in stimulated PBMC culture supernatants pre and post 4-year booster 

vaccination.  
Data shown are antigen-induced cytokine levels (pg/ml) calculated by subtracting concentration 

for unstimulated cell supernatants from concentration for stimulated cell supernatants for each 

subject. Group 1 (pre n=10, post n=9): aP at birth and 1 month plus DTaP at 2, 4, and 6 months; 

Group 2 (pre n=3, post n=4): aP at birth plus DTaP at 2, 4, and 6 months; Group 3 (pre n=11, 

post n=10): DTaP at 2, 4, and 6 months; Group 1+2: combination of Group 1 and Group 2; 

Line: median; p values: Mann-Whitney U-test for comparison between groups. 
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3.2.4 Injection site side effects 

 

Injection site side effects (swelling > 10mm) were detected at low frequency at the 6 

month dose (Group 1, n=4; Group 2, n=3; Group 3, n=4) but the small sample size 

precludes firm conclusions being drawn based on these data.  

 

As the 4-year follow-up study is ongoing, reactogenicity data were unavailable for 

analysis at this time. 

 

3.3 Discussion 

 

The available epidemiological evidence shows that the risk of life-threatening infection 

from a variety of causative agents is maximal during the first 3 months of life, providing 

an urgent imperative for the development of vaccine protocols that provide effective 

protection as early as possible after birth. This challenge is already being addressed with 

respect to hepatitis and tuberculosis vaccines with apparent success, and an increasingly 

wide range of additional infectious diseases are being considered in this context [96, 

212]. Prominent amongst these is Bordetella pertussis infection, which remains a major 

cause of morbidity and mortality despite widespread vaccination employing the 

standard infant protocol in which the first priming dose of aP is given 6 to 8 weeks 

postnatally. The key issue is whether the level of protection can be improved by earlier 

introduction of pertussis vaccine during the neonatal period without clinically 

significant attendant side effects, both at this time point and in later childhood.  

 

The functionally immature state of the immune system during the neonatal period 

represents a potential impediment to the success of this approach. It is now recognised 

that immune function in the foetus is developmentally regulated to selectively limit 

capacity for generation of Th1 cytokines at the foeto-maternal interface, in order to 

protect the placenta against the toxic effects of these potent inflammatory agents [75]. 

As a consequence the balance between production of Th1 and Th2 cytokines within 

foetal immune responses is intrinsically skewed to favour Th2 cytokine production, and 

this Th2 skewing persists transiently after birth and is maximal during the early 

postnatal period [85]. The implications of immunisation during this period with 

different classes of vaccines are not fully understood. 
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In mice, neonatal pertussis vaccination has been shown to induce pertussis-specific 

immune responses and to provide protection from infection [215, 216]. However, whole 

pertussis organisms [217] and purified pertussigen (pertussis toxin) [218-220] have also 

been long recognised as potent Th2-selective adjuvants in experimental animals. Human 

studies have shown that acellular pertussis-containing DTaP vaccine induces cellular 

immune memory, which is strongly polarised towards the Th2 phenotype in infants [85, 

102-104] and preschoolers [23, 24]. This has the theoretical potential to negatively 

influence bystander immune response to co-administered Th1 inducing vaccines, 

comparable to interference effects suggested to occur with other vaccine combinations 

[193]. In so doing, it may create a window period of increased risk for infection [23]. 

Moreover, Th2 skewed immunological memory to DTaP antigens induced by infant 

vaccination has been shown to increase risk for injection site reactions to subsequent 

booster pertussis vaccinations [23]. These findings, combined with the evidence that the 

likelihood of experiencing a local reaction to DTaP increases with each successive dose 

of the vaccine [152], raise concern that extra and early doses of DTaP-associated 

antigens could further increase the Th2 polarity of resultant vaccine-specific 

immunological memory, and hence modulate downstream host responses to antigens 

encountered via booster injection or natural infection. This has been shown with 

experimental infection with respiratory syncytial virus (RSV) [213]. Although 

Bordetella pertussis is a very different pathogen, detailed evaluation of cell-mediated as 

well as humoral immune responses to neonatal pertussis vaccination is clearly 

warranted.  

 

Work presented in this chapter was undertaken to identify changes in immune capacity 

associated with neonatal aP vaccination. These subjects were part of a pilot study 

conducted at the Children‟s Hospital Westmead to compare pertussis-specific immune 

responses in infants receiving DTaP vaccine as per the standard 2-4-6 month protocol, 

or with additional doses of aP at birth or at birth and 1 month of age. We have assessed 

immunological outcomes by prospectively tracking IgG titres to three major pertussis 

antigens out to 8 months and at 2 years of age, and by quantifying in vitro Th-memory 

cell cytokine responses to pertussis antigens in PBMC at 8 months (one month beyond 

administration of the final priming dose of DTaP), 2 years, and before and after the 4 

year DTaP booster. 
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IgG antibody titres in the subgroups receiving additional aP during the neonatal period 

were clearly boosted above those receiving the standard DTaP regime alone, in 

particular in the group dosed at birth and one month. Of particular interest was the 

finding that enhanced antibody titres were evident in this latter group by 2 months of 

age, compared to 3 months [192], which is within the age range of maximal risk for 

infection. These results are consistent with that of Belloni et al and Knuf et al. in that 2 

doses of aP vaccine are required to induce significantly elevated antibody responses in 

the majority of subjects [185, 192]. Importantly, the issue of immune „tolerance‟ to 

pertussis vaccination seen with DTwP [182, 184] or DTaP at birth [186, 191] was not 

observed in the current study, nor in the German study of neonatal aP vaccination [192, 

221]. It remains to be shown whether these increased pertussis-specific IgG titres 

translate into reduced susceptibility to pertussis infection, but these preliminary findings 

provide encouragement to test this possibility in follow-up studies.  

 

By 2 years of age the only difference observed between vaccination groups is in 

response to the pertussis vaccine antigen FHA; responses in Group 1 were higher than 

in the other groups and for the comparison with Group 2 this was significant. This 

suggests that two early doses of aP vaccine are required to maintain high antibody titres 

to 2 years. In addition, over half of the subjects had no detectable antibody levels to PT 

suggesting that PT-specific antibodies wane more rapidly. An important observation in 

this study is that antibody responses to hepatitis B surface antigen do not differ 

significantly across vaccination groups. This is encouraging given previous reports of 

reduced hepatitis antibody responses after neonatal pertussis vaccination [221]. Of note, 

the study conducted by Knuf and colleagues compared aP at birth and HBV at birth; 

there was not a group that received both aP and HBV at birth, which is in contrast to the 

study presented here where all subjects received HBV at birth, and the experimental 

groups received aP vaccine in addition. Therefore, the possible reasons behind the 

difference in hepatitis B responses include the number of HBV doses in the aP birth 

cohort in the Knuf study, or that administration of HBV and aP concurrently may 

positively influence responses and prevent vaccine interference from occurring.  

 

The potentially positive humoral responses may be counterbalanced by findings relating 

to T cell memory in the vaccinated children, if these are shown to have implications 

relating to safety. Notably, the cytokine balance within pertussis-specific T cell memory 

in infants receiving their first aP vaccine at birth displays a clear polarisation towards 
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significantly higher Th2 cytokine production in the form of IL-5 and IL-13, beyond the 

Th2 skewing already known to be a feature of the immune response to the standard 

DTaP regime [85, 104]. The elevated production of Th2 cytokines, IL-5, IL-13 and IL-9 

was evident at 2 and 4 years of age in the birth cohort only without further vaccination-

induced stimulus. This indicates that the Th2 biased profile initiated at birth persists 

through to 4 years of age. Additionally, Th2 cytokine levels measured after the 4-year 

DTaP vaccination were elevated in the birth cohort only and was specific for pertussis 

but not tetanus. Moreover, within individuals, IL-5, IL-13, and IL-9 responses to the aP 

vaccine antigens were highly correlated at each time point indicating a pertussis-specific 

Th2 bias in responding individuals. Whether the strong Th2 polarization observed here 

is due to the more extreme Th2 bias inherent in the immature immune system at birth 

and at one month of age, or to the extra vaccine dose(s) given to these two groups, could 

not be determined in this pilot study. These are currently the only data on vaccine-

specific CMI responses to neonatal pertussis vaccination, and with children followed up 

to the 4-year booster, and raises important safety concerns that warrant further 

evaluation. 

 

Of additional concern is the apparent reduction in cytokine responses to Hepatitis B 

vaccine antigen at 2 years in the group receiving two early doses of aP (Group 1), which 

is not evident for the single birth dose group (Group 2) and the standard schedule, 

Group 3. It could be hypothesised that two early doses of aP vaccine may reduce the 

CMI capacity to respond to hepatitis B antigen at 2 years. However, as Group 2 did not 

display a similar reduction in cytokine responses, it cannot be attributed to the birth 

dose alone. One could speculate that the second early aP dose at 1 month perpetuates 

the Th2 environment thereby inhibiting the development of Th1 responses to hepatitis B 

vaccine, also known as bystander vaccine interference [191]. The exact mechanism of 

vaccine interference is not known, however, these results contribute to the 

understanding by suggesting that T cell-mediated changes in the cytokine environment 

could be involved. The possible effects of bystander interference on CMI responses to 

hepatitis B vaccine have not been investigated in the other neonatal pertussis vaccine 

studies. While this may be of potential concern, there is no evidence to date that 

humoral responses are also inhibited, in fact the US study of DTaP and HBV at birth 

compared with HVB at birth reported no difference in hepatitis B-specific antibody 

titres at 7 months [186]. Whilst the German study did investigate hepatitis B-specific 

antibody responses, the study was designed to compare aP or HBV at birth, therefore 
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the findings of a decrease in hepatitis B-specific antibodies in the experimental group 

may be due to the extra dose of HBV received by the control group [192, 221]. In 

addition, the majority of children in the German study did reach known protective titres 

of hepatitis B antibodies, which may be sufficient to provide adequate protection against 

hepatitis B disease in the absence of a measurable CMI response. It is also pertinent to 

note that sample sizes for these experiments are not large, and further examination of 

CMI and humoral response and disease protection studies on a larger scale are required 

to confirm or refute the possibility of vaccine interference by neonatal aP vaccination. 

 

Studies from this laboratory have previously demonstrated that subsequent re-boosting 

of Th2-polarised memory responses primed via the standard DTaP vaccine during 

infancy has the potential to elicit significant local side effects at the site of antigen 

challenge that are associated with high level production of Th2-effector cytokines such 

as IL-5 [85]. Given our demonstration here that neonatal aP vaccination further 

enhances the Th2 polarity of pertussis-specific memory responses beyond that seen with 

the standard infant DTaP regime persisting throughout childhood and further booster by 

the 4 year dose, possible effects related to IgE and IL-5 following re-exposure of 

neonatally primed children to pertussis antigen, via vaccination or natural infection, 

should be considered in the safety assessment as part of follow-up studies. 

Unfortunately, reactogenicity data on subjects receiving the 4-year DTaP booster in this 

study were not available to be analysed at this time; this would have been a valuable 

addition this thesis. It is also pertinent to note that earlier studies carried out at the time 

of initial introduction of DTaP into the Australian standard vaccination schedule 

indicated that the degree of Type-2 polarisation of ensuing vaccine-specific memory 

was most marked in children with a positive family history of atopy [85]. Atopy status 

was not recorded for subjects in this pilot study. However, the Australian schedule for 

pertussis now does not include a booster dose until 4 years of age (previously 18 

months) so this effect may be ameliorated to some extent, as discussed in Chapter 4. 

Nonetheless, formal follow-up studies of this potentially high-risk subgroup are needed. 
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Chapter 4. Removal of the 18 month 

DTaP booster reduces the rate of 

large local reactions to 

subsequent boosters at 4 years. 
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4.1 Introduction 

 

Protecting young children from pertussis infection by vaccination is an important health 

objective worldwide. Booster DTaP vaccinations are timed to increase the duration of 

protection from disease, with booster vaccination against diphtheria and tetanus 

recommended every ten years to ensure continued protection [222]. However, the length 

of protection afforded by pertussis vaccination or natural pertussis infection has not 

been clearly defined. A review of available literature on the persistence of immunity 

estimates that the duration of infection-acquired immunity ranges from 7-10 years and 

up to 20 years in some study populations, while immunity after vaccination in 

childhood lasts 4-12 years [223]. A prospective surveillance study of two different 

DTaP vaccines in an Italian population reported that pertussis protection persists for at 

least six years following the 3-dose DTaP priming schedule in infancy [173]. 

Additionally, booster DTaP vaccination has been shown to provide further protection 

for at least 5-6 years following a dose in the second year of life [224], and following a 

dose in adolescence [225]. 

 

Australian epidemiological data collected from 1993 - 2005 show that pertussis is well 

controlled in the 1-4 year age group with respect to other age groups. This is likely due 

to continued use of diphtheria/tetanus/pertussis vaccination and vaccine uptake rates 

above 90% in infants [17, 129]. These data also showed that pertussis notification rates 

in children aged 5-9 years have fallen since 1999, reflecting the impact of the 

introduction of a 5
th

 dose of DTaP at 4-6 years [17]. However, pertussis remains 

endemic in Australia and is continuously circulating within the community. If vaccine 

uptakes rates in infants and/or preschoolers were to fall, young children could become 

susceptible to disease, and become a reservoir for infection within the community, 

transmitting disease to vulnerable young infants. 

 

The WHO recommends DTaP vaccination as a three dose primary course given at 2-

month intervals from 6 weeks of age, and DTaP boosters are recommended in the 

second year of life and at 4-6 years for industrialised countries where possible [222]. 

The Australian schedule follows these guidelines, recommending DTaP at 2, 4, and 6 

months of age; up until 2003, booster vaccination was recommended at both 18 months 

and prior to school entry at 4 years. The 18-month DTaP booster was omitted from the 
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Australian National Immunisation Program (NIP) in 2003 [20] following the 

demonstration in an Italian population that protection from pertussis persists to at least 6 

years of age following three doses in infancy, suggesting that the 4
th

 dose of DTaP 

could be postponed to preschool age [173]. However, as mentioned by Salmaso and 

colleagues, this strategy is only appropriate provided that immunity to diphtheria and 

tetanus is also maintained during this period. Studies of diphtheria antibody responses in 

Sweden, Norway and North-West Russia have found that boosters in the second year of 

life appear to be required to sustain protective levels of diphtheria antibodies [108, 226]. 

A study evaluating vaccination requirements for anti-tetanus toxin antibody titres 

calculated using a mathematical model estimates that the duration of immunity after 

three doses in infancy would be 5 years [227]. Additionally, a recent study has 

suggested that an adequate anamnestic antibody response is required for optimal 

reactivation of tetanus immunity by booster vaccination [228]. However, protection 

against diphtheria and tetanus to 4 years of age has not been investigated in the 

Australian population since the removal of the 18-month DTaP booster. Research 

presented in this chapter investigated levels of protection against diphtheria and tetanus 

within an Australian cohort by measuring specific IgG antibody titres before 

administration of the preschool DTaP booster.  

 

Current evidence suggests that injection site inflammatory reactions to DTaP booster 

vaccinations are more likely with each successive dose of DTaP vaccine [142, 148, 152, 

154]. Therefore, it was anticipated that children on the altered vaccination schedule, 

without a DTaP booster at 18 months, would have a reduced incidence of large local 

reactions to the 4-year booster [20]. However, to date there are no available data on 

reactogenicity profiles in children receiving a 4
th

 dose of DTaP at 4-6 years of age. 

Therefore, the second aim of the research presented here is to measure the frequency 

and severity of injection site reactions (ISR) to the 4-year booster dose of DTaP vaccine 

to determine whether removal of the 18-month dose influenced local reaction rates. It is 

hypothesised that children who received a 4
th

 dose of DTaP-IPV at 4 years are less 

likely to develop a large local reaction to the booster vaccine than children who 

received a 5
th

 dose at the same age. 

 

Local inflammation to DTaP booster vaccination has been found to occur in conjunction 

with production of vaccine-specific IgE antibodies [23, 24, 161]. The underlying cause 

of these reactions to DTaP boosters is yet to be elucidated, however, it has been shown 
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that there is an association with Th2-polarised cellular immunity [23, 160]. Finally, 

research presented in this chapter investigates the relationship between rates of local 

reactions and titres of vaccine specific IgE antibody before and after the 4-year booster 

vaccine. Vaccine-specific cytokine production in response to vaccination is presented in 

the following chapter. 

 

4.2 Results 

4.2.1 Research overview 

 

Research presented in this chapter examined the ISR and humoral immunity of 4-6 year 

old subjects from two separate clinical trials who received either a 4
th

 dose (4-dose 

cohort) or a 5
th

 dose (5-dose cohort) of DTaP vaccine at this time. Details of these 

clinical trials and experiment methods are described in Chapter 2. The 5-dose cohort 

comprised a subset of subjects from a previous clinical trial of a 5
th

 DTaP vaccination at 

4-6 years that compared DTaP-IPV combination vaccine with DTaP and IPV 

administered separately, one in each arm [23, 197]. It was shown that efficacy of the 

combination vaccine was similar to receiving the vaccines separately [197]. This study 

was conducted in 2002, before the removal of the 18-month dose, and has been used as 

historical controls. Subjects from the 4-dose cohort were recruited to a clinical trial in 

Perth from 2006 to 2008, after the 18-month DTaP booster vaccination was removed 

from the Australian NIP. This trial was designed to measure reactogenicity and 

immunogenicity at the 4
th

 DTaP dose at 4-6 years in children following the amended 

schedule. 

 

In this chapter, the frequency and severity of ISR was compared between subjects who 

did (5-dose cohort) and did not (4-dose cohort) receive a DTaP booster at 18 months. In 

addition, pre- and post-vaccination serum antibody levels relevant to vaccine-specific 

humoral immunity were measured by ELISA and compared between subjects from the 

two cohorts. 

4.2.2 Frequency of injection site reactions 

 

Local reactions of redness and swelling at the site of DTaP injection were measured by 

parents or guardians of trial subjects and recorded in a diary card for three days 
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following the 4-year DTaP booster. These results are summarised in Table 4.1. 

Measurements of redness and swelling have been categorised into 4 groups: ≤ 2 mm is 

equivalent to no local reaction observed; 3-19 mm is considered a mild reaction, often 

seen after vaccination; 20-49 mm is considered a moderate reaction; ≥ 50 mm is 

considered a large reaction.  

 

The frequency of no local reaction was similar for both cohorts, and the prevalence of 

moderate redness and moderate swelling was also similar. However, large redness and 

swelling reactions were both significantly less frequent in the 4-dose cohort than in the 

5-dose cohort when compared by 
2
 analysis (redness p <0.01, swelling p <0.05). In 

contrast, mild redness was significantly more common in the 4-dose cohort compared 

with the 5-dose cohort (p <0.05). The measurement of redness and swelling for each 

subject was compared by Spearman‟s correlation, and the two measures showed a 

significant, strong correlation (p <0.001). 

 

Table 4.1 Rates of injection site reactions to 4-year booster DTaP-IPV vaccine 

Group   
Redness (mm) Swelling (mm) 

≤2 3-19 20-49 ≥50 ≤2 3-19 20-49 ≥50 

5 Dose Cohort 

(30) 

n 

% 

14 

46.7 

1 

3.3 

2 

6.7 

13 

43.3 

18 

60.0 

1 

3.3 

2 

6.7 

9 

30 

4 Dose Cohort 

(99) 

n 

% 

56 

56.6 

21 

21.2
 

10 

10.1 

12 

12.1 

61 

61.6 

18 

18.2 

12 

12.1 

8 

8.1
 

 p 0.456 0.045 0.835 0.000 0.956 0.086 0.613 0.005 

p value calculated from 
2
 analysis 

 

4.2.3 Measurement of tetanus toxoid specific and total IgE antibodies 

 

Previous reports from others [24], and from this laboratory [23] have suggested an 

association between vaccine-specific IgE antibodies and large injection site reactions 

after observing elevated IgE titres after booster DTaP vaccination. To investigate this 

possible association in the current cohort, sera collected from subjects before the 4-year 

DTaP booster vaccination were assayed for total IgE and tetanus toxoid-specific IgE 

(TT-IgE), and TT-IgE was measured from sera collected 4-6 weeks following 
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vaccination. As shown in Figure 4.1A, titres of TT-IgE did not differ significantly 

between the two cohorts prior to booster vaccination. However, post-booster TT-IgE 

titres were significantly lower in the 4-dose cohort compared with the 5-dose cohort 

(Figure 4.1B). Total IgE, measured before prior to vaccination did not differ 

significantly between cohorts (Figure 4.1C). 

 

In order to determine whether a relationship exists between injection site reaction size 

and TT-specific IgE titres in the current cohort, Spearman‟s correlations were 

performed using the maximum measurement of redness and of swelling, and the 

antibody titres both pre- and post-vaccination from the 4-dose cohort. There were no 

significant correlations between the maximum size of redness and/or swelling with IgE 

antibody titres pre- or post-booster vaccination. However, when the data from both 

cohorts were combined, there was a moderate, significant correlation between post-

vaccination TT-IgE and both the maximum measurement of redness and of swelling 

Table 4.2 

 

Table 4.2 Spearman’s correlation between post-vaccination TT-IgE titre and 

maximum measurement of redness and of swelling 

 Correlation 

coefficient 

p 

Maximum redness 0.329 0.000 

Maximum swelling 0.224 0.015 
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Figure 4.1 Anti-tetanus toxoid specific IgE (TT-IgE) titres pre- (A) and post- (B) 4 

year DTaP Booster, and total IgE pre-booster (C) measured from serum samples.  
Results are displayed in (kU/l). p value for comparison of 5-dose cohort and 4-dose cohort 

calculated by Mann-Whitney U-Test. Black line: geometric mean. 

 

4.2.4 Measurement of tetanus toxoid and diphtheria toxoid specific IgG 
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To assess the level of humoral protection against diphtheria and tetanus immediately 

prior to the 4-year DTaP booster vaccination, subject sera were assayed for tetanus 

toxoid (TT) and diphtheria toxoid (DT) specific IgG antibody titres by ELISA. 

Pertussis-specific antibody assays were not available. 

 

Both TT- and DT- specific IgG antibody titres were significantly lower in the 4-dose 

cohort compared with the 5-dose cohort prior to booster vaccination (Figure 4.2 A & 

B). Within the 4-dose cohort a substantial number of subjects had specific IgG titres 

below the clinically defined cut-off for long term protection from tetanus (42%) and 

diphtheria (50%); IgG titres in a subset of subjects in this cohort were too low to 

provide immediate protection against tetanus (12%) and diphtheria (20%) according to 

defined clinical guidelines. TT- and DT-specific IgG titres were boosted following the 

4-year DTaP dose regardless of the number of previous doses received (Figure 4.2 C & 

D). IgG titres pre- and post-boost were compared for each cohort by Wilcoxon matched 

pairs test and titres were significantly increased for each of the antibodies tested (p < 

0.01).  
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Figure 4.2 Tetanus toxoid (A & C) and diphtheria toxoid (B & D) specific IgG 

titres, before (pre, A & B) and 4-6 weeks after (post, C & D) the 4-year booster 

dose of DTaP. 
Antibody concentrations were compared between 5-dose cohort and 4-dose cohort by Mann-

Whitney U-Test, p values are shown. Black line: geometric mean. 0.1: clinical cut off for long-

term protection, 0.01: clinical cut off for immediate protection.  
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4.2.5 Relationships between pre-vaccination TT-specific antibody titres and 

injection site reaction size 

4.2.5.1 Linear regression analyses 

 

Univariate linear regression analysis was used to test the hypothesis that pre-existing 

vaccine specific antibody titre affects the magnitude of injection site reactions. Pre-

booster titres of TT-IgG and TT-IgE were log10-transformed to approximate normal 

distribution for inclusion as predictor variables in regression analyses, and regression 

outcome was defined as the maximum size of either redness or swelling individually. 

When the whole 4-dose cohort was considered, there was no significant association 

between ISR magnitude and pre-booster TT-IgE or TT-IgG (data not shown). There was 

likewise no significant association with the whole 5-dose cohort (data not shown). 

Many subjects had undetectable antibody levels pre-booster; when only subjects with 

detectable antibody were considered (TT-IgE ≥ 0.18kU/L, TT-IgG ≥ 0.01) there was 

still no significant association between pre-booster TT-IgE or TT-IgG and ISR severity. 

 

Univariate linear regression analyses were also performed examining the combined 

subjects of both 4- and 5-dose cohorts demonstrating a moderate association between 

TT-IgE and size of redness (=0.444, p=0.019) as well as a weak association between 

TT-IgE and size of swelling (=0.369, p=0.034). 

 

To test this hypothesis in the extreme phenotype of large local reactions, only subjects 

with both redness and swelling ≥ 40 mm were included in the analysis; there were no 

significant associations. When subjects with ≥ 40 mm redness OR swelling individually 

were analysed there was a weak, inverse association between the size of the swelling 

reaction and the titre of TT-specific IgG (=-0.138, p 0.034). This was not the case 

when the subjects included in the analyses had ≥ 40 mm redness only. As an additional 

analysis, only subjects with both redness and swelling ≥ 20 mm were included; there 

were no significant associations. When subjects with ≥ 20 mm swelling were included 

there was a weak, inverse association for measurement of swelling and TT-IgG (=-

0.177, p 0.010), but not for the measurement of redness. A similar effect was seen when 

subjects with >20mm redness only were analysed, the measurement of redness was 
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weakly, inversely, associated with TT-IgG (=-0.145, p 0.027), but not the 

measurement of swelling. 

 

Table 4.3 shows the results of multiple linear regression analyses in which TT-IgE and 

TT-IgG were added together to predict the outcome of ISR magnitude (as above). 

Results from the 5-dose cohort showed no significant relationships between antibody 

titre and ISR, however, there was significant, weak, inverse association between pre-

vaccination TT-IgG and measurement of redness after vaccination in the 4-dose cohort. 

When both cohorts were combined, both redness and swelling at the injection site had a 

significant, moderate, positive association with pre-vaccination TT-IgE titres. 

 

Table 4.3 Multiple linear regression analysis of pre-vaccination antibody titre and 

subsequent injection site redness and swelling measurement. 

  Redness Swelling 

Cohort Variables*  P  P 

5-dose 
TT-IgG -0.289 0.419 -0.228 0.506 

TT-IgE 0.664 0.114 0.550 0.172 

4-dose 
TT-IgG -0.193 0.039 -0.155 0.075 

TT-IgE 0.330 0.107 0.309 0.104 

Both  
TT-IgG -0.123 0.213 -0.113 0.211 

TT-IgE 0.515 0.008 0.436 0.014 

: regression coefficient. Values in italics are considered significant p values.  

*: variables have been log10-transformed. 

 

4.2.5.2 Logistic binary regression to predict ISR 

 

Univariate binary logistic regression was used to determine whether pre-vaccination 

TT-specific antibody titres predict the occurrence of ISR (Table 4.4). Subjects were 

defined as having ISR if they had either redness or swelling ≥ 40 mm (Predictors: log10 

values for titres of TT-specific IgG and IgE). Pre-vaccination TT-IgG titre is 

statistically significantly associated with the occurrence of redness ≥ 40 mm. 
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Table 4.4 Univariate binary logistic regression of pre-vaccination TT-specific 

antibody titres and the subsequent occurrence of injection site reactions 

Outcome Predictor p value Exp (B) Lower 
95%CI 

Upper 
95%CI 

redness ≥ 40mm TT-IgG 0.048 0.400 0.161 0.992 

swelling ≥ 40mm TT-IgG 0.090 0.399 0.138 1.155 

redness ≥ 40mm TT-IgE 0.959 1.050 0.162 6.788 

swelling ≥ 40mm TT-IgE 0.926 1.108 0.129 9.508 

 

4.3 Discussion 

 

Reducing morbidity and mortality from infectious diseases is an ongoing research issue. 

Whilst vaccination has proved an important factor in the control of infectious diseases, 

such as diphtheria, tetanus and pertussis, further research is required to ensure adequate 

protection of all age groups and to prevent the resurgence of these diseases. Optimal 

timing and increased coverage of vaccination are important strategies in dealing with 

this issue. The aim is to induce adequate immunity with minimal reactogenicity. 

 

This chapter presents the first available data on the reactogenicity and immunogenicity 

of a 4
th

 DTaP-IPV vaccination at 4 years of age following removal of the 18-month 

DTaP booster from the Australian immunisation schedule. These results have shown 

that the prevalence of large injection site reactions is significantly reduced in children 

receiving a 4
th

 DTaP vaccination at 4-6 years compared with children receiving a 5
th

 

dose at the same age. This finding is in accordance with previous reports of an increased 

risk for a large ISR with each successive dose of DTaP [148, 152, 154, 229]. Whilst the 

numbers of subjects in the 5-dose cohort are low, the rate of large local reactions in this 

cohort is similar to that of a number of other published studies [21, 145, 150]. These 

data provide evidence that without a DTaP vaccination at 18 months the rates of large 

local reactions to the preschool 4-year DTaP booster vaccination are reduced. 

Additionally, the reduction in reaction rate without an extra DTaP dose parallels the 

lower reactogenicity rates observed in response to a low dose dTap vaccine reactions 

[155, 230]. This suggests that the concentration and/or timing of vaccine antigen 

exposure may contribute to injection site inflammation in response to DTaP booster 

vaccination. 
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Interestingly, there is an increase in the proportion of subjects reporting a small to 

intermediate reaction (3-19 mm) amongst those who did not have an 18-month DTaP 

booster. This may suggest that by delaying the 4
th

 dose of DTaP to 4 years, the severity 

of the ensuing local reaction is reduced. Without the extra booster after infancy, it could 

be hypothesised that a threshold for an extreme reaction is not being reached.  

 

Whilst the underlying cause of these large reactions to DTaP boosters in some children 

is not clear, the time course of the inflammation suggests a cell-mediated response as 

opposed to a humoral response [23]. The reactions are slow to develop and peak at 1-2 

days post-vaccination, which is consistent with a delayed-type hypersensitivity reaction 

[160]. The data presented on the 4-dose cohort are consistent with this thesis, and with 

previously published data on the 5-dose cohort [23] in that there was no association 

between circulating antibody titre and local reactions. However, when the 2 cohorts are 

combined to form a larger vaccine response group, multivariate analysis reveals a 

moderate, positive association between the presence of vaccine-specific IgE titres and 

the size of the ensuing local reaction. This relationship may not have been evident in the 

two cohorts individually as the 5-dose cohort consists of a small number of subjects, 

and the 4-dose cohort consists of a paucity of subjects with the extreme local reaction 

phenotype. The possibility of vaccine-specific IgE titres influencing the magnitude of 

inflammation reactions to booster vaccinations is an important issue that should be 

followed up in larger cohorts. Further studies should also consider IgG antibody titres 

influence on the development of a large local reaction, to investigate a possible 

protective effect as suggested by the weak relationship found in this study by binary 

logistic regression. 

 

The IgE antibody data presented here are consistent with other reports of specific IgE 

titres in response to DTaP vaccination [24, 161] in that prior to a booster dose vaccine-

specific IgE titres were universally low, and this was the case whether a booster 

vaccination was received at 18 months or not. However, data shown here demonstrate 

that children who did receive a vaccination at 18 months had significantly greater 

vaccine-specific IgE titres post-vaccination compared with children who did not. 

Whether these elevated titres are associated with local reactions is unclear, as there were 

no significant correlations between post-vaccination TT-IgE production in the size of 

the local reaction observed in either of the cohorts. This may be due to the small number 

of subjects in the 5-dose cohort and the paucity of subjects developing a reaction under 
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the new schedule in the 4-dose cohort. As the local reactions usually occur within 24 

hours after vaccination, the time frame is too short to be humorally-mediated and it is 

therefore these effects are likely downstream from the initial cell mediated response, 

which is subsequently dampened without the added boosting stimulus at 18 months.  

 

In summary, these data indicate that there are fewer large ISR and lower production of 

vaccine specific IgE antibody after a 4
th

 dose of DTaP at 4 years, compared with a 5
th

 

dose at 4 years. This could be due to lower pre-existing antibody titres as a result of an 

absence of boosting at 18 months. Another possible reason is the level of ongoing 

vaccine-specific cell mediated immunity [160], and data on CMI in the 4-dose cohort 

will be presented in the following chapters. 

 

Another salient finding from this chapter is that a proportion of children before 4 years 

of age may not have pre-vaccination antibody titres for diphtheria and tetanus that are 

considered sufficient to protect from disease. Whilst diphtheria is controlled in Australia 

[4] it remains endemic in a number of countries, including close neighbours to 

Australia, and is exhibiting a resurgence in a number of highly vaccinated populations. 

This highlights the necessity for timely vaccine compliance, as well as to increase the 

vaccine coverage rates for the 4-year preschool vaccination from 75-80% to above 90%, 

particularly without the 18-month booster. If vaccine coverage rates were to drop below 

recommended rates of 90% for diphtheria and tetanus this could open a window of 

increased risk for those not protected. Moreover, the implications for indigenous 

populations and other high-risk populations are not clearly defined [231, 232]. 

Additionally, poor immunity could potentially impact people travelling to countries 

where diphtheria is still endemic and this should be reflected in vaccine 

recommendations in Australia. Furthermore, countries in which diphtheria and/or 

tetanus remain a significant health problem should reconsider removing the 18-month 

booster dose or accelerate the 4-6 year booster [222]. 

 

While this is a relatively small study using a historical control cohort, reduced 

reactogenicity and immunogenicity has been demonstrated and is in accordance with 

previously published larger scale trials. Whilst it would have been interesting to 

investigate the pertussis antigen specific humoral immune response, the assays are 

currently unavailable in Australia, and the lack of well-defined clinical correlates of 

antibody protection would limit the interpretation of these data [16]. Cell-mediated 
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immune responses could provide further insight and more intensive disease protection 

studies are needed to follow vaccine efficacy. 

 

Understanding the mechanism of local inflammation after DTaP booster vaccination 

may help to devise a solution, for example the recommendation of a low dose 

formulation for DTaP booster immunisations [155], or investigation into different 

vaccine adjuvants to counteract the Th2 imbalance. Additionally, the potential ability to 

predict which children may experience a local reaction would be a beneficial tool to 

inform parents, and avoid reduced confidence in vaccination schedules [233].  

 

These data are important because they provide, for the first time, status of protection for 

these diseases in Australia. This also highlights need for continued infectious disease 

surveillance in Australia and in other countries, to monitor any resurgence of these 

diseases, especially in this vulnerable age group and to prevent a possible re-

introduction of diphtheria into Australia. It will be important to identify the optimal 

timing for DTaP boosters to balance the minimal reactogenicity with acceptable 

humoral protection from all three diseases. 

 

  



 99 

Chapter 5. Vaccine-specific cell-mediated 

immune responses to pertussis 

vaccination are comparable at the 

protein and molecular level between 

subjects with or without injection site 

inflammation reactions. 
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5.1 Introduction  

 

As discussed in the previous chapter, injection site inflammation reactions to booster 

DTaP vaccination are common, and are more likely with each successive dose of DTaP 

[142, 148, 152, 154]. In contrast, these local reactions are less frequent with a 

formulation of the same vaccine with a lower concentration of diphtheria and pertussis 

antigens (dTap) [155, 234] suggesting that that one or more of these components may 

be contributing to injection site inflammation. In addition, DTaP induces a strong cell-

mediated immune response [102, 103]), which has been described as a mixed Th1/Th2 

type response; this differs from DTwP vaccination [104, 172] and Bordetella pertussis 

infection which both induce a Th1-polarised response [168, 169, 235]. Furthermore, the 

Th2 cytokine response profile induced by DTaP has been associated with vaccine-

specific IgE [24] and injection site inflammation in response to booster DTaP 

vaccination [23], where subjects with large local reactions also produced high levels of 

IL-5 and IL-13. This key finding by Rowe and colleagues is the first to suggest that this 

inflammation may be attributed to reactivation of Th2-type cell memory that is primed 

by exclusive DTaP vaccination in infancy, and has highlighted the importance of 

monitoring cell-mediated vaccine responses as well as humoral responses when 

assessing vaccine safety and efficacy. Whilst cell-mediated immunity (CMI) studies 

have looked at samples from adults and adolescents after dTap vaccination [236], a 

single study in children has looked at CMI in 4 year olds receiving DTaP [160]. In this 

recent study, Scheifele and colleagues also suggest residual cell-mediated immunity to 

DTaP vaccine antigens as a probable mechanism for injection site inflammation to 

booster doses. However, more data is required before a definitive conclusion can be 

made. 

 

This chapter compares vaccine-specific cell-mediated immune responses in children 

who did or did not react locally to the 4-year preschool DTaP booster vaccination. 

Cytokine responses were measured before and after the preschool booster in 

supernatants from PBMC cultures stimulated with vaccine antigens. Gene expression 

analysis was performed on vaccine-antigen stimulated samples collected immediately 

before vaccination.  
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These important data add to the understanding of the cause of injection site 

inflammation reactions, and the nature of the cell-mediated immune response to 

pertussis vaccination. 

 

5.2 Results 

5.2.1 Reactors and non-reactors do not display different vaccine-specific cytokine 

profiles preceding a 4
th

 dose of DTaP at age 4. 

 

To assess the T cell cytokine secretion profiles PBMC cultures were stimulated for 96 h 

with or with out a mixture of the pertussis vaccine antigens: pertussis toxoid (PT), 

filamentous haemagglutinin (FHA) and pertactin (PRN), denoted as „Mix‟. In addition, 

separate cultures were stimulated with tetanus toxoid (TT) and diphtheria toxoid (DT), 

and with the polyclonal mitogen phytohaemagglutinin (PHA). Cytokine protein levels 

in culture supernatants were measured by Luminex assay. These results were analysed 

by Mann-Whitney U-test to determine statistically significant differences between 

reactor and non-reactor cytokine profiles. 

 

Reactors and non-reactors did not differ significantly in the secretion of any of the 

cytokines measured (IL-5, IL-13, IFN, IL-6, IL-9, and TNF) in response to pertussis 

antigen mix (Figure 5.1). Further analysis examining the ratios of Th1 to Th2 cytokine 

production (IFN/IL-5 or IFN/IL-13) also showed no significant difference between 

reactors and non-reactors (Table 5.1). 

 

Table 5.1 Ratio of Th1 to Th2 cytokine production in response to pertussis antigen 

stimulation in reactors and non-reactors. 

 Non-reactors (n = 22) Reactors (n = 16) p  

IFN/IL-5 1.23 (0.05-13.97) 1.08 (0.17-15.18) 0.919 

IFN/IL-13 0.56 (0.07-9.63) 0.69 (0.10-10.78) 0.737 

Data are expressed as median (minimum-maximum). p value calculated by Mann-

Whitney U-Test to compare non-reactors and reactors. 
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Figure 5.1 Pertussis-specific cytokine production measured in stimulated PBMC 

culture supernatants before a 4th dose of DTaP at 4 years.  
Cytokine concentrations (pg/ml) were measured from culture supernatants of unstimulated cells 

and subtracted from those from pertussis antigen mix stimulated cells for each subject. < 2 mm: 

non-reactors (n = 22) > 40 mm: reactors (n = 16); line represents median. NR and R groups 

were compared by Mann-Whitney U-test, p is shown. 
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Cytokine production in response to tetanus toxoid (TT) was measured in supernatants 

from stimulated PBMC cultures. For each of the cytokines measured there were no 

significant differences between reactor and non-reactor subjects (Figure 5.2). 

 

 

Figure 5.2 Tetanus toxoid-specific cytokine production measured in stimulated 

PBMC culture supernatants before a 4
th

 dose of DTaP at 4 years.  
Data are cytokine concentrations (pg/ml) after subtraction of control (unstimulated) cultures. < 

2 mm: non-reactors, n = 22; > 40 mm: reactors, n = 16; line: median; p values: Mann-Whitney 

U-test for comparison between groups. 
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Cytokine responses to DT were measured for IL-5, IL-13, IFN, IL-6, IL-9 and TNF; 

none of the DT-induced cytokines differed significantly between reactor and non-

reactor groups (Figure 5.3).  

 

 

Figure 5.3 Diphtheria toxoid-specific cytokine production measured in stimulated 

PBMC culture supernatants before a 4
th

 dose of DTaP at 4 years.  
Data are cytokine concentrations (pg/ml) after subtraction of control (unstimulated) cultures. < 

2 mm: non-reactors, n = 22; > 40 mm: reactors, n = 16; line: median; p values: Mann-Whitney 

U-test for comparison between groups. 
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To identify underlying differences in immune capacity between the groups PBMC were 

also stimulated with PHA. Cytokine profiles in response to PHA were comparable in 

both groups, with no significant differences measured (Figure 5.4). Therefore, no 

significant differences in cytokine responses to components of the DTaP vaccine or to a 

polyclonal stimulus were found between the reactor and non-reactor groups. 

 

 

Figure 5.4 PHA-specific cytokine production measured in stimulated PBMC 

culture supernatants before a 4
th

 dose of DTaP at 4 years.  
Data are cytokine concentrations (pg/ml) after subtraction of control (unstimulated) cultures. < 

2 mm: non-reactors, n = 22; > 40 mm: reactors, n = 16; line: median; p values: Mann-Whitney 

U-test for comparison between groups 
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To further investigate pre-vaccination specific immune responses the relationship 

between pre-booster vaccination cytokine responses and IgG antibody titres (presented 

in Chapter 4) were analysed (Table 5.2). For DT, moderate correlations are apparent for 

both IL-5 and IL-13 production and IgG titre, and a weak correlation for IFN and IgG 

by Spearman‟s rho analysis. Whereas, for pre-vaccination TT-specific responses all 

cytokines were significantly correlated with IgG antibody titre. 

 

Table 5.2 Correlations between pre-vaccination IgG titre and cytokine production 

specific for TT and DT vaccine antigens  

Cytokine 

TT-IgG pre-vaccination DT-IgG pre-vaccination 

p  r2 p  r2 

IL-5 0.011 0.413 0.009 0.418 

IL-13 0.022 0.376 0.007 0.429 

IFN 0.021 0.379 0.049 0.321 

IL-6 0.013 0.404 0.906 0.020 

IL-9 0.034 0.349 0.324 0.164 

TNF 0.027 0.364 0.912 -0.019 

 

 

5.2.2 Vaccine-specific cytokine profiles post-vaccination are not significantly 

different between reactors and non-reactors 

 

The production of IL-5, IL-13, IFN, IL-6, IL-9, and TNF cytokines was measured 

from vaccine antigen stimulated PBMC samples collected 4-6 weeks following DTaP 

booster vaccination. Responses to pertussis vaccine antigens are shown in Figure 5.5. 

For each of the cytokines measured there were no significant differences observed 

between reactor and non-reactor groups. No significant differences were seen for any 

cytokine measured in response to TT (Figure 5.6), DT (Figure 5.7), or PHA (Figure 

5.8). 
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Figure 5.5 Pertussis-specific cytokine production measured in stimulated PBMC 

culture supernatants 4-6 weeks following a 4th dose of DTaP at 4 years.  
Cytokine concentrations (pg/ml) were measured from culture supernatants of unstimulated cells 

and subtracted from those from pertussis antigen mix stimulated cells for each subject. < 2 mm: 

non-reactors (n = 22) > 40 mm: reactors (n = 16); line represents median. NR and R groups 

were compared by Mann-Whitney U-test, p is shown. 
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Figure 5.6 Tetanus toxoid-specific cytokine production measured in stimulated 

PBMC culture supernatants 4-6 weeks following a 4
th

 dose of DTaP at 4 years. 
Data are cytokine concentrations (pg/ml) after subtraction of control (unstimulated) cultures. < 

2 mm: non-reactors, n = 22; > 40 mm: reactors, n = 16; line: median; p values: Mann-Whitney 

U-test for comparison between groups. 

 



 109 

 

Figure 5.7 Diphtheria toxoid-specific cytokine production measured in stimulated 

PBMC culture supernatants 4-6 weeks following a 4
th

 dose of DTaP at 4 years. 
Data are cytokine concentrations (pg/ml) after subtraction of control (unstimulated) cultures. < 

2 mm: non-reactors, n = 22; > 40 mm: reactors, n = 16; line: median; p values: Mann-Whitney 

U-test for comparison between groups. 
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Figure 5.8 PHA-specific cytokine production measured in stimulated PBMC 

culture supernatants 4-6 weeks following a 4
th

 dose of DTaP at 4 years.  
Data are cytokine concentrations (pg/ml) after subtraction of control (unstimulated) cultures. < 

2 mm: non-reactors, n = 22; > 40 mm: reactors, n = 16; line: median; p values: Mann-Whitney 

U-test for comparison between groups 
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5.2.3 In vitro Th2 cytokine responses were significantly increased following 4-year 

DTaP booster vaccination. 

 

The following figures show comparisons of in vitro cytokine responses measured in 

PBMC collected from 34 subjects preceding (V1) and following (V2) the 4-year DTaP 

booster vaccination. Cytokine responses at the two visits were compared by Wilcoxon 

signed ranks test for paired responses. Figure 5.9 shows pertussis antigen mix-induced 

cytokines at V1 and V2; IL-5, IL-13, IL-9, and TNF were significantly higher in V2 

cultures. 
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Figure 5.9 Pertussis vaccine antigen-specific cytokine production measured in 

stimulated PBMC culture supernatants before (V1) and 4-6 weeks after (V2) the 4-

year DTaP-IPV booster vaccination.  
Data are cytokine concentrations (pg/ml) after subtraction of control (unstimulated) cultures. 

Line: median; p values: Wilcoxon signed ranks test for paired samples; n=34 pairs. 
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In response to TT, IL-5, IL-13, and TNF were significantly higher post-vaccination as 

shown in Figure 5.10. However, TNF responses were generally low, with many 

samples not producing detectable cytokine levels of this cytokine. IFN, IL-6, and IL-9 

were not increased to a statistically significant level. 

 

 

Figure 5.10 Tetanus toxoid-specific cytokine production measured in stimulated 

PBMC culture supernatants before (V1) and 4-6 weeks after (V2) the 4-year 

DTaP-IPV booster vaccination.  
Data are cytokine concentrations (pg/ml) after subtraction of control (unstimulated) cultures. 

Line: median; p values: Wilcoxon signed ranks test for paired samples; n=34 pairs. 
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Figure 5.11 shows cytokine levels in response to DT stimulation. IL-13 and TNF 

levels were both significantly higher in V2 cultures; however, TNF responses were 

low and undetectable in one third of samples. There was a strong trend for elevated IL-

5, which did not reach statistical significance. 

 

 

Figure 5.11 Diphtheria toxoid-specific cytokine production measured in stimulated 

PBMC culture supernatants before (V1) and 4-6 weeks after (V2) the 4-year 

DTaP-IPV booster vaccination.  
Data are cytokine concentrations (pg/ml) after subtraction of control (unstimulated) cultures. 

Line: median; p values: Wilcoxon signed ranks test for paired samples; n=34 pairs. 
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PHA-induced cytokines were elevated in V2 cultures for all cytokines, with IL-5, IL-13, 

IL-9, and TNF significantly increased compared with V1 samples (p values < 0.01) 

and for IFN and IL-6 (p value < 0.05) (Figure 5.12). 

 

 
Figure 5.12 PHA-specific cytokine production measured in stimulated PBMC 

culture supernatants before (V1) and 4-6 weeks after (V2) the 4-year DTaP-IPV 

booster vaccination.  
Data are cytokine concentrations (pg/ml) after subtraction of control (unstimulated) cultures. 

Line: median; p values: Wilcoxon signed ranks test for paired samples; n=31 pairs. 
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5.2.4 Elevation of in vitro Th2 cytokine production post-vaccination is more 

marked in non-reactors than reactors. 

 

To further investigate any observed differences between reactors and non-reactors, data 

were stratified into the two groups, as previously defined. In response to pertussis 

vaccine antigen mix, non-reactors displayed increased cytokine levels for IL-5, IL-13 

(Figure 5.13), and IL-9 and TNF (Figure 5.14) post-vaccination. IL-5 was the only 

cytokine elevated from V1 to V2 in the reactor group.  

 

 

Figure 5.13 Pertussis vaccine antigen-specific IL-5, IL-13, and IFN cytokine 

production measured in stimulated PBMC culture supernatants before (V1) and 4-

6 weeks after (V2) the 4-year DTaP-IPV booster vaccination, stratified into non-

reactors (n=20 pairs) and reactors (n=14 pairs).  
Data are cytokine concentrations (pg/ml) after subtraction of control (unstimulated) cultures. 

Line: median; p values: Wilcoxon signed ranks test for paired samples. 
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Figure 5.14 Pertussis vaccine antigen-specific IL-9, IL-6, and TNF cytokine 

production measured in stimulated PBMC culture supernatants before (V1) and 4-

6 weeks after (V2) the 4-year DTaP-IPV booster vaccination, stratified into non-

reactors (n=20 pairs) and reactors (n=14 pairs).  
Data are cytokine concentrations (pg/ml) after subtraction of control (unstimulated) cultures. 

Line: median; p values: Wilcoxon signed ranks test for paired samples. 
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Tetanus toxoid specific responses are shown in Figure 5.15 and Figure 5.16. Elevated 

cytokine levels post-vaccination in non-reactors were evident for IL-5 (p < 0.01) and 

IL-13 (p < 0.05) only. In reactors, post-vaccination cytokine levels were higher for IL-5 

only (p < 0.05); there was a trend for higher IL-13 levels post-boost, which did not 

reach significance (p value = 0.075).  

 

 

Figure 5.15 Tetanus toxoid-specific IL-5, IL-13, and IFN cytokine production 

measured in stimulated PBMC culture supernatants before (V1) and 4-6 weeks 

after (V2) the 4-year DTaP-IPV booster vaccination, stratified into non-reactors 

(n=20 pairs) and reactors (n=14 pairs).  
Data are cytokine concentrations (pg/ml) after subtraction of control (unstimulated) cultures. 

Line: median; p values: Wilcoxon signed ranks test for paired samples. 
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Figure 5.16 Tetanus toxoid-specific IL-9, IL-6 and TNF cytokine production 

measured in stimulated PBMC culture supernatants before (V1) and 4-6 weeks 

after (V2) the 4-year DTaP-IPV booster vaccination, stratified into non-reactors 

(n=20 pairs) and reactors (n=14 pairs).  
Data are cytokine concentrations (pg/ml) after subtraction of control (unstimulated) cultures. 

Line: median; p values: Wilcoxon signed ranks test for paired samples. 
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Diphtheria responses were significantly increase in V2 cultures for IL-5 and IL-13 in 

non-reactors; no other cytokines differed significantly between V1 and V2 for either 

group (Figure 5.17 and Figure 5.18). 

 

 

Figure 5.17 Diphtheria toxoid-specific IL-5, IL-13, and IFN cytokine production 

measured in stimulated PBMC culture supernatants before (V1) and 4-6 weeks 

after (V2) the 4-year DTaP-IPV booster vaccination, stratified into non-reactors 

(n=20 pairs) and reactors (n=14 pairs).  
Data are cytokine concentrations (pg/ml) after subtraction of control (unstimulated) cultures. 

Line: median; p values: Wilcoxon signed ranks test for paired samples. 
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Figure 5.18 Diphtheria toxoid-specific IL-9, IL-6 and TNF cytokine production 

measured in stimulated PBMC culture supernatants before (V1) and 4-6 weeks 

after (V2) the 4-year DTaP-IPV booster vaccination, stratified into non-reactors 

(n=20 pairs) and reactors (n=14 pairs).  
Data are cytokine concentrations (pg/ml) after subtraction of control (unstimulated) cultures. 

Line: median; p values: Wilcoxon signed ranks test for paired samples. 
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5.2.5 Microarray strategy for comparison of gene expression profiles 

 

Microarray gene expression profiling methods were used to investigate potential 

underlying differences in gene expression in response to pertussis vaccine antigen 

stimulation in vitro before administration of the DTaP vaccine at 4 years. Comparisons 

were made between subjects who did (reactors) or did not (non-reactors) go on to 

develop a local reaction to the 4-year vaccination. Samples were selected based on the 

measurement of the subjects‟ injection site redness and swelling within 3 days of 4-year 

DTaP vaccination; non-reactors were defined as ≤ 2 mm redness and swelling, reactors 

were defined as ≥ 40 mm redness and/or swelling. Initially 15 subjects were assigned to 

each group.  

 

For these studies, PBMC cultures were stimulated with the mix of pertussis vaccine 

antigens (M) or unstimulated (C) and cultured for 24 h. CD4
+
 T cells were positively 

selected after PBMC culture by magnetic separation and RNA was extracted, amplified, 

labelled and hybridised to Human Gene 1.0 ST microarrays (Affymetrix) using 

standardised reagents and protocols from Affymetrix (Section 2.4). A total of 60 

microarray chips were hybridised; one with control culture RNA and one with pertussis 

antigen mix stimulated culture RNA for each of the 30 subjects. 

 

5.2.5.1 Quality control for gene chip 

 

All 60 chips passed the built in quality control parameters following hybridisation. 

However, a more stringent application of the manufacturer‟s recommended method of 

probe summarisation, RMA (Robust Multi-array Average), using Expression Console 

software (Affymetrix) indentified 8 chips which showed abnormally low relative log 

probe cell intensity, which is an indicator of chip-to-chip variation (Figure 5.19). These 

8 chips, corresponding to 4 subjects, were excluded from further analyses. The 4 

excluded subjects were non-reactor subjects, which left 15 reactors and 11 non-reactors 

for analyses. 
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Figure 5.19 Relative log probe cell intensity box plots for each chip. Individual 

chips are represented along the x-axis, and log probe cell intensity is on the y-axis. 

 

5.2.6 Identification of differentially expressed genes in reactors and non-reactors 

 

Microarray data were pre-processed in Expression Console using the probe logarithmic 

intensity error algorithm (PLIER, parameters: PM-GCBG background subtraction, 

quantile normalisation, iterPLIER summarisation), to calculate gene expression levels. 

Data were then imported into the R language and environment for further analysis 

(www.r-project.org/). A constant of 16 was added to each data point for variance 

stabilisation, followed by log2 transformation.  

 

Data were visualised on a microarray minus-average (MA) plot. (Reactors: Figure 5.20, 

Non-reactors: Figure 5.21). In this plot, the x-axis represents the average signal intensity 

and the y-axis represents the fold change between pertussis stimulated versus 

unstimulated samples in the log2 scale. Genes with positive and negative y values are 

upregulated and downregulated respectively, following pertussis stimulation. Genes that 

were not differentially expressed lie towards the centre of the graph, and approximate 

zero on the y-axis. A value of 1, 2, 3, or 4 on the log2 scale is equivalent to a fold 

increase of 1, 4, 8, and 16 respectively. 

http://www.r-project.org/
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MA plots showed a similar pattern of gene expression for both reactors (Figure 5.20) 

and non-reactors (Figure 5.21). Immune response genes such as CSF2, IFN, IL2RA, 

SOCS2 were similarly upregulated in both groups. IL-3 was upregulated approximately 

6-fold in reactors according to this analysis, whereas it appeared to be upregulated 

approximately 3-fold in non-reactors.  

 

 

Figure 5.20 Minus-Average plot of pertussis antigen mix-induced changes in gene 

expression in CD4+ cells: reactors.  

Each gene is represented by a dot. Genes highly up or downregulated have been 

identified on the plot, as well as other genes randomly chosen for identification. Plots 

show average data from 15 reactor subjects. The horizontal lines indicate a 2-fold 

change on the log2 scale. 
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Figure 5.21 Minus-Average plot of pertussis antigen mix-induced changes in gene 

expression in CD4+ cells: non-reactors.  
Each gene is represented by a dot. Genes highly up or downregulated have been identified on 

the plot, as well as other genes randomly chosen for identification. Plots show average data 

from 11 non-reactor subjects. The horizontal lines indicate a 2-fold change on the log2 scale. 

 



 126 

5.2.7 Genes significantly differentially expressed following pertussis antigen 

stimulation in reactors and non-reactors. 

 

To identify genes significantly differentially expressed following pertussis vaccine 

antigen stimulation in reactors and non-reactors, gene expression intensities were 

measured by moderated T-test [200] with a false discovery rate (FDR) of < 0.05 to 

control for multiple testing [201, 237]. The results are depicted as a volcano plot with 

log2 fold change of stimulated versus unstimulated samples on the horizontal axis and 

the statistical significance (absolute T-test) on the vertical axis. Volcano plots for 

reactors and non-reactors are shown in Figure 5.22 and Figure 5.23 respectively. Genes 

significantly (FDR < 0.05) expressed by more than 2-fold are shown in the top right and 

left quadrants of the volcano plots. With these criteria, 51 genes were differentially 

expressed following pertussis stimulation in reactors, 42 genes were upregulated and 9 

genes were downregulated (Table 5.3). In non-reactors 36 genes were differentially 

expressed; 23 genes were upregulated and 13 genes were downregulated (Table 5.4).  

  



 127 

 

Figure 5.22 Volcano plot of pertussis vaccine antigen-induced changes in gene 

expression in CD4
+
 cells: reactors.  

X-axis is log2 fold change of expression following stimulation. Positive values indicate genes 

upregulated in stimulated compared with un-stimulated, negative values indicate genes 

downregulated. Y-axis is statistical significance (moderated T-test statistic). Horizontal line 

represents the FDR adjusting for multiple comparisons; values above this are considered 

significant. n=15 subjects. 
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Figure 5.23 Volcano plot of pertussis vaccine antigen-induced changes in gene 

expression in CD4
+
 cells: non-reactors.  

X-axis is log2 fold change of expression following stimulation. Positive values indicate genes 

upregulated in stimulated compared with un-stimulated, negative values indicate genes 

downregulated. Y-axis is statistical significance (moderated T-test statistic). Horizontal line 

represents the FRD adjusting for multiple comparisons; values above this are considered 

significant. n=11 subjects. 
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Table 5.3 Genes differentially expressed following pertussis stimulation in reactors 

Upregulated Upregulated Downregulated 

Probe ID Gene Probe ID Gene Probe ID Gene 

8107878 IL3  7974366 PTGER2  7902850 GBP6  

8107887 CSF2  8033257 C3  8141094 PDK4  

8141016 TFPI2  8068022 BIC  8080344 STAB1  

7931914 IL2RA  7994280 IL4R  7920238 S100A12  

8087739 CISH  7917576 GBP5  8044391 MERTK  

8163618 TNFSF15  8040080 RSAD2  8043981 IL1R2  

7922976 PTGS2  8014160 CCL1  8115076 CSF1R  

7951271 MMP1  7912145 TNFRSF9  7920244 S100A8  

7974689 DACT1  8131666 ITGB8  8108217 TGFBI  

7957551 SOCS2  8135601 MET  7982597 THBS1  

8102697 IL2  8023646 BCL2    

8054712 IL1A  8095680 IL8    

8048864 CCL20  8114572 HBEGF    

8054722 IL1B  7969544 NDFIP2    

8131803 IL6  8077441 BHLHB2    

8139207 INHBA  8172631 FOXP3    

8014391 CCL3L1  7981427 CKB    

7903786 CSF1  8136580 RAB19B    

8014369 CCL3  8143383 ---   

8007931 ITGB3  8107970 IL13    

8037205 CEACAM1      

--- = unannotated gene 
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Table 5.4 Genes differentially expressed following pertussis stimulation in non-

reactors 

Upregulated Downregulated 

Probe ID Gene Probe ID Gene 

7922976 PTGS2  8118158 AIF1  

8107887 CSF2  8011724 VMO1  

8131803 IL6  8105481 C5orf29  

7931914 IL2RA  8044391 MERTK  

7951271 MMP1  8080344 STAB1  

7957551 SOCS2  7920238 S100A12  

7917576 GBP5  8141094 PDK4  

8102697 IL2  8151532 FABP4  

8087739 CISH  8115076 CSF1R  

8007931 ITGB3  8043981 IL1R2  

8163618 TNFSF15  7982597 THBS1  

8131666 ITGB8  8030866 FPRL2  

8044541 IL1F9  8108217 TGFBI  

8037205 CEACAM1    

8139207 INHBA    

8014391 CCL3L1    

8014369 CCL3    

7917561 GBP4    

7902850 GBP6    

7981427 CKB    

7917548 GBP2    

7917530 GBP2    

8122202 MYB    

 

 

5.2.8 Genes differentially expressed in response to pertussis antigen stimulation 

comparing reactors and non-reactors 

5.2.8.1 Limma analysis 

 

Limma analysis methods were employed to determine whether there are any differences 

across all subjects between reactor subjects and non-reactor subjects. The resulting data 

are expressed on a volcano plot in Figure 5.24. The X-axis displays the log2 fold change 

in expression following pertussis vaccine antigen stimulation; positive values indicate 

higher expression levels in reactors, and negative values indicate higher expression in 

non-reactors. The moderated T-test statistic is displayed on the Y-axis, which indicates 

statistical significance, after FDR adjustment above the horizontal line. From this plot it 
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is evident that comparing the two groups there are no genes that are statistically 

significantly differentially expressed after correcting for multiple testing (FDR < 0.05). 

However, of the genes that are more highly expressed in reactors, four genes had a log2 

fold change greater than 1.0 (i.e. > 2-fold); IL3, CD36 and two unannotated genes. 

 

 

Figure 5.24 Volcano plot of pertussis antigen-induced change in gene expression in 

CD4
+
 cells: reactors versus non-reactors.  

The X-axis displays the log2 fold change of expression following stimulation in reactors and 

non-reactors. Positive values indicate higher expression level in reactors, negative values 

indicate higher expression in non-reactors. The Y-axis displays statistical significance 

(moderated T-test statistic) as an absolute value. The horizontal line represents the cut off for 

significance after adjusting for multiple comparisons; values above this are considered 

significant. Reactors (Stim v Unstim) n=15 v Non-Reactors (Stim v Unstim) n=11. 

 

5.2.8.2 SAM analysis 

 

Additional statistical algorithms were used to more thoroughly investigate any possible 

differences between expression profiles in reactor and non-reactor subjects. 

Significance analysis of microarrays (SAM) identifies genes with statistically 

significant changes in expression. This method assigns a score to each gene on the basis 

of change in gene expression relative to the standard deviation of repeated 

measurements for that gene. The significance level is determined by an adjustable 

tuning parameter „delta‟ based on the percentage of genes identified by chance, the false 

discovery rate (FDR) [202].  
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SAM analysis of the pertussis stimulated data set identified seven genes that displayed 

significantly higher expression in reactors than non-reactors: CD36, FABP4, SLC6A17, 

and four unannotated genes that is, whilst the gene sequence has been defined and is 

included in the gene chip array, the gene has not been previously described and a 

biological function has not been assigned (Figure 5.25). Using an FDR of < 0.05, of 

those genes considered significant, one would be considered a false positive. 

 

 

Figure 5.25 Identification of genes with significant changes in expression between 

reactors and non-reactors using SAM – Schwender analysis.  
The scatter plot shows the observed score versus the expected score for all genes. The solid line 

indicates where the observed score is identical to the expected score. The threshold (delta) for 

these analyses is 0.591 and is represented by the dotted lines. Values that lie outside the 

threshold are considered significant. The FDR < 0.05  
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5.2.9 Validation of microarray gene expression profiles by qRT-PCR 

 

After demonstrating statistically significant differences between reactors and non-

reactors by gene chip analysis, it was important to validate these findings by the highly 

sensitive quantitative reverse transcription PCR (qRT-PCR) method using a real-time 

cycler. A selection of targets identified by microarray gene chip analysis was validated 

by qRT-PCR. These targets included IL-5, IL-13, and IL-6 as well as genes identified in 

microarray analysis as being more highly upregulated in reactors compared with non-

reactors: SLC6A17, CD36, and FABP4, and an addition two genes that were highly 

upregulated in reactors, IL3, and TFPI2. 

 

The qRT-PCR experiments were performed on the original samples from the microarray 

protocol, (15 reactors and 11 non-reactors) and additional samples that were cultured 

and processed in the same manner but was not analysed by microarray (11 non-

reactors); the total samples for analyses were 15 reactors and 22 non-reactors. 

 

The results from the qRT-PCR assays, shown in Figure 5.26 confirmed that there were 

no significant differences in pertussis antigen induced gene expression in reactors 

compared with non-reactors. IL-3 mRNA expression is higher in reactors, and 

approaches significance, with a Mann-Whitney p value of 0.052. This is consistent with 

the microarray gene chip analysis whereby IL3 gene expression was upregulated in 

reactors in response to pertussis vaccine antigens. When the qRT-PCR comparison is 

analysed on the samples that were included in the microarray analysis only, the 

difference becomes significant with a p value of 0.048.  
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Figure 5.26 Pertussis vaccine antigen-specific expression of IL-3, IL-5, IL-6, IL-13, 

CD36, FABP4, SLC6A17, and TFPI2 mRNA.  
Gene expression was measured by quantitative real time PCR on mRNA samples extracted from 

CD4
+
 T cells 24 h PBMC cell cultures. Data are normalised to the stably expressed gene, 

EEF1A1 after subtraction of values for unstimulated cells. Statistical analyses are by Mann-

Whitney U-test. Black line: median. Reactors n=15, non-reactors n=22 
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To further investigate the difference in gene expression of IL3 between reactors and 

non-reactors in response to pertussis vaccine antigen stimulation, qRT-PCR was 

performed. The RNA used for this analysis was from PBMC samples collected from 

subjects 4-6 weeks post-vaccination were cultured for 96 h with or without pertussis 

vaccine antigen stimulation, as for the cytokine results displayed in Figure 5.5. In these 

post-vaccination samples IL3 expression tended to be higher in reactor subjects, 

however, similar to the pre-vaccination samples (Figure 5.26) the statistical comparison 

did not reach significance. 

 

 

 

Figure 5.27 Pertussis vaccine antigen-specific expression of IL-3 mRNA from 

PBMC samples collected 4-6 weeks following DTaP vaccination at 4 years.  
Gene expression was measured by quantitative real time PCR on mRNA samples extracted from 

96 h PBMC cell cultures. Data are normalised to the stably expressed gene, EEF1A1 after 

subtraction of values for unstimulated cells. Statistical analyses are by Mann-Whitney U-test 

and calculated and graphed using SPSS software. p value is 0.118.  
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5.2.10  Identification of gene modules in reactors and non-reactors using network 

analysis 

 

As well as creating lists of significantly differentially expressed genes, microarray array 

data can provide additional information by utilising network analysis. Network 

connectivity represents a measure of how correlated a gene is with all other genes in the 

network. This type of analysis considers the relationships between measured transcripts, 

and can identify „modules‟ of genes that are highly correlated (connectivity) with other 

genes, such as in a biological pathway, and can also identify „hub‟ genes, which are 

very highly connected with many other genes within the module. Network analysis was 

performed using microarray results from the 15 reactors and 11 non-reactors as 

described in Section 5.2.8. Limma analysis was used to generate a list of pertussis-

responsive genes for both reactors and non-reactors. In order to have sufficient genes 

for network analysis, the criteria were set as genes with a fold change > 1.2 and/or FDR 

0.050. Limma analysis identified 1239 genes in the reactor cohort and 1451 genes in the 

non-reactor cohort. Network co-expression analysis of these genes was performed for 

each cohort, which identified 18 modules in the reactor network (Figure 5.28) and 15 

modules in the non-reactor network (Figure 5.29), which are displayed as hierarchical 

clustering dendrograms with corresponding module colours. 
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Figure 5.28 Reactor network hierarchical clustering dendrogram and 

corresponding module colour code defining 18 separate modules. 

 

 

 

Figure 5.29 Non-reactor network hierarchical clustering dendrogram and 

corresponding module colour code defining 15 separate modules. 
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Statistical comparison of the overall expression of each module in reactor and non-

reactor responses was performed to determine whether any of the modules were 

associated with pertussis reactors or non-reactors. Figure 5.30 shows the modules 

generated from the reactor network, and compares overall expression on a module-by-

module basis in reactors versus non-reactors. Two modules were significantly higher in 

non-reactors, the green and black modules (p value <0.05), however, they were not 

significantly different after being adjusted for module-level false discovery rates (FDR) 

for multiple testing.  

 

 

Figure 5.30 Overall expression of “reactor” modules (n=18) in reactors compared 

with non-reactors.  
Each module is plotted across the X-axis, and gene significance on the Y-axis. 
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Non-reactor gene modules are displayed in Figure 5.31, with the yellow module higher 

in non-reactors (p value: 0.009), however this is not significant after FDR adjustment. 

There are no modules of interconnected genes that are significantly differentially 

expressed between reactors and non-reactors. In conclusion, there are no modules of 

interconnected genes that are significantly differentially expressed between reactors and 

non-reactors. 

 

 

Figure 5.31 Overall expression of “non-reactor” modules (n=15) in reactors 

compared with non-reactors.  
Each module is plotted across the X-axis, and gene significance on the Y-axis. 
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5.3 Discussion 

 

Several studies have shown that DTaP vaccination elicits a mixed Th1/Th2 cell memory 

profile in infants [103, 104] and preschoolers [23, 24], often with a Th2 bias that is 

associated with injection site inflammation after booster doses [23, 160]. However, 

whilst there are numerous theories, the mechanism of induction of these inflammatory 

responses has not been defined [160]. It has been suggested that reactivation of Th2-

biased cell mediated immunity present at the time of vaccination may contribute to local 

inflammation. As an initial step to address this hypothesis, subjects receiving a 4
th

 dose 

of DTaP vaccine at 4-6 years who did or did not experience a large local reaction (≥ 40 

mm) were compared for T cell cytokine protein responses in vitro to vaccine antigens, 

and microarray analysis to identify gene expression patterns in response to pertussis 

vaccine antigens. 

 

The findings presented in this chapter have demonstrated that children receiving a 4
th

 

dose of DTaP at 4 years of age, that is, with out a boost at 18 months, show no 

statistically significant differences in cytokine response patterns immediately before 

vaccination between subjects with a large local reaction and children with no reaction at 

the injection site. This was the case for the vaccine antigens for pertussis, tetanus, and 

diphtheria as well as the polyclonal stimulus PHA. Whist the trend for cytokine levels 

for the Th2 cytokines IL-5 and IL-13 are higher for reactors, it is also higher for the Th1 

cytokine IFN, although these differences did not reach statistical significance. This 

suggests that if reactivation of the T cell memory compartment contributes to reaction 

site inflammation as hypothesised by Scheifele et al. [160] it is likely to be all 

components (i.e. Th1 and Th2) of the immune response. In light of this more balanced 

CMI response it would seem that without the subject having encountered the vaccine 

antigen since the initial priming schedule completed at 6 months, cytokine response 

patterns approximate a mixed response, regardless of reaction status. This is in contrast 

to previous findings from this laboratory that a 5
th

 dose at 4-6 years results in cell-

mediated responses that were clearly skewed towards a Th2-type response, mostly in a 

predisposed subset of subjects [23]. However, due to the change in vaccination 

schedules in Australia, expanding on these particular analyses was not possible. A 

possible theory to explain the difference is that at the time of the 4-year booster 

vaccination, the circulating memory T cell population are mixed Th1/Th2 and those 
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who may have previously been predisposed to a Th2 type response, without further 

antigen challenge at 18 months, are potentially not reaching an activation threshold 

resulting in a balanced CMI response rather than a Th2 biased response. This may be a 

similar process as is occurring with CMI responses to low dose dTap [155, 236] and 

could suggest a role for diphtheria and/or pertussis vaccine antigen T-cell stimulation, 

with regard to concentration or formulation, in injection site inflammation. 

 

In general, CMI responses before the 4-year DTaP booster are evident, approximately 

three and half years since the last encounter with vaccine antigen by direct 

immunisation. This adds to the evidence that initial priming with DTaP during infancy 

promotes persistent CMI, which is boosted by the 4-year dose. While there is the 

possibility that pertussis-specific CMI levels could have been boosted naturally by 

circulating pertussis during the current pertussis endemic period, this is not likely to be 

the case for tetanus and diphtheria in Australian children, for which CMI responses 

were also detectable in most subjects. 

 

Whilst in vitro reactivation of T cell memory in samples collected before the 4-year 

DTaP vaccination demonstrated a mixed Th1/Th2 profile, the comparison of pre- and 

post-vaccination samples revealed exclusively Th2 vaccine-specific cytokine increase, 

with no significant increase of Th1 cytokines in response to vaccine antigens. This is 

consistent with reports of exclusive Th2 reactivation by a 5
th

 dose of DTaP in this age 

group [23, 24]. Pertussis antigen specific responses represented the highest increase of 

Th2 cytokines (IL-5, IL-13, and IL-9), followed by tetanus responses (IL-5 and IL-13). 

Diphtheria-specific cytokine elevation was restricted to IL-13 levels. This indicates that 

all DTaP vaccine antigens induced an increase of at least one Th2 cytokine, and the 

strongest Th2 cytokine inducers were pertussis vaccine antigens. 

 

Interestingly, when comparing reactor and non-reactor cohorts, the highest degree of 

cytokine increase from pre- to post-vaccination is seen in the non-reactor group, with 

IL-5 and IL-13 statistically significantly increased from pre-vaccination levels for 

pertussis, tetanus, and diphtheria antigens. Whereas, in reactor subjects, IL-13 is the 

only significantly increased cytokine, and this is only in response to pertussis and 

tetanus antigens. This is an interesting observation as the original hypothesis suggests 

that the opposite would occur; that reactors would be more likely to have significantly 

increased Th2 cytokines. These results raise the possibility that this may be due to the 
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analysis of in vitro responses at the pre-vaccination time point measuring residual 

circulating effector memory T cell response in contrast to the post-booster time point 

which would include higher levels of circulating effector memory T cells resulting from 

reactivation of central memory T cells by the booster vaccination. Whether a difference 

exists in the numbers of circulating effector memory T cells between children who did 

or did not have a large ISR to the booster vaccination, which may have contributed to 

the difference in cytokine boosting between the two groups is speculation at this stage. 

 

Again IFN and IL-6 were not increased in cultures of PBMC collected post-

vaccination compared with pre-vaccination in either reactors or non-reactors, suggesting 

that while the Th1 arm is still evident in response to these vaccine antigens, these 

cytokines probably do not play a role in reactogenicity, as levels are not significantly 

elevated by the booster vaccine. 

 

Additionally, gene expression profiles using Affymetrix microarrays on CD4
+ 

T cell 

samples cultured for 24 hours with or without pertussis vaccine antigen demonstrated 

that there were no significant differences between reactors and non-reactors 

immediately before the 4-year DTaP booster vaccination. By using a number of 

different statistical methods, no genes were significantly differentially expressed in 

reactors compared with non-reactors, as was the case for validation of a selection of 

genes by quantitative real time PCR (except for IL-3, see below). There were also no 

significant differences between reactors and non-reactors at the module level. These are 

the first available data on whole genome expression profiles in response to DTaP 

vaccination, so it is difficult to gauge whether these results are typical of vaccine 

responses. However, fewer genes were differentially expressed in this model of vaccine 

responsiveness compared with that of an allergy response model, which will be 

discussed in the next chapter. 

 

A notable outcome of the microarray analyses examining PBMC responsiveness to 

pertussis vaccine antigens preceding vaccination at 4 years of age is the higher 

upregulation of IL-3 in reactors compared with the level of upregulation in non-reactors. 

Whilst the difference is not statistically significant applying the stringent false discovery 

rate parameters, this gene was significantly higher in reactors than non-reactors by more 

specific quantitative real time PCR in the samples included in the microarray analyses. 

However, when all available samples were included in the PCR analysis, the difference 
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between reactor and non-reactor groups was no longer significant. This trend was also 

observed at the post-vaccination time point. However, as these results were from a 

different cell starting material, PBMC rather than CD4
+
 cells isolated from PBMC 

cultures and the culture time was for 96 hours rather than 24, the two sets of results are 

not comparable. Whilst the IL-3 result is not definitive, it is of interest and would be 

beneficial to measure routinely in future CMI studies. One of the known functions of 

IL-3 is to protect basophils from apoptosis [238-240]. Basophils contribute to Th2-

mediated and allergic diseases. Therefore, persistence of activated basophils at the site 

of inflammation due to the presence of IL-3 may be a possible contributing factor to 

injection site inflammation. Perhaps an additional regulatory mechanism exists or is 

stronger in non-reactors that acts to inhibit further IL-3 action and therefore attenuates 

the T cell response. This hypothetical mechanism may not be as well controlled in 

reactors, where the presence of IL-3 perpetuates the T cell response contributing to 

injection site inflammation. Whilst at this stage the possibility of a role for IL-3 in 

injection site inflammation is speculation, it remains a gene of interest. Further 

investigation to discover whether there is a difference at the population level would be 

of benefit. 

 

Ideally, these microarray data would have been validated by PCR in an independent 

cohort of samples, however, the low number of reactor subjects in this cohort prevented 

such analyses, and no further samples were available for study from this or any other 

study. Additionally, these investigations into reactors versus non-reactors would have 

been preferable in cohorts with larger number of reactors, that is on subjects receiving a 

5
th

 dose at 4- 6 years, when the rate of reactors is 30-50% (rather than 12 % in this 

cohort) and when the ensuing immune response would potentially be more extreme with 

a higher magnitude of reaction. Again, this was not possible during the time period of 

this thesis. 

 

The main conclusions from this chapter are that in this setting, there are no difference in 

cytokine protein profiles or gene expression patterns in response to pertussis vaccine 

antigen stimulation in reactors compared with non-reactors in a cohort of children just 

before administration of a 4
th

 dose of DTaP at 4-6 years. Therefore, the initial objective 

to define the contribution of CMI to injection site inflammation could not be thoroughly 

investigated. However, these data show that CMI to vaccine antigens persists for at least 

three and a half years after the initial 3-dose priming schedule in infancy and the Th2 
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cytokine response is elevated in response to 4-year dose. The difference in Th2 

cytokines before and after the booster dose is most evident in the non-reactor cohort. 

However, further investigation is required to fully understand the mechanism of 

injection site inflammation, and to improve reactogenicity outcomes to thereby improve 

vaccine uptake and coverage and reduce transmission of pertussis. 

 

In summary the results from this chapter contribute important new information in the 

unravelling of mechanisms of injection site inflammation; 

 Reactors display a cytokine profile before a 4th DTaP dose at 4 years that is not 

different to non-reactors 

 Th2 cytokine responses are elevated after the 4-year vaccination, and Th1 cytokines 

are not. 

 Elevation of cytokines post-vaccination occurs primarily in non-reactors 

 Gene expression confirms that pertussis vaccine antigen stimulation results in a 

mixed Th1 and Th2 response 

 Raises questions regarding optimal timing of booster doses to balance rapid 

reactivation of T cell memory, without inducing inflammation.  
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Chapter 6. Comparison of gene 

expression profiles in response to 

pertussis vaccine versus house 

dust mite 
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6.1 Introduction 

 

The development of cellular immune responses to vaccination is a complex process 

involving changes in gene expression and activation of a variety of molecular pathways, 

which is not completely understood. Elucidation of the pathways and processes 

activated in response to vaccination may contribute to optimal vaccine formulation, 

dosage, and timing to ensure ongoing protection against diseases, with limited side 

reactions. This is of particular importance in relation to aspects of Th2 immunity against 

vaccine antigens, given the concerns voiced by some sections of the medical and lay 

communities that certain vaccines may predispose children to allergy development. 

 

Whilst allergen-response gene expression profiles have been extensively characterised 

in a number of human asthma and allergy models [208, 241-244] few studies have 

looked in detail at gene expression profiles in response to vaccination. Regnstrom et al 

used a mouse cDNA expression array (558 genes) to examine gene expression in mouse 

splenocytes following tetanus toxoid and diphtheria toxoid vaccination [245, 246]. As 

for human studies, Regnstrom and colleagues used a human cDNA array (1176 genes) 

to assess pertussis toxin specific gene expression in PBMC from five healthy infants 

following vaccination with Infanrix (DTaP-IPV-Hib) [247]. This study identified genes 

upregulated in response to pertussis toxin that were also published in the literature in 

asthma and allergy-related gene pathways (for example DPP4, MMP7, SOD1), as well 

as immune response pathways (IL4 and IL13). In addition, pertussis vaccination in 

infancy has been suggested to be a possible risk factor for allergic disease [248, 249], 

however, a number of studies have presented evidence to the contrary [23, 24, 250, 

251]. It has also been shown that post-vaccination IgE production is specific to vaccine 

antigens and vaccination does not induce IgE responses to common allergens, or 

enhance atopic disease [23, 24]. Whilst acellular pertussis vaccination has been shown 

to induce a Th2 response in children it is accompanied by a Th1 response as evidenced 

by studies of in vitro cytokine production [23, 103, 172]. These findings suggest that 

further investigation into the link between pertussis vaccination and development of an 

atopic phenotype are warranted. 

 

Work detailed in this chapter compared gene co-expression networks of pertussis 

vaccine antigen responses in pertussis vaccinated subjects, as described in the previous 
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chapter, with house dust mite (HDM – Dermatophyhgoides pteronyssius) allergen 

responses in atopic subjects (previously published data from colleagues within this 

laboratory [208]). We have utilised a weighted gene coexpression network analysis 

algorithm [203] to construct biologically relevant gene modules of highly correlated 

genes from each of the two cohorts for comparison.  

 

6.2 Results 

6.2.1 Microarray analysis strategy  

 

The analyses in this chapter compared network gene expression data in response to 

pertussis in subjects vaccinated with pertussis (pertussis cohort), with network gene 

expression profiles in response to HDM in atopic subjects (HDM cohort). The data 

analysed for the HDM cohort are from a previously published study performed by Dr 

Kathy McKenna and Dr Anthony Bosco in this laboratory [208]. This study included 

two separate groups of 24 atopic subjects (AT1, AT2) and a group of 24 non-atopic 

subjects (NA). Limma analysis was used to create a list of 1693 genes that were 

significantly differentially expressed in CD4
+
 cells 24 h post HDM stimulation. From 

this an atopic and a non-atopic network were generated. The atopic network contained a 

module absent in the non-atopic network, with Th2-related genes including IL4R, IL2R, 

IL5, and IL13, which was termed the “Th2 module”. This module was significantly 

differentially expressed in atopics compared with non-atopic subjects [208].  

 

6.2.2 Identification of gene modules in pertussis vaccine antigen response cohort 

using network analysis 

 

The previous chapter compared gene expression profiles in response to pertussis 

vaccine antigen stimulation in subjects that experienced a large local reaction to booster 

pertussis vaccination with subjects that did not. As it was demonstrated that there were 

no differences between the reactor and non-reactor groups, the data from both groups 

have been combined to form a pertussis response cohort (n=52). Data from these 52 

subjects were reanalysed as a single cohort by the same methods in Chapter 5, using 

Limma analysis to find pertussis antigen responsive genes. The criterion for identifying 

pertussis-responsive genes was lowered to fold change > 1.2 and/or FDR 0.05 to have 
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sufficient genes for network analysis. Limma analysis identified 2011 genes that 

differed in expression between pertussis-stimulated and control PBMC. Network 

analysis was performed as described in Section 2.4 on these genes and a single network 

was generated incorporating both reactor and non-reactor subjects.  

 

The pair-wise connection strengths of the 2011 genes were analysed by hierarchical 

clustering and the resultant dendrogram with corresponding modules is displayed in 

Figure 6.1. This analysis discriminated 20 different modules of highly correlated genes, 

in response to pertussis antigen. Investigation of these modules revealed a Th2–type 

module of 80 genes that contained Th2 marker genes including IL5, IL13, and IL4R 

(Table 6.1). Additionally, a Th1-type module of 218 genes was defined by the presence 

of Th1-marker genes: IFNG, IL12A, IL12B, LTA, STAT1, and IRF1 as well as 

containing many interferon-inducible genes (Table 6.2).  
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Figure 6.1 Hierarchical clustering dendrogram and corresponding module colour 

code for the pertussis vaccine antigen response cohort. 

20 modules were identified. A Th1 module was identified as the „blue‟ module, 

consisting of 219 genes. A Th2 module was identified as the „greenyellow‟ module 

containing 80 genes. 
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Table 6.1 Genes within the Th2 module in pertussis networks 

Upregulated Upregulated Downregulated 

Probe ID Gene Probe ID Gene Probe ID Gene 

8107878 IL3  8000413 NSMCE1  7946082 UBQLNL  

7931914 IL2RA  8103922 CASP3  7893296 --- 

8087739 CISH  8161526 OR7E104P  7939559 TSPAN18  

7974689 DACT1  8093053 TFRC  7895504 --- 

7957551 SOCS2  8047127 MYO1B  7893829 --- 

8102697 IL2  7950743 RAB30  7914525 MARCKSL1  

7994280 IL4R  8143387 MKRN1  8078380 --- 

8023646 BCL2  8030133 NUCB1  7893907 --- 

7969544 NDFIP2  8045736 FMNL2  7903980 C1orf162  

8136580 RAB19B  7978132 IPO4  8143894 --- 

8143383 --- 8138997 TBX20  8003210 C16orf74  

8107970 IL13  7912316 CASZ1  7940237 MS4A4A  

8114023 IL5  8169174 RNF128  8151532 FABP4  

8021301 RAB27B  7893723 ---   

7955045 --- 8106418 CRHBP    

8043504 MAL  8028311 SPINT2    

7968236 RASL11A  8146326 ---   

8143367 SLC37A3  7951485 SLC35F2    

8157153 AKAP2  7934993 NUDT9P1    

8081386 NFKBIZ  7909285 PFKFB2    

7996022 CCL22  8130660 ---   

8056222 DPP4  8157058 FSD1L    

8041422 RASGRP3  7995242 C16orf67    

8101728 FAM13A1  7894486 ---   

8102415 CAMK2D  7937990 ---   

8166355 CNKSR2  7895568 ---   

8047161 OBFC2A  7893983 ---   

8075310 LIF  8157668 OR1J2    

7917697 GFI1  7894987 ---   

7897426 CA6  7895367 ---   

8098103 KIAA1450  7936115 SH3PXD2A    

8162276 NFIL3  7908397 RGS13    

7903507 FAM102B  7894922 ---   

8094574 TBC1D1      

--- = unannotated gene 
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Table 6.2 Genes within the Th1 module of the pertussis network 

Upregulated Upregulated Upregulated 

Probe ID Gene Probe ID Gene Probe ID Gene 

8107887 CSF2  8090018 PARP9  8075720 APOL2  

7964787 IFNG  8118137 LTA  8136388 TMEM140  

8037205 CEACAM1  8118142 TNF  8101118 CXCL9  

8068022 BIC  8028744 --- 7917514 --- 

7917576 GBP5  8084732 RTP4  8082100 PARP14  

8040080 RSAD2  8101126 CXCL10  8096361 HERC5  

7929052 IFIT3  7967322 GPR109B  7917503 GBP3  

8131666 ITGB8  7958895 OAS3  8143327 PARP12  

7964803 IL22  8072735 APOL1  7898466 PADI6  

7951217 MMP7  8140971 SAMD9L  7929065 IFIT1  

7981427 CKB  8014248 SLFN13  7922474 KIAA0040  

7908388 RGS1  8050102 --- 8112107 PPAP2A  

7902850 GBP6  7929032 FAS  8083422 SUCNR1  

7902541 IFI44L  8074606 USP41  8044035 IL18R1  

7917561 GBP4  8084064 MTHFD2  7945962 TRIM21  

7917516 GBP1  8082075 DTX3L  7978123 PSME2  

7999423 SOCS1  7958828 TRAFD1  7925724 --- 

8057744 STAT1  8042830 MTHFD2  8101449 HPSE  

8014257 SLFN5  7962183 AK3L1  8024792 EBI3  

7917548 GBP2  7917532 GBP2  7958842 --- 

8006453 CCL8  8096919 ALPK1  8068713 MX1  

7930413 DUSP5  8007446 IFI35  8021376 NEDD4L  

8092348 LAMP3  7948274 UBE2L6  8056285 IFIH1  

8179258 LTA  7981290 WARS  8107094 PSME2  

8092765 --- 8072710 APOL6  8029580 RELB  

8177976 LTA  8152606 SNTB1  8003889 --- 

8122202 MYB  7929047 IFIT2  8102362 TIFA  

8003298 LAT1-3TM  7991224 HAPLN3  8125512 TAP1  

8114010 IRF1  7958884 OAS1  8030339 FLT3LG  

8146092 INDO  7922717 RGS16  8018975 LGALS3BP  

7902205 IL12RB2  8147206 RIPK2  8131614 AHR  

8021470 PMAIP1  8125993 ETV7  8022022 LPIN2  

8154233 CD274  8071155 USP18  7969986 TNFSF13B  

8116559 IRF4  8047272 DNAPTP6  8142975 --- 

7917530 GBP2  7961075 CD69  7897728 FBXO6  

8088745 FRMD4B  8136954 FLJ40722  8115570 IL12B  

7971296 EPSTI1  8136940 --- 8123407 MLLT4  

8080562 IL17RB  7902553 IFI44  7930577 CASP7  

--- = unannotated gene 
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Table 621 continued. 

Upregulated Upregulated Upregulated 

Probe ID Gene Probe ID Gene Probe ID Gene 

8002133 PSMB10  7990818 BCL2A1  8044919 RALB  

7978644 NFKBIA  8099760 CENTD1  8022424 --- 

7973618 ISGF3G  7922343 TNFSF4  7914603 IBRDC3  

7931899 IL15RA  8059222 DNPEP  7979721 C14orf83  

7953993 BCL2L14  7896817 ISG15  8153609 PARP10  

8178841 TAP2  8160559 DDX58  7962274 KIF21A  

8090193 HEG1  8159476 TRAF2  7921434 AIM2  

8061073 --- 7995275 LOC729264  8068810 SLC37A1  

7902495 NEXN  8180166 TAPBP  7896726 --- 

7954312 SLCO1C1  8010454 C17orf27  8150375 ADAM3A  

8125483 TAP2  7894737 --- 8035380 IL12RB1  

8004247 MGC71993  8125713 TAPBP  8026300 CD97  

7914127 IFI6  7902104 PDE4B  8168179 DLG3  

7934898 ANKRD22  7892618 --- 8177955 MICB  

7938049 OR56B1  7983365 TRIM69  7969482 --- 

7936134 OBFC1  7958913 OAS3  7934906 ACTA2  

8107934 --- 7913805 RUNX3  7900409 TMCO2  

8063394 PTPN1  7920531 ADAR  7897522 RBP7  

7963233 --- 7953341 TAPBPL  8113790 --- 

8021113 C18orf25  7904050 MOV10      

7945462 IRF7  8131600 TSPAN13  Downregulated 

8083690 IL12A  8063923 SLCO4A1  Probe ID Gene 

7930498 ACSL5  8047069 INPP1  8036787 FCGBP  

7973564 PSME1  8075695 APOL3  7894572 --- 

7896725 --- 7964119 STAT2  8031617 ZNF444  

7986068 BLM  7967255 RSN  8116571 --- 

7917283 MCOLN2  8088247 ARHGEF3  8170280 --- 

8118571 PSMB9  8154219 --- 7938812 --- 

8010426 KIAA1618  8119198 --- 7945377 TMEM16J  

8157216 UGCG  7943218 PANX1  7905349 TNFAIP8L2  

7995926 NLRC5  8060353 RBCK1  8002181 DPEP3  

8091327 PLSCR1  7895038 --- 8075956 LGALS2  

8065080 --- 8086125 LBA1      

7952335 LOC85391  8007212 STAT5A      

7930074 NFKB2  7951372 CASP4      

7951397 CASP1  8048898 SP140      

8091188 --- 7924450 DUSP10      

7967117 OASL  7979269 GCH1      

--- = unannotated gene 
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6.2.3 Network re-analysis of house dust mite response cohort 

 

For the purpose of this thesis, the HDM data were reanalysed in collaboration with Dr 

Kathy McKenna. Two separate atopic networks were generated from two independent 

groups of 24 atopic subjects (AT1, AT2) and a non-atopic network was generated from 

24 non-atopic subjects. As previously reported [208] a Th2 module was identified in 

both atopic networks containing the Th2 markers IL4R, IL5, and IL13, which was 

significantly differentially expressed in atopics compared with non-atopics (Figure 6.2 

and Figure 6.3).  

 

Interestingly, in both atopic networks, a module was defined containing a number of 

interferon-inducible (IFI) genes identified in the Th1 module of the pertussis network. 

The classical Th1 genes such as IFNG, IL12A, and IL12B however, were absent from 

this module. Of further interest, the IFI modules in the 2 atopic networks were more 

highly expressed in non-atopics compared to atopics, however, this did not reach 

significance (Figure 6.2 and Figure 6.3). 
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Figure 6.2 Overall expression of atopic group 1 (AT1) modules in AT1 versus Non-

atopics (NA).  
The Th2 module, in blue, is statistically significantly higher. The IFI module is shown in green 

and is not significantly different in atopics than non-atopics.  
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Figure 6.3 Overall expression of atopic group 2 (AT2) modules in AT2 versus Non-

atopics (NA).  
The Th2 module, in brown, is statistically significantly higher in atopics than non-atopics. The 

IFI module is shown in red and is not significantly different in atopics than non-atopics.  

 

 

6.2.4 Comparison of gene expression changes in response to pertussis vaccine 

antigen versus HDM  

6.2.4.1 Th2 responses 

 

Figure 6.4 shows a comparison of the genes within the pertussis response Th2 module 

described in Section 6.2.2 (80 genes), with the genes in the consensus HDM response 

module described in Section 6.2.3 (116 genes). The pertussis Th2 module contained 29 

genes in common with the HDM module, and 51 unique genes. The lists of genes are 

included in the Appendix. 

 

 

Figure 6.4 Venn diagram comparing genes within the Pertussis Th2 module and 

the HDM consensus Th2 module.  
29 genes are common to both modules, 51 genes are unique to the pertussis Th2 module and 87 

genes are unique to the HDM consensus Th2 module. 

 

The genes common to both pertussis and HDM Th2 modules included Th2 markers IL5, 

IL13, IL4R, the Th2 regulator CISH as well as the atopy-associated genes DACT1, 

MAL, NDFIP2, RAB27B, DPP4, NSMCE1 and CAMK2D [241] and T cell activation 

marker IL2RA.  
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Amongst the 51 genes unique to the pertussis vaccine antigen response 38 genes were 

upregulated and included T cell activation markers IL2, IL3, and the nuclear factor 

required for IL3 transcription NFIL3, genes involved in inflammation and 

immunoregulation SOCS2 and LIF, and the anti-apoptotic gene BCL2. In addition, this 

module included the gene FABP4 (fatty acid binding protein, also known as aP2) that 

was identified in analyses in Chapter 5 as being downregulated in non-reactors after 

vaccine antigen stimulation. 

 

Genes present and upregulated in the HDM consensus Th2 module but not present in 

the pertussis Th2 module include the atopy-associated genes GZMB, PLXDC1, SYTL3, 

regulation-associated genes FOXP3, PTGER2 and IL17RB (which was listed in the 

pertussis Th1 module), T cell activation genes CD69, and ICOS.  
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6.2.4.2 Th1/IFI response 

 

When comparing the pertussis Th1 module (219 genes) with the HDM consensus IFI 

module (52 genes) 27 genes were common between the two groups, and 192 genes were 

unique to the pertussis Th1 module Figure 6.5. 

 

 

Figure 6.5 Venn diagram comparing genes within the Pertussis IFI module and the 

HDM consensus IFI module.  
27 genes are common to both modules, 192 genes are unique to the pertussis Th1 module and 

25 genes are unique to the HDM consensus IFI module. 

 

Both the pertussis and HDM consensus IFI modules contained the interferon inducible 

genes, IFI6, IFI44, IFI44L, IFIT1, IFIT2, IFIT3, and IFITM1, as well as GBP2. 

However, as mentioned the HDM IFI module did not contain any Th1 marker genes 

IFNG, IL12A, IL12B, LTA, STAT1 or IRF1, which were unique to the pertussis Th1 

module. Other genes unique to the pertussis Th1 module include a number of the 

interferon inducible guanylate binding proteins (GBP), CSF2, MMP7, SOCS1, 

CEACAM1, ITGB8, IL22, MYB, INDO, a number of interferon response factors, TNF, 

FAS, CD69, RELB, TAP1, TAP2, FLT3LG, IL12B, NFKB2, CASP1, CASP4, CASP7, 

TRAF2, BCL2A1, and STAT2. 

 

When the pertussis response Th1 genes were entered into Ingenuity Pathways Analysis 

(IPA), the highest pathway returned was the IFN activation pathway as shown in 

Figure 6.6. 
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Figure 6.6: Pertussis Th1 module genes depicted in a Th1 response pathway, 

generated by IPA software  

 

 

To visualise the Th1/IFI and Th2 module genes within the entire network in relation to 

differential gene expression, MA plots were constructed with module genes identified 

by colour. In Figure 6.7, the pertussis gene expression profile is displayed, with genes 

upregulated in response to pertussis toward the top of the graph and the genes 

downregulated toward the bottom of the graph. Within this, genes that were identified 

within the Th1 module are coloured pink and the genes identified within the Th2 

module are coloured blue. Similar plots were constructed for the atopic  (Figure 6.8) 

and non-atopic subjects (Figure 6.9) with IFI module genes coloured red and Th2 

module genes coloured blue. From this it is evident that in the pertussis cohort, the Th1 

and Th2 genes are upregulated in response to pertussis vaccine antigen stimulation. 

However, in the HDM cohort, the atopic response to HDM results in upregulated Th2 

genes and downregulated IFI genes. In the non-atopic subjects the genes in both the IFI 

and Th2 modules remain close to zero, neither up or downregulated.   
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Figure 6.7 Minus-Average plot of pertussis antigen mix-induced changes in genes 

expression in pertussis vaccinated subjects, with genes within the Th1 (pink) and 

Th2 (blue) module coloured. 

 

 

Figure 6.8 Minus-Average plot of HDM induced changes in genes expression in 

atopic subjects, with genes within the IFI (red) and Th2 (blue) module coloured. 
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Figure 6.9 Minus-Average plot of HDM induced changes in genes expression in 

non-atopic subjects, with genes within the IFI (red) and Th2 (blue) module 

coloured. 
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6.3 Discussion 

 

Pertussis stimulation of PBMC derived from pre-four year booster pertussis vaccination 

recipients demonstrate mixed Th1/Th2 gene expression profile which is consistent with 

cytokine protein measurements demonstrated previously (Chapter 5 and [23, 103, 172]). 

The mixed T helper profile observed in response to pertussis vaccine antigen 

stimulation was defined by a significant Th1 component containing known Th1-marker 

genes that were upregulated in response to pertussis stimulation. In addition, a Th2-

associated module contained a number of Th2-marker genes and atopy-related genes 

that were also upregulated in response to pertussis vaccine antigen stimulation. 

However, in the context of a mixed T helper response the allergy-like Th2 component is 

unlikely to invoke a pathogenic outcome, and is possibly an indication of a general 

response to T cell stimulatory vaccination. In contrast, the atopic HDM response did not 

involve a considerable Th1 module, rather a module containing interferon-induced 

genes, of which the majority were down regulated in response to HDM, (except for IL6, 

see below) and a strong, upregulated Th2 response. From these results it could be 

hypothesised that the presence of a strong Th1 gene profile in response to pertussis is 

sufficient to counteract the allergy-inducing effects of the Th2 gene profile, a 

phenomenon not seen in HDM allergy responses.  

 

Despite the non-atopic profile typically being thought of as a Th1-polarised response, 

the IFI genes in the non-atopic group were not upregulated in response to HDM. In 

addition, they did not express the Th1 genes IFNG, IL12A, and IL12B, at the time point 

measured (24 h). A change in Th2 gene expression was also not observed in non-atopics 

in this model. 

 

The mechanisms of Th2 influence on Th1 and vice versa are not well understood. It has 

been suggested that IL4 expression downregulates certain IFI gene expression [252]. It 

is reasonable to suggest that this mechanism may be in play in the atopic HDM model, 

as IL4R (a marker of IL4 expression) is upregulated in response to HDM, and may act 

to suppress expression of IFI genes, which were downregulated. With respect to 

pertussis responses, IL4R was also upregulated in response to pertussis, however, Th1 

genes, including IFI genes were also upregulated. It would seem the strength of the Th1 

response may be sufficient to suppress the inhibitory actions of IL4 expression. 
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Interestingly, IL6 was one of the upregulated genes in the HDM IFI module in atopics, 

which was not apparent in either the Th1 or Th2 modules of the pertussis network. 

Additionally, it was shown to be a hub gene, having a high score for connectivity within 

the IFI module. While IL6 was upregulated, the majority of genes within the IFI 

modules were downregulated. Therefore, it could be hypothesised that IL6 is a key 

regulator of IFI gene expression. The possible role of IL-6 in the regulation of STAT1 

and STAT3 pathways  

 

One of the main differences between the two cohorts in the Th2 modules is the presence 

of IL3 in the pertussis response cohort Th2 module. As shown in the previous chapter 

IL3 was identified as a gene of interest, being upregulated in response to pertussis 

vaccine antigen stimulation in both reactors and non-reactors, but more highly 

upregulated in the reactor subjects. IL3 was not present in the HDM response cohort 

analysis. This contributes to the hypothesis that IL3 gene expression may be involved in 

immune responses to pertussis vaccination, and further investigation into IL3 is 

warranted.  

 

Non-immune response genes with association to allergies examined in this study 

include matrix metalloproteinase 7 (MMP7) and dipeptyl peptidase 4 (DPP4) [247]. In 

pertussis stimulated samples MMP7 is upregulated while DPP4 is upregulated in both 

pertussis and HDM cohorts. DPP4 has a co-stimulatory role in T cell activation and 

chemokine regulation thus would be expected to be upregulated in a range of 

inflammatory states and has been demonstrated to be associated with atopy [241, 253].  

 

The fatty acid binding protein (FABP) aP2 has been shown to be upregulated in human 

bronchial epithelial cells in response to in vitro stimulation with IL-4 and IL-13 

cytokines [243]. In the pertussis response cohort, FABP4 was downregulated in non-

reactors in response to pertussis antigen stimulation at the 24 h time point and was 

within the Th2 module together with IL13.  

 

Heat shock proteins (Hsp) are commonly induced in asthma and conditions of cellular 

stress and inflammation [254]. However, within the pertussis response cohort only 

HSPB1 gene was evident, and was shown to be downregulated in response to pertussis 

vaccine antigen. HSPB1 was also downregulated in the HDM cohort. This would 
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suggest that Hsp have little involvement in the inflammation observed in response to 

pertussis vaccination in this model. 

 

A major contribution of the results presented in this chapter is to confirm that pertussis 

responses invoke upregulation of both Th1 and Th2 gene expression, with a very strong 

Th1 gene expression network. This is the first time this has been shown in a gene 

expression network model. Furthermore, it seems possible that the presence of a strong 

Th1 response may act to attenuate the potentially pathogenic effects of the Th2 response 

creating a balanced T cell response profile. This is in contrast to HDM responses in 

atopic subjects, where Th2 expression is not counterbalanced by a strong Th1 presence, 

rather is accompanied by a downregulation in interferon-inducible genes, possibly 

controlled by a Th2-related gene. In addition, the regulation of IFI and Th2 genes is not 

evident in response to HDM in non-atopic subjects, which indicates a balanced T cell 

response. This is consistent with current dogma that asthma and allergic diseases are 

related to the imbalance within the Th cell response. As the pertussis response seems to 

be in balance, it is unlikely that an allergic manifestation is the norm. However, 

individual responses to pertussis may vary and therefore may result in an imbalance of 

T cell profiles, the implications of which have the potential to cause inflammation. 

Therefore, while the T cell responses to pertussis vaccine are not allergy-like, in some 

children the potential for cell mediated injection site inflammation cannot be dismissed. 

These analyses serve as a starting point for further research into the mechanisms of 

responses to vaccination and indeed of abnormal responses to vaccination.  
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Chapter 7. Discussion 
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Pertussis is an ongoing public health issue worldwide. Australia is at present second 

only to Switzerland in reported rates of pertussis infection, indicating that control of this 

vaccine preventable disease in Australia is not optimal [3]. There is a need to improve 

vaccination schedules to combat the spread of pertussis in highly vaccinated 

populations; this is a goal of the Global Pertussis Initiative (GPI), which recommended 

further research into the effectiveness, and reactogenicity of pertussis vaccines. This 

thesis addresses a number of important issues in relation to this and presents a 

comprehensive study of pertussis vaccine immune responses in newborns and 

preschoolers. 

 

Data presented in Chapter 3 demonstrate for the first time that cellular responses to 

neonatal pertussis vaccination were Th2-polarised 2 months after the 2, 4, and 6 months 

DTaP vaccinations were administered. This vaccine-specific Th2 dominant response 

persisted through to 2 and 4 years without further vaccine-induced pertussis stimulation. 

However, stimulation by natural pertussis infection cannot be discounted as a 

mechanism for maintenance of CMI to 4 years during the current pertussis endemic 

period. Upon rechallenge with DTaP vaccine at 4 years of age, children who were 

vaccinated at birth had a more significant increase in Th2 cytokine production 

compared with children who were not vaccinated at birth, however reactogenicity data 

are pending at this time point.  

 

These data raise a number of important issues pertinent to future clinical trials of 

pertussis vaccination in newborns, which is an area of intense interest at present. They 

suggest that it will be important to measure the evolution of cellular responses to 

neonatal pertussis vaccination, in particular to pertussis vaccine antigens, to assess 

potentially pathogenic CMI imbalance, which would have a number of implications. 

Firstly, an imbalance of T cell responses after pertussis vaccination at birth has the 

potential to interfere with response to other vaccinations administered both concurrently 

or subsequently, known as bystander interference [191]. Therefore it would also be 

recommended that cellular responses to other vaccine antigens be measured in clinical 

trials to identify the possible mechanism of vaccine interference in this model. This is of 

utmost importance for vaccines administered at birth such as hepatitis B vaccine (HBV).  

 

Encouragingly, and in contrast to a recent neonatal vaccination study [186] responses to 

pertussis vaccine antigens were not reduced after multiple DTaP doses in the birth 
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cohort. This is an important finding in the context of potential neonatal administration 

of aP vaccine and is consistent with two other published studies [185, 192]. The main 

difference between the studies is the formulation of vaccine administered at birth; DTaP 

combination vaccine was used in the study by Halasa, as opposed to monovalent aP 

vaccine which was used in the studies by Belloni and Knuf, as well as in the study 

presented in this thesis. It could be hypothesised that the presence of diphtheria and/or 

tetanus in the birth dose may contribute to the reduced pertussis antibody responses seen 

in the Halasa study. The data presented in Chapter 3 demonstrated no differences in cell 

mediated response to other vaccine antigens, DT, TT and HepB, in children vaccinated 

with aP and HBV at birth compared with children who were vaccinated with HBV only. 

These observations are highly relevant in the design of vaccines for use in newborns, 

and show that further studies of monovalent vaccination at birth are necessary.  

 

A second implication of an imbalance in the Th response is the potential for excessive 

pathogenic injection site reactions as shown in Chapter 4, where large injection site 

reactions (ISR) were more common after a fifth dose of DTaP compared with a fourth 

dose. If aP proves to have a significant role in the aetiology of ISR then it will be of 

utmost importance to investigate rates of ISR in neonatally primed children, who by 

then would be receiving a sixth dose of DTaP under the current Australian schedule and 

a seventh under some schedules and therefore would be at higher risk of experiencing a 

large ISR. The role of CMI in the induction of ISR remains unclear. It has been 

hypothesised that residual CMI [160], or a pertussis-specific Th2 phenotype [23] may 

be associated with large ISR. As demonstrated in Chapter 5 a fourth dose of DTaP 

boosts Th2 cytokine levels. Therefore, if the neonatal dose is skewing the infant 

responses to be biased towards a Th2 phenotype, (Chapter 3 shows that Th2 cytokines 

dominate at 8 months of age after a birth dose of aP) and a mixed Th1/Th2 response is 

evident before the 4 year boosting in the birth cohort, then one would expect that 

children receiving a sixth dose at 4 years of age may be at higher risk for ISR. In this 

case, the benefit of potentially life saving neonatal vaccination would need to be 

assessed against the implications of ISR in childhood and the subsequent impact in 

vaccine uptake at 4 years. A possible solution would be to alter the schedule to include a 

neonatal dose, if applicable, and delay the booster until later in life if protection up to 4 

years of age could be confirmed with the current schedule. At the least, information on 

the potential risk for ISR should be explained to parents to reduce the anxiety that can 

be associated with vaccination of young children. 



 167 

 

This study adds to the evidence that neonates, while immunologically immature in some 

aspects, are capable of mounting an adequate immune response including both cellular 

and humoral components following pertussis vaccination within the first five days of 

life, as has been demonstrated for HBV and BCG. However, protection from pertussis 

disease was not studied in this trial, therefore protective efficacy studies will be required 

to confirm the impact of a neonatal vaccination program on the rates of morbidity and 

mortality from pertussis in very young infants.  

 

The results presented in Chapter 4 demonstrate for the first time that large ISR are less 

frequent and vaccine-specific TT-IgE titres are lower after a 4
th

 dose of DTaP at 4 years 

compared with a 5
th

 dose at 4 years. This confirms the hypothesis that the removal of 

the 18-month booster dose of DTaP vaccine has reduced the rates of large ISR 

following the 4-year booster. However, the association between injection site 

inflammation and the presence or production of vaccine-specific IgE antibodies could 

not be confirmed or refuted in this study. This is in part due to the reduced number of 

subjects with large ISR in the cohort that did not receive the 18-month booster. 

Therefore further studies are required to investigate the potential association between 

ISR and IgE. 

 

An important issue was identified in Chapter 4 that has not been previously reported. It 

was demonstrated that children presenting for a 4 year DTaP boosted vaccination that 

have not received a DTaP booster at 18 months have significantly lower titres of tetanus 

and diphtheria IgG antibodies. A proportion of those children do not have sufficient 

titres to protect from disease according to clinical references. This has significant 

implications for the Australian population and for vaccine strategies in countries where 

diphtheria remains endemic, or where tetanus may go undiagnosed or untreated. As 

titres were restored to protective levels by the administration of the 4-year DTaP booster 

vaccine, this chapter has also highlighted the necessity for timeliness and vaccine 

compliance in this country. Further investigation into the kinetics of vaccine-specific 

antibody production following the initial 3-dose schedule in infancy is required to 

determine the optimal timing of booster vaccinations to ensure continued protection of 

all children from these diseases. An important addition to this study would have been to 

measure pertussis-specific antibody titres, however, the assay was not commercially 

available. 
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The data presented in Chapter 5 compare CMI response in subjects who did or did not 

have a large ISR to the 4-year DTaP booster vaccine. As few subjects on the current 

vaccination schedule experienced a large ISR, the investigations in this population were 

limited. These analyses could have been more informative in subjects who did receive a 

booster at 18-months, however, that was not possible due to the current Australian 

vaccination program. Nevertheless, it was found that in this model there were no 

differences in vaccine-specific cytokine responses between reactors and non-reactors 

either before or after the 4-year DTaP booster, and that the cytokine responses were 

made up of both Th1 and Th2 cytokines. This is consistent with other studies showing a 

mixed Th1/Th2 profile in response to pertussis vaccination [23, 103, 172]. This finding 

was duplicated at the mRNA level, where extensive analysis of data from microarray 

gene expression profiling found no differences in response to pertussis antigen 

stimulation between reactors and non-reactors, and both Th1 and Th2 type gene 

expression was observed. This represents one of the first studies to investigate gene 

expression profiles in response to vaccination in humans; a study by Lahdenpera and 

colleagues investigated pertussis toxin responses profiles in five DTaP vaccinated 

infants using a cDNA array [247].  

 

Within the microarray analyses presented in Chapter 5, IL3 was identified as a potential 

gene of interest in pertussis vaccine responses, although the change in gene expression 

did not reach significance. In Chapter 6, IL3 gene expression was linked with a Th2 

module in response to pertussis vaccination; however, it was not included in an allergic 

response Th2 module that was created by network analysis. IL-3 is a marker of T cell 

activation and has been shown to be involved in a range of proinflammatory 

mechanisms including eosinophil maturation [255, 256]. As such it remains a target to 

follow-up in additional populations, something that could not be done in this study, to 

investigate its potential role in pertussis vaccine responses and injection site 

inflammation.  

 

Chapter 5 adds important information regarding the cause of local reactions and the type 

of immune response elicited by DTaP vaccines and it is the first time vaccine responses 

have been investigated at gene expression level.  
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In Chapter 6 gene expression profiles in response to in vitro pertussis vaccine antigen 

stimulation in vaccinated subjects was compared with gene expression profiles in 

response to HDM stimulation in atopic subjects. The rationale behind this study design 

is the unsubstantiated claims frequently voiced by opponents of childhood vaccination, 

that early vaccination elicits “pseudo-allergic” responses (and ensuing Th memory) 

against vaccine antigens, with the attendant implication of covert danger to the 

vaccinee. Accordingly, this study was undertaken to rigorously dissect the vaccine 

response in the children by microarray profiling, and directly compare these data with 

genome wide expression profiles from an accredited response to a major allergen in 

atopic children. A comparison of this nature has never previously been undertaken.  

 

These analyses have demonstrated the following important findings. Gene coexpression 

network analysis revealed the presence of both Th1 and Th2 network modules within 

the pertussis response cohort. This novel finding is consistent with current literature of 

cytokine response profiles. In contrast, a Th1 network module was not indentified 

within the HDM response cohort; rather a module of downregulated, interferon-

inducible genes was identified, along with a strong Th2 module. There was considerable 

overlap in genes within the Th2 modules of HDM atopic responses and pertussis 

vaccination responses, including a number of genes known to be associated with the 

atopic phenotype. However, there is clear distinction between the two cohorts with 

respect to the presence of genes involved in Th1 responses. Therefore, while the vaccine 

response does contain some Th2-associated elements, it includes a distinct and strong 

Th1 module, which clearly distinguishes it from the atopic profile. The response can be 

considered as „balanced Th1/Th2 immunity” comprising a mixture of the elements 

required for a combination of humoral immunity and Th1-mediated sterilising (cellular) 

immunity, which is the theroretical goal of a human vaccine. 

 

The analyses in Chapter 6 have identified genes of potential interest in local 

inflammatory responses (IL3) and in the control of Th1/Th2 responses (IL4 and IL6) in 

both vaccine responses and HDM responses, which would be interesting to study 

further.  

 

This thesis represents a significant contribution with regard to:  

a) neonatal pertussis vaccination 

b) injection site reactions to DTaP booster vaccinations 
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c) effects of diphtheria and tetanus protection following removal of 18 month 

booster DTaP vaccination 

d) cytokine profiles in response to DTaP vacciantion 

e) gene expression studies of pertussis vaccine versus allergic responses 

 

 

Despite the availability of an effective vaccine, vaccination rates in developed countries 

are not optimal and disease occurs in those ineligible for vaccination. This relates in part 

to parental concern over vaccination reaction including injection site reactions. This 

also relates to the vaccine schedule for DTaP commencing at 6 weeks of age, with 

immunity not thought to be developed until 2-4 months of age, while a large proportion 

of severe infections, particularly pertussis occurs in those < 6 months of age. 

 

This thesis has gone some way toward demonstrating the efficacy of neonatal pertussis 

vaccination and elucidating the mechanism of ISR with the potential to reduce this in 

the future by either modification of the vaccine schedule or formulation. Detailed 

studies have provided further insight into the gene expression profile in pertussis 

vaccine responses in contrast to allergic responses, which is a major concern of parents 

and medical practitioners. 
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Appendix I  

Gene lists generated from network analysis of pertussis and HDM response 

cohorts, as described in Chapter 6.  

Genes common to the Th2 modules of pertussis and HDM response cohorts 

Upregulated 

Probe ID Gene 

7931914 IL2RA  

8087739 CISH  

7974689 DACT1  

7994280 IL4R  

7969544 NDFIP2  

8136580 RAB19B  

8143383 --- 

8107970 IL13  

8114023 IL5  

8021301 RAB27B  

7955045 --- 

8043504 MAL  

7968236 RASL11A  

8143367 SLC37A3  

8157153 AKAP2  

8081386 NFKBIZ  

8056222 DPP4  

8041422 RASGRP3  

8101728 FAM13A1  

8102415 CAMK2D  

8166355 CNKSR2  

7917697 GFI1  

7903507 FAM102B  

8094574 TBC1D1  

8000413 NSMCE1  

8103922 CASP3  

7950743 RAB30  

8028311 SPINT2  

7995242 C16orf67  

--- = unannotated gene 
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Genes unique to the Th2 module of pertussis compared with HDM response 

cohorts 

Upregulated Downregulated 

Probe ID Gene Probe ID Gene 

8107878 IL3  7946082 UBQLNL  

7957551 SOCS2  7893296 --- 

8102697 IL2  7939559 TSPAN18  

8023646 BCL2  7895504 --- 

7996022 CCL22  7893829 --- 

8047161 OBFC2A  7914525 MARCKSL1  

8075310 LIF  8078380 --- 

7897426 CA6  7893907 --- 

8098103 KIAA1450  7903980 C1orf162  

8162276 NFIL3  8143894 --- 

8161526 OR7E104P  8003210 C16orf74  

8093053 TFRC  7940237 MS4A4A  

8047127 MYO1B  8151532 FABP4  

8143387 MKRN1    

8030133 NUCB1    

8045736 FMNL2    

7978132 IPO4    

8138997 TBX20    

7912316 CASZ1    

8169174 RNF128    

7893723 ---   

8106418 CRHBP    

8146326 ---   

7951485 SLC35F2    

7934993 NUDT9P1    

7909285 PFKFB2    

8130660 ---   

8157058 FSD1L    

7894486 ---   

7937990 ---   

7895568 ---   

7893983 ---   

8157668 OR1J2    

7894987 ---   

7895367 ---   

7936115 SH3PXD2A    

7908397 RGS13    

7894922 ---   
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Genes unique to the Th2 module of HDM compared with pertussis response 

cohorts 

 Upregulated 

ALOX5  

ATIC  

BHLHB2  

C12orf56  

CCL4  

CD1C  

CD200R1  

CD226  

CD69  

CDCA7L  

CDH1  

CSF1  

CYLD  

CYSLTR1  

DARS  

DHRS3  

DNASE1L3  

EMR1  

EOMES  

ETNK1  

EVA1  

FOXP3  

FURIN  

GALNACT-2  

GRINL1A  

GZMB  

HBLD2  

HIPK1  

HIPK2  

HIST2H4A  

HPGD  

ICOS  

IGSF11  

IL17RB  

IMMT  

IRF4  

ITGA1  

KPNA6  

KRT1  

LASS6  

Upregulated 

LCP2  

LRFN2  

LRRN1  

MAP3K7IP2  

MAP4K1  

MEOX1  

N6AMT1  

NCOA3  

PECAM1  

PHF20L1  

PITRM1  

PLCL1  

PLLP  

PLXDC1  

PRMT2  

PTGER2  

PTPRO  

PTPRS  

RAB11FIP1  

RPL5  

RRAGD  

SEMA5A  

SGSH  

SLC12A2  

SLC26A11  

SLC39A8  

SLCO3A1  

SOS1  

STK17B  

SULT1B1  

SYTL3  

TAF4B  

TMEM71  

TSHZ2  

TSPAN13  

UGCG  

UPP1  

VBP1  

XBP1  

YEATS4  

Downregulated 

AMICA1  

CD84  

EVI2B  

KIAA1666  

SMPD1  

STAT4  
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Genes common to the IFI modules of pertussis and HDM response cohorts 

Upregulated 

Probe ID Gene 

8140971 SAMD9L  

8072735 APOL1  

7929047 IFIT2  

7902553 IFI44  

7917530 GBP2  

8074606 USP41  

8090018 PARP9  

7929052 IFIT3  

7958895 OAS3  

8040080 RSAD2  

8014257 SLFN5  

7958884 OAS1  

8082075 DTX3L  

7921434 AIM2  

8050102 --- 

7967117 OASL  

8091327 PLSCR1  

7958913 OAS3  

8092348 LAMP3  

8018975 LGALS3BP  

7902541 IFI44L  

8068713 MX1  

8096361 HERC5  

8065080 --- 

8061073 --- 

7929065 IFIT1  

7914127 IFI6  
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Genes unique to the IFI module of pertussis compared with HDM response cohorts 

Upregulated Upregulated Upregulated 

Probe ID Gene Probe ID Gene Probe ID Gene 

8107887 CSF2  8084064 MTHFD2  8107094 PSME2  

7964787 IFNG  7958828 TRAFD1  8029580 RELB  

8037205 CEACAM1  8042830 MTHFD2  8003889 --- 

8068022 BIC  7962183 AK3L1  8102362 TIFA  

7917576 GBP5  7917532 GBP2  8125512 TAP1  

8131666 ITGB8  8096919 ALPK1  8030339 FLT3LG  

7964803 IL22  8007446 IFI35  8131614 AHR  

7951217 MMP7  7948274 UBE2L6  8022022 LPIN2  

7981427 CKB  7981290 WARS  7969986 TNFSF13B  

7908388 RGS1  8072710 APOL6  8142975 --- 

7902850 GBP6  8152606 SNTB1  7897728 FBXO6  

7917561 GBP4  7991224 HAPLN3  8115570 IL12B  

7917516 GBP1  7922717 RGS16  8123407 MLLT4  

7999423 SOCS1  8147206 RIPK2  7930577 CASP7  

8057744 STAT1  8125993 ETV7  8002133 PSMB10  

7917548 GBP2  8071155 USP18  7978644 NFKBIA  

8006453 CCL8  8047272 DNAPTP6  7973618 ISGF3G  

7930413 DUSP5  7961075 CD69  7931899 IL15RA  

8179258 LTA  8136954 FLJ40722  7953993 BCL2L14  

8092765 --- 8136940 --- 8178841 TAP2  

8177976 LTA  8075720 APOL2  8090193 HEG1  

8122202 MYB  8136388 TMEM140  7902495 NEXN  

8003298 LAT1-3TM  8101118 CXCL9  7954312 SLCO1C1  

8114010 IRF1  7917514 --- 8125483 TAP2  

8146092 INDO  8082100 PARP14  8004247 MGC71993  

7902205 IL12RB2  7917503 GBP3  7934898 ANKRD22  

8021470 PMAIP1  8143327 PARP12  7938049 OR56B1  

8154233 CD274  7898466 PADI6  7936134 OBFC1  

8116559 IRF4  7922474 KIAA0040  8107934 --- 

8088745 FRMD4B  8112107 PPAP2A  8063394 PTPN1  

7971296 EPSTI1  8083422 SUCNR1  7963233 --- 

8080562 IL17RB  8044035 IL18R1  8021113 C18orf25  

8118137 LTA  7945962 TRIM21  7945462 IRF7  

8118142 TNF  7978123 PSME2  8083690 IL12A  

8028744 --- 7925724 --- 7930498 ACSL5  

8084732 RTP4  8101449 HPSE  7973564 PSME1  

8101126 CXCL10  8024792 EBI3  7896725 --- 

7967322 GPR109B  7958842 --- 7986068 BLM  

8014248 SLFN13  8021376 NEDD4L  7917283 MCOLN2  

7929032 FAS  8056285 IFIH1  8118571 PSMB9  
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Upregulated Upregulated Downregulated 

Probe ID Gene Probe ID Gene Probe ID Gene 

8010426 KIAA1618  7951372 CASP4  8036787 FCGBP  

8157216 UGCG  8048898 SP140  7894572 --- 

7995926 NLRC5  7924450 DUSP10  8031617 ZNF444  

7952335 LOC85391  7979269 GCH1  8116571 --- 

7930074 NFKB2  8044919 RALB  8170280 --- 

7951397 CASP1  8022424 --- 7938812 --- 

8091188 --- 7914603 IBRDC3  7945377 TMEM16J  

7990818 BCL2A1  7979721 C14orf83  7905349 TNFAIP8L2  

8099760 CENTD1  8153609 PARP10  8002181 DPEP3  

7922343 TNFSF4  7962274 KIF21A  8075956 LGALS2  

8059222 DNPEP  8068810 SLC37A1    

7896817 ISG15  7896726 ---   

8160559 DDX58  8150375 ADAM3A    

8159476 TRAF2  8035380 IL12RB1    

7995275 LOC729264  8026300 CD97    

8180166 TAPBP  8168179 DLG3    

8010454 C17orf27  8177955 MICB    

7894737 --- 7969482 ---   

8125713 TAPBP  7934906 ACTA2    

7902104 PDE4B  7900409 TMCO2    

7892618 --- 7897522 RBP7    

7983365 TRIM69  8113790 ---   

7913805 RUNX3      

7920531 ADAR      

7953341 TAPBPL      

7904050 MOV10      

8131600 TSPAN13      

8063923 SLCO4A1      

8047069 INPP1      

8075695 APOL3      

7964119 STAT2      

7967255 RSN      

8088247 ARHGEF3      

8154219 ---     

8119198 ---     

7943218 PANX1      

8060353 RBCK1      

7895038 ---     

8086125 LBA1      

8007212 STAT5A      
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Genes unique to the IFI module of HDM compared with pertussis response cohorts 

 

 

Upregulated 

IL6  

EIF2AK2  

GCN5L2  

GPR155  

IDH3A  

IFITM1  

MCL1  

PARP11  

PNPT1  

PRG4  

SP110  

ZFP36  

 
Downregulated 
BIRC4BP  

CFP  

CMTM8  

HERC6  

LY6E  

MX2  

SMCHD1  

TNFSF10  

ZBP1  
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