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Abstract

Vaccines have had a profound influence on human health with no other health
intervention rivalling their impact on the morbidity and mortality associated with
infectious disease. However, the magnitude and persistence of vaccine immunity
varies considerably between individuals, a phenomenon that is not well understood.
Recent studies have used contemporary technologies to correlate variations in the
genome and transcriptome to complex phenotypic traits, and these approaches have
started to provide fresh insight into the intrinsic factors determining the generation
and persistence of vaccine-induced immunity.

This thesis aimed to describe the relationship between genomic and transcriptomic
variations, and the immunogenicity of childhood immunisations. Candidate gene
and genome-wide genotyping was conducted to evaluate the influence of genetic
variants on vaccine-induced immunity following childhood immunisation. Further-
more, contemporary methodologies were used to assess non-coding and coding gene
transcript profiles following vaccination, to further dissect the molecular systems
involved in vaccine responses.

Key findings from this thesis include the description of the first genome-wide associ-
ation studies into the persistence of immunity to three routine childhood immunisa-
tions: capsular group C meningococcal (MenC) conjugate vaccine, Haemophilus in-
fluenzae type b (Hib) conjugate vaccine and tetanus toxoid (TT) vaccine. Genome-
wide genotyping was completed on over 2000 participants, with an additional 1000
participants genotyped at selected genetic markers.

Genome-wide significant associations (p<5x1078) were described between single-
nucleotide polymorphisms (SNPs) in two genes, CNTN6 and ENKUR, and the
persistence of serological immunity to MenC following immunisation of children 6-
15 years of age. In addition, genome-wide significant associations were described
between SNPs within an intergenic region of chromosome 10 and the persistence of
TT-specific IgG concentrations following childhood immunisations. Furthermore, a
number of variants in loci with putative involvement in the immune system such
as FOXP1, the human leukocyte antigen locus and the lambda light chain im-
munoglobulin locus, were shown to have suggestive associations (p<1x107°) with
the persistence of vaccine-induced serological immunity. The fundamental chal-
lenge will be to describe functional mechanisms associated with these findings, and
to translate these into innovative and pragmatic strategies to develop new and more
effective vaccines.
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Chapter 1

Introduction

Since Edward Jenner’s epochal demonstration in 1796 that inoculation with the vaccinia virus
induced resistance to the related and highly virulent variola virus, billions of doses of vaccines
have been administered. Vaccines have had a profound influence on health particularly in
childhood, averting an estimated 2.5 million child deaths per year (1)). However, inter-individual
variation in vaccine responses remains both perplexing and problematic, with a considerable
proportion not achieving the putative level of protection following licensed vaccines; for example,
10-15% of adults fail to respond to three doses of hepatitis B vaccine (HBV) (2).
Heterogeneous vaccine responses in infancy are even more noteworthy as immune responses
are generally poorer in the young and immunity can wane rapidly (3). A number of factors
including age, sex, nutrition, ultraviolet light exposure, smoking and infectious disease have been
shown to influence vaccine responses (4). Importantly, a large proportion of the variation seen
in responses is thought to be attributable to factors present in the vaccinees’ genome. Recent
advances in the ‘omics’, particularly genomics and transcriptomics present highly amenable
avenues to explore and dissect the mechanisms involved in complex biological systems, such as

vaccine-induced immunity (Figure [L.1})]
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Figure 1.1: Overview of molecular approaches to describe and predict vaccine responses. This
figure was reproduced from O’Connor and Pollard 2013 (), with licence from Oxford University
Press.

1.1 Heritability of vaccine responses

1.1.1 Heritability calculations

A number of studies in twins have evaluated the role of genetic variation on vaccine responses,
showing these to be 36-85% heritable (Table 1.1 hnd Figure 1.9)] (6, 7, B, @, 10)). Heritability
can either be measured as the broad-sense heritability H? or narrow-sense h?. Broad-sense
heritability measures the full contribution of genes on a trait, effectively giving the predictive
value of genotype on phenotype. Whereas, narrow-sense heritability measures the additive
contribution of genes on a trait. In twin studies heritability can be assessed by comparing
phenotypic concordance between monozygotic (MZ) and dizygotic (DZ) twins, as both twin-

pairs are likely to be exposed to similar environmental factors but share 100% and 50% of
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their segregating DNA sequence, respectively. To date, the principal method of estimating
vaccine response heritability has been to use Mx path analysis, under the additive genetic,
common and random environment (ACE) model, as displayed in appendix Figure 7.1[|(11], 12).
The Mx statistical package uses maximum likelihood for estimation of structural equation
models, producing estimates of narrow-sense heritability along with confidence intervals under

the assumption of normally distributed estimators (12)).

1.1.2 Narrow-sense heritability calculation caveats

Human genetic association studies of common phenotypic traits have frequently accounted for
a modest proportion of the total genetic contribution inferred from heritability studies (13, [14).
While much of this ‘missing heritability’ may be due to undiscovered variants, heritability
estimates may also be inflated (15). Total narrow-sense heritability calculations assume no
epistasis among loci. Characterising genetic interactions in humans is challenging; however,
non-linear molecular interactions are commonplace in biology and it is not justifiable to assume
genetic effects will be purely additive. The absence of gene-gene and gene-environment interac-
tions in heritability calculations may result in overestimation of narrow-sense heritability (15]).
The genetic architecture of extensive allele sharing between close relatives makes disentangling
genetic interactions problematic. Alternative methods of calculating heritability in nearly un-
related individuals in a population have been suggested to overcome the problem of genetic

interactions (15, [16).

1.1.3 Vaccine-induced immunity heritability estimates

An early study of Danish adult twins following a single dose of 23-valent pneumococcal polysac-
charide vaccine examined the influence of genetic factors on serotype-specific IgG and IgG sub-
class responses (9)). This study found greater correlation in the serotype-specific total IgG 4
weeks post-vaccination in monozygotic than dizygotic twin pairs for all eight pneumococcal
serotypes assessed (1, 2, 4, 7F, 9N, 14, 19F and 23F). Interestingly, the genetic contribution to

responses to pneumococcal polysaccharides appeared to be serotype dependent, with only IgG



1.1 Heritability of vaccine responses

responses to serotypes 1, 2, 4 and 19F reaching statistical significance (9). Of the six serotypes
(1, 2,4, 7F, 9N and 14) assessed greater [gG2 correlation in monozygotic compared to dizygotic
twins was observed for serotypes 1, 9N and 14. The disparate genetic contribution to antibody
responses to differing pneumococcal polysaccharides may be genetically determined; however,
it may also be affected by variable environmental exposure to this widely carried organism in
this cohort aged 21-65 years (17, [18).

Another twin study in German adults assessed the heritability of vaccine responses 4 weeks
after three doses of the combined hepatitis B vaccine (HBV) and hepatitis A vaccine (HAV) (6)).
Antibody concentrations to hepatitis B virus surface antigen (HBsAg) were found to be 61%
(95% CI 0.41-0.81%) heritable, and antibody concentrations to HAV were found to be 36%
heritable but with a lower 95% confidence interval (CI) estimate crossing zero (6). Analysis
of the small subset of human leukocyte antigen (HLA )-identical dizygotic twin pairs estimated
25% of the phenotypic variance in anti-HBsAg antibodies was explained by the HLA-DRBI
locus, although the 95% ClIs for intraclass correlations overlapped (6). Furthermore, a cross-
sectional study in monozygotic and dizygotic children who had received at least one dose of
measles-mumps-rubella (MMR) vaccine found specific-antibody levels to all three of these vac-
cine antigens to be heritable, but with estimates ranging from 36% for mumps to 89% for
measles (19).

A prospective study of a birth cohort of 207 Gambian twin-pairs assessed the heritability of
both humoral and cellular responses to a number of vaccine antigens following the Expanded
Program on Immunisation (EPI) schedule (7, [8). This study found significantly greater cor-
relation within monozygotic twin pairs for all specific-antibody responses, with heritability
ranging from 44-77% for hepatitis B, polio, tetanus, diphtheria and Haemophilus influenzae
type b (Hib) (7, §). Furthermore, total serum IgG levels were also found to be 78% (95% CI
67-85%) heritable at 5 months of age (7). This study also assessed cellular immune responses,
finding TFN-v release following peripheral blood mononuclear cell (PBMC) stimulation with
mycobacterial purified protein derivative (PPD), killed Mycobacterium tuberculosis, pertactin

and filamentous haemagglutinin, as well as IL-13 release following PPD, mycobacterial 65-kDa
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heat shock protein, pertussis toxin (PT) and tetanus toxoid (TT), to be heritable (7). Analysis
of HLA-DRBI1 identical dizygotic twin pairs estimated 15% of the phenotypic variance in anti-
HBsAg antibodies to be explained by this locus. However, the lower 95% confidence interval for
phenotypic variance attributable to HLA-DRB1 overlapped zero for antibody responses for all
vaccines assessed (7). In contrast, the estimated contribution of the HLA-DRB1 locus on IFN-y
(interferon-gamma) responses to PPD did not overlap zero, with this single locus accounting
for 76% (61%-85%) of the phenotypic variance (7).

A further infant vaccination study investigated anti-HBsAg antibody responses in Han and
Ugyur Chinese twins (10). This study found greater correlation in anti-HBsAg concentrations in
monozygotic than dizygotic twins at 1 year of age following immunisation at 0, 1 and 6 months
of age with HBV (10). Furthermore, when HBV responses were coded as ordinal variables
for IgG concentrations >100, 10-100 and <10mIU ml™!, genetic factors were seen to have a

dominant role, accounting for 91% of the phenotypic variance (10).

Table 1.1: Summary of key twin studies investigating the heritability of vaccine responses

Reference  Vaccine Population Response Heritability CI
(6) Inactivated HAV and 192 monozygotic and 190 dizygotic Anti-HAV antibody 36% (0-73%)
recombinant HBsAg German adult twins aged 18-65 years Anti-HBsAg antibody 61% (41-81%)
© Pneumococcal vaccination 48 monozygotic and 36 dizygotic IgG and IgG2 Variable
Caucasian adult twins aged 21-65 years serotype specific antibodies
) Hib conjugate vaccine 86 monozygotic and 294 dizygotic Anti-PRP IgG 51% (32-66%)
Gambian 5 months old infant twins
@ Recombinant HBsAg 96 monozygotic and 318 dizygotic Anti-HBsAg antibody 7% (63-85%)
Gambian 5 months old infant twins
Oral polio vaccine Anti-poliovirus antibody 60% (43-73%)
DTP Anti-TT antibody 44% (16-70%)
Anti- DT antibody 49% (17-77%)
BCG, 0.05 ml Interferon-v responses to PPD  41% (10-71%)
10y Recombinant HBsAg vaccine 164 monozygotic twins and 180 dizygotic twins Anti-HBsAg antibody 91% (76-97%)
Healthy 1 year old Chinese infants
(19) Live attenuated MMR vaccine 90 monozygotic and 110 dizygotic Anti-measles antibody 89% (52%-NR)*
Caucasian twins (196/200) age 2-18 years Anti-mumps antibody 39% (2%-NR)*
Anti-rubella antibody 46% (5% -NR)*

NR=not reported, *= One-sided confidence interval, MMR= Measles-Mumps-Rubella, HBsAg =Hepatitis B surface antigen
HAV= Hepatitis A virus, TT= Tetanus toxoid, DT= Diphtheria toxoid, DTP = Diphtheria-Tetanus-Pertussis, BCG =Bacille Calmette-Guérin (BCG)
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Figure 1.2: Forest plot of the heritability of vaccine-induced immune responses, determined
by twin studies. Spots signify the point estimate of heritability and the lines extend to the 95%
confidence intervals. PPD= purified protein derivative (Mycobacterium tuberculosis),TT= tetanus
toxoid, PRP= polyribosylribitol phosphate Haemophilus influenzae type B, HBsAg= hepatitis B
surface antigen, HAV= hepatitis A virus, Dip= Diphtheria toxoid, [gG= Immunoglobulin G.

1.1.3.1 Variable heritability estimates

The twin data reviewed in the previous section consistently demonstrated a relationship between
heritable factors and vaccine responses. Interestingly, the estimates on vaccine heritability
varied considerably between studies, and even between vaccines given concomitantly in the same
study population (6, [7, [10). Although data suggest that the majority of current vaccines work
by evoking antibody mediated protection, the molecular pathways evoked following vaccination
may be highly disparate (20, p. 19) (2I). Therefore, it is logical to assume some genetic
factors may have relatively generic influence on vaccine responses, and others will be vaccine-
specific leading to disparate additive genetic contributions. Interestingly, antibody responses

to protein toxoids, TT and DT, correlate and show similar heritability, potentially indicating
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shared genetic determinants (7). However, antibody responses to HBV and OPV show no
correlation and disparate heritability, suggesting distinct genetic factors are involved (7).

In addition to vaccine-specific determinants, participant age, ethnicity, nutrition status as
well as the time and type of the immunogenicity measure have all been highlighted as important
factors that influence heritability estimates (10). It has also been suggested that the heritability
of vaccine responses may be greatest early in life, with greater heritability exhibited in specific
antibody to HBV in infants (77% and 91%) compared to adults (61%) (6, [7, 10). The effect of
age on observed heritability may be particularly apparent in the case of vaccines that contain
antigens that individuals might frequently encounter, such as influenza and pneumococci.

The heritability measures of vaccine responses are also likely to be context and population
specific, complicating interpretation and comparison of reported heritability measures. Ethnic-
ity may contribute to the difference seen in the heritability of HBV responses seen in Gambian
(77%) and Chinese infants (91%) (6, [10). In addition, experimental factors that influence
overall phenotypic variance, such as measurement assay variability, will also affect heritability

estimates.

1.2 Genetic studies of immunological responses to vac-
cines

Despite the evident heritability of vaccine responses the particular genetic determinants in-
volved in vaccine responses remain largely uncharacterised. Several candidate gene studies and
more recently genome-wide association studies (GWASs) have investigated the effect of genetic

variation on immunological and physiological responses to vaccination.

1.2.1 Genome-wide association studies

A genome-wide association study (GWAS) of 3644 healthy Indonesians following HBV, found
47 single nucleotide polymorphisms (SNP) that associated (P<1.1x10~7) with vaccine re-

sponses (22). In this study participants were grouped into low responders (0-99.91U/1 anti-
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HBsAg), medium responders (100-999.91U/1 anti-HBsAg) and high responders (anti-HBsAg
>1000 1U/1) and analysed using ordered logistic regression. Stepwise conditional logistic regres-
sion of the significantly associated SNPs demonstrated that these represented three independent
signals across the HLA region. The strongest of these independently segregating signals was
r$3135363 (p=6.53x10722) a SNP tagging a haplotype block that includes HLA-DR. The other
two index SNPs were in the 3" untranslated region (UTR) of HLA-DPB1 and in a HLA class
IIT gene-rich region (22). Intriguingly, the HLA-DPBI tagging SNP rs9277535 has previously
been associated with chronicity of hepatitis B infection in several Asian subpopulations (23] 24]).
Clearance of hepatitis B virus coincides with the production of anti-HBsAg antibodies; how-
ever, chronically infected individuals fail to produce these antibodies despite detectable HBsAg
antigen in their circulation. The antigenic component of HBV is HBsAg; therefore, the con-
cordance between the HBV response and hepatitis B viral clearance genetic association studies
suggests individuals are predisposed to chronic infection by a genetically determined inability
to produce anti-HBsAg antibodies, and that part of this genetic susceptibility lies proximal to
the HLA-DPBI1 locus (22, 23]).

A further GWAS assessed 77 Chinese Han individuals who failed to respond to a booster
dose of HBV (anti-HBsAg IgG <10mIU/ml after six doses) with 108 primary HBV high-
responders (anti-HBsAg IgG >1000mIU/ml after three doses) (25). This study identified
a SNP (rs477515) located ~12kb upstream of HLA-DRBI1 that had an odds ratio of 3.59
and surpassed the level of genome-wide significant association (p=4.81 x 107®) (25). The au-
thors of this study were then able to replicate these findings in a larger cohort of 420 primary
HBYV non-responders (anti-HBsAg IgG <10 mIU/ml after three doses) and 1336 primary high-
responders, with rs477515 reaching a combined p-value=2.63 x 107! (25). This study also
replicated rs3135363, but demonstrated the association between rs477515 to be largely inde-
pendent of rs3135363 (22, 25). Direct sequencing of the HLA-DRBI region, in the cohort of
77 HBV booster non-responders versus the 108 primary HBV responder, associated the HLA-
DRB1*0701 allele with non-responders with an odds ratio of 3.69 (p=1.5 x 107%) (25)).

The two GWASs of HBV responses have shown the peak association to be in the HLA-DRB1
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locus, which is consistent with the twin data suggesting 15-25% of the heritability of HBV IgG
responses could be accounted for by the HLA-DRBI locus (0, [7, 22| 25). However, twin data
also suggested that the majority of the genetic determinants of HBV antibody responses are
outside the HLA-DRB1 locus, and to date these factors are largely unknown (6} [7, 22] 25)).

Another published vaccine GWAS assessed vaccinia-specific neutralisation titres in a multi-
ethnic cohort of 1014 healthy adults 1 month to 4 years following pustule forming smallpox vac-
cination (26]). This study included three distinct ethnic groups: Caucasians (n=580), African-
Americans (n=217) and Hispanics-Americans (n=217). Association analysis was performed
separately for each of the ethnic subgroups, describing a single SNP within the promoter region
of a pseudogene that surpassed the authors proposed level of significance (p< 5 x 107) in the
Caucasian cohort (26). Analysis of the other ethnic groups found eight and five SNPs that asso-
ciated with vaccinia neutralising antibody in the African-Americans and Hispanics-Americans,
respectively (26). In addition to humoral responses, the GWAS data generated in this study
were also compared to cellular immunity following smallpox vaccination, measured by CD8"
and total IFN-vy enzyme-linked immunospot (ELISpot) assays, as well as IFN-vy enzyme-linked
immunosorbent assay (ELISA) on supernatant from PBMCs stimulated with inactivated vac-
cinia virus (27). Twenty-five SNPs were found to be associated with vaccinia-specific CD8
IFN-~ ELISpots, 10 SNPs were associated with total IFN-y ELISpots and 11 SNPs were asso-
ciated with secreted IFN-v (27).

A recent GWAS explored rubella-specific cytokine responses in a cohort of Caucasian ado-
lescents following two childhood doses of MMR vaccine (28). This study found seven SNPs
with genome-wide significant associations (p<5x10~%) with rubella-specific IL-6 cytokine secre-
tion (28)). Six of these SNPs were within an intergenic region on the short arm of chromosome 9
(~1.5Mb from a coding gene). The other genome-wide significantly associated SNP was within
PTPRD a gene that encodes protein tyrosine phosphatase receptor type D, a member of a fam-
ily of proteins involved in processes such as cell growth and differentiation (28). This SNP had
a minor allelic frequency (MAF) of 0.01 and represented the only SNP within this gene to have

a p-value <1x107°. While these parameters may raise questions about marker reliability, the
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SNP MAF did match that of the 1000 Genomes Project Europeans. This study also assessed
rubella-specific [IFN-v secretion, but did not find any SNPs to be significantly associated with
this measure (28). This study assessed a modest number of participants (n=897) given the
need for stringent correction for multiple testing and it may be the case that many SNPs that
did not surpass the level of genome-wide significance may influence rubella-specific cytokine
responses. The authors stated that replication studies were being undertaken to validate their
findings.

GWASSs provide a genome-wide assessment of many hundreds of thousands of genetic vari-
ants and have the benefit of not requiring exhaustive prior knowledge of the genes involved
in a particular trait. However, it is important to consider the implications of this expansive
approach, particularly the inherent need for stringent statistical corrections. Using Bonfer-
roni correction, for approximately a million independent variants in the European-American
genome, gives a threshold for statistical significance of p<5x10~® (29). This conservative
threshold makes it necessary to work with large sample sizes to provide statistical power and

may result in the exclusion of many markers with small to moderate effect sizes.

1.2.2 Candidate gene studies

Until recently, the candidate gene approach had been the mainstay of investigations into the ge-
netic determinants of vaccine-induced immunity. Selecting genes with putative roles in immuno-
logical responses to vaccines has the clear disadvantage of dependency on a priori knowledge.
Conversely, candidate gene studies typically require less burdensome statistical corrections, as
they perform fewer tests, than genome-wide approaches; therefore, can be more powerful in
the moderate sample size setting. A variety of genes have been investigated but for simplicity
these can be separated into three broad themes: antigen processing and presentation, innate

recognition and cellular signalling.
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1.2.2.1 Antigen processing and presentation

HLA molecules facilitate the presentation of peptide antigens to T-cell receptors. HLA genes
are highly polymorphic, introducing a diverse ability to bind and present peptide within the
population. Comparison of vaccine responses within HLA-DRB1 matched and HLA-DRBI1
disparate DZ twins have estimated that ~40% of the genetic variation influencing specific-
antibody responses to HBV may be attributable to this locus alone (6)). Several candidate gene
studies have found HLA polymorphisms to be associated with immunological responses to a
number of vaccines including hepatitis B, measles, rubella, influenza and anthrax vaccines (30,
311, 132, 133, [34]).

HLA polymorphisms represent a considerable portion the catalogue of genetic variants as-
sociated with vaccine responses contributed by candidate gene studies (35). However, as HLA
polymorphisms account for a large proportion of the candidates assessed in these studies these
may be enriched for false positives, making replication particularly pertinent. The associations
between HLA-DPA1*0201, HLA-B*2705 and HLA-DPB1*0401 alleles and rubella antibody re-
sponses have been replicated, as has the association between HLA-DQA1*0201 and measles
vaccine responses (31, 32). A meta-analysis of published associations between HLA-DRB1 and
HLA-DQ@B1 alleles, and antibody responses to hepatitis B vaccine, found several alleles to
be consistently associated with responses (36). Another meta-analysis found four HLA alleles
(DRB1*07, DQA1*02:01, DQB1*02:01, and DQB1*03:03) were associated with lesser, and two
HLA alleles (DRB1*13 and DRB1*13:01) were associated with greater, antibody responses to
MMR, HBV and influenza vaccines (35)). While the meta-analysis of published data may not
completely negate false-positives due to publication bias, alleles with consistent directionality

of association are more likely to represent true positives.

1.2.2.2 Innate recognition receptors

Innate recognition receptors instigate immunological responses to antigens based upon the
recognition of conserved microbial motifs and/or intrinsic host cell ‘danger’ signals. Polymor-

phisms in genes in a number of the innate receptor pathways including toll-like receptors (TLRs)

11
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have been associated with variable vaccine responses (37, 38|, [39] 40, [41], 42} [43], 144 [45]).

In particular, SNPs within the TLRS3 gene locus have been associated with measles-specific
antibody persistence following MMR in adolescents (37). Furthermore, TLR3 SNPs have been
associated with the persistence of capsular group C meningococcal (MenC)-specific antibody
concentrations in children and adolescents following immunisation with MenC-conjugate vac-
cine (38). Interestingly, the TLR3 Leud12Phe polymorphism (rs3775291) implicated in both
measles and MenC vaccine responses has been associated with differential IFN-«/3 and TLR3
protein expression, following stimulation of PBMCs with the synthetic TLR3 agonist polyl:C
(polyinosinic:polycytidylic acid) (46). In addition, a SNP within TIRAP (rs1893352) an es-
sential adaptor molecule that binds to both TLR2 and TLR4 has been associated with Hib
vaccine failure, with the recessive homozygote genotype being 7.6 times more common in the

bacteraemic study cohort than healthy controls (p=1.3x107%) (47).

1.2.2.3 Cellular signalling

Cytokines are small intercellular signalling proteins with pleiotropic roles in humoral and cellu-
lar immunity. Polymorphisms in numerous cytokine genes have been associated with immune
responses to vaccines, with some cytokine genes being implicated in responses to a variety of
vaccines (41, 48, 149, 50, 51, (52)). For example, polymorphisms within IL-10 have been as-
sociated with concentrations of specific-antibody to diphtheria toxoid (DT), HAV, HBV and
pneumococcal serotype 6B capsular polysaccharide (48], 149] [53)). The minor allele in the pro-
moter region on /L-10 (rs1800896) has been associated with higher antibody responses to both
DT and HAV vaccines; another IL-10 promoter SNP (rs1554286) has been associated with Hib
vaccine failure (47, [48], [49). SNPs in the IL-12 receptor subunits IL-12R31 and IL-12R/32 have
also been associated with antibody responses to measles, mumps as well as pneumococcal 9V
and 19F serotypes (41] 48] [54)). These data imply a generic and non-redundant role for some

cytokine polymorphisms in influencing antibody responses to several vaccine antigens.

12



1.2 Genetic studies of immunological responses to vaccines

1.2.3 Lymphocyte receptor polymorphisms

B and T cell receptors are unique in that they are encoded by multiple genomic loci that, within
the relevant cell type, undergo somatic recombination and in the case of the former somatic
hypermutation (55, p. 146-151). Lymphocyte receptor loci require special attention in genetic
association analysis as their repeated structure makes them susceptible to frequent insertion
and deletion events; consequently, the complex structural genetic variation at these loci are
difficult to capture with contemporary high-throughput genotyping techniques (56). Despite
the vast repertoire of receptor gene segments available, B cells with a highly restricted antibody
gene segment usage are directed to Hib and pneumococcal capsular polysaccharides following
vaccination (57, 58, 59). Similarly, highly restricted antigen-specific T cell repertoires have also
been observed (60, 61)). These data have led to speculation that the availability of lymphocyte
receptor gene segments, or allelic variants within them, could influence an individual’s clonal
repertoire following vaccination and ultimately the robustness of vaccine response.
Non-synonymous mutations occur disproportionately in the complementarity determining
regions of some immunoglobulin heavy chain variable (IGHV) genes, suggesting these may be
under positive selection (62)). For example, the IGHV3-23*03 allele has been shown to more
effectively bind Hib polysaccharide compared to the more frequently found IGHV3-23*01 al-
lele (63). Additionally, the frequency of the IGHV3-23*03 allele and copy-number of IGHV3-23
varies across populations, which may support underlying selective pressure (64). Polymorphisms
in the germline immunoglobulin sequence have also been associated with immunoglobulin gene
expression; for example, the IGKV2D-29*02 allele that results in a single nucleotide variant
in a recombination signal of the IGKV2-29 (immunoglobulin kappa variable 2-29) gene, dra-
matically decreases the expression of this gene (63 [66). Interestingly, IGKV2-29 is expressed
following vaccination with Hib polysaccharide vaccine and the IGKV2D-29*02 allele has been
associated with increased susceptibility of the Navajos population to Hib disease, although a
direct causal link has yet to be demonstrated (65, 66}, [67). There are few data exploring the rela-
tionship between germline polymorphisms and copy-number variations on lymphocyte receptor

repertoire expression (68, 69, [70). However, germline polymorphisms and copy-number varia-
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tions in lymphocyte receptor genes may be important in repertoire expression and ultimately

the robustness of vaccine response and disease susceptibility.

1.2.4 Replication and functional validation

There are an accumulating number of genetic variants being implicated in vaccine responses;
however, few have been assigned any functional consequence. The major ‘A’ allele at rs9277535
in the 3’ UTR of HLA-DPBI1 associated with clearance of hepatitis B virus and HBV anti-
body responses, has recently been linked with the expression of HLA-DPBI mRNA in both
liver and lymphoblastoid cell lines (22], 23 [71]). These data suggest that variants within the 3’
UTR of HLA-DPB1 influence responses to hepatitis B virus and HBV via HLA-DPBI expres-
sion. There is a strong case for a functional role of the non-synonymous MAL/TIRAP variant
Ser180Leu associated with Hib vaccine failure, this SNP lies within the proposed functional
interface with MyD88 (Myeloid differentiation primary response gene 88) and may result in a
partial loss of function (47, [72).

More studies providing functional validation for associated genetic loci are needed in order
to enable robust inferences to be formed about the genetic determinants of vaccine responses.
In the absence of functional validation, replication in an independent population is critical to
corroborate ‘true’ signals and eliminate false positives. Replication is particularly important
as associations seldom surpass conservative thresholds for statistical significance, due to the
need for corrections for multiple testing and inadequate sample sizes. ‘Tiered’ or ‘two-stage’
study designs, with an initial ‘discovery’ cohort genotyped broadly that is used to produce a
smaller subset of variants to be followed-up in a ‘replication’ cohort have been shown to be
both powerful and cost-effective (73). For example, the GWAS of HBV responses adopted this
tiered approach genotyping 455,508 SNPs in a discovery set of 1683 individuals and pursuing a
subset of 1706 SNPs in a replication cohort of 1931 individuals, resulting in 47 significant SNPs

after corrections for multiple testing (22).
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1.3 (enetic studies of adverse responses to vaccines

Vaccine associated adverse events are important in the public acceptance of vaccines. Although
severe reactions are very rare, both the public and the media often have an inflated perceived
risk (74). On the other hand, mild reactions such as pain, swelling and fevers are relatively
common and may also be important in the public perception of vaccine safety. The determinants
of vaccine associated adverse reactions or reactogenicity are not well understood, and there
are currently no published twin data explicitly examining the heritability of these responses.
However, higher rates of febrile events following measles vaccination have been reported in some
ethnic populations, implying genetics factors have a part to play in susceptibility to vaccine
associated adverse reactions (75]).

To date, the published studies of the genetic determinants of adverse vaccine responses have
focused on responses to smallpox vaccine (76, [77)). The first of which assessed the relationship
between polymorphisms in 19 candidate genes, selected based upon putative involvement in
the control of poxviruses, and fever following immunisation with smallpox vaccine (77). A
total of 357 SNPs, which represented all the SNPs in the candidate genes known at the time,
were assessed in 346 healthy adult volunteers, 176 of whom were vaccinia-naive. Individuals
with fever (> 37.7°C) were compared to individuals without any recorded fever. To account
for multiple testing a permutation test was used to determine the statistical cutoff (p<0.01).
Haplotypes were constructed using an expectation-maximisation (EM) algorithm and tested
simultaneously in the regression model to identify haplotypes independently predictive of fever.
Eight haplotypes in four different genes ILIA, ILIB, IL1R1, and IL18 were associated with
risk of fever following smallpox vaccination (77). Furthermore, a single /L haplotype was
associated with fever following smallpox vaccination in the vaccinia-naive subset, whereas a
IRF1 haplotype was associated with fever in those who had previously received a smallpox
vaccine (77). Notwithstanding, candidate genes were selected for putative involvement in viral
control, the fact that haplotypes within the genes encoding IL1 a cytokine that is pyrogenic in
humans at subnanomolar concentrations and IL18 a pro-inflammatory cytokine, were associated

with fever biologically corroborates the statistical associations (77, [78]).
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A further study assessed for genetic susceptibility to adverse reactions following smallpox
vaccination in healthy vaccinia-naive adult volunteers (76). This study assessed 1442 SNPs
across 386 candidate genes in two cohorts of 85 and 46 vaccinees. Within the two groups subjects
with systemic adverse events such as fever, rash, or regional lymphadenopathy, were compared
to individuals who did not experience these reactions. SNPs with a p<0.05 in both these groups
were considered statistically significant (76). Despite the modest sample size the study found
a SNP in MTHFR (methylenetetrahydrofolate reductase) and two SNPs in IRF! (interferon
regulatory factor-1) were associated with systemic adverse events following administration of
smallpox vaccine, with odds-ratios in the region of threefold (76]). Interestingly, the associated
MTHFR SNP was non-synonymous and has been demonstrated to be thermolabile, affecting
both the quantity and activity of the enzyme, which itself has previously been linked with
adverse reactions to other pharmacological agents (79, [80). /RF1 is a member of the interferon
regulatory transcription factor (IRF) family and acts as transcription activator of genes induced
by interferons «, (3, and ; haplotypes within this gene have now been associated with fever
following smallpox vaccination in two studies (76, [77)).

The safety profile and target population of the smallpox vaccine is not typical of the majority
of vaccines currently in use worldwide, as it has a higher rate of serious adverse events and it is
only recommended for particular populations, such as some laboratory staff and specific workers
at identifiable risk (81, [82]). However, fever following immunisations is not an infrequent event;
for example, in a multi-centre European trial of 1885 infants 36% recorded a fever of > 38°C
following their second dose of routine infant immunisations (at 3, 4 or 5 months of age), which
increased to 59% when the newly licensed capsular group B meningococcal vaccine (Bexsero®,
Novartis) was given concomitantly (83). Further studies are needed to investigate the genetic

determinants of reactogenic responses following vaccination.
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1.4 Vaccine response transcriptomics

Contemporary transcriptomic analysis has revolutionised the way in which complex biological
systems can be interrogated. Recently, transcriptomic analysis has been utilised to describe and

predict responses to licensed vaccines, as well as in early vaccine development and pre-clinical

research (Table 1.2 [apd Table 1.3)| (84, 85, 86, 87, 88, 89, 00, 91}, 92, 93], 94, [95)).

1.4.1 The use of transcriptomic analysis in clinical trials

1.4.1.1 In vivo genome-wide transcriptomic analysis of responses to licensed vac-

cines

Transcriptomic analysis can be used in vaccine clinical trials to, 1) characterise gene expression
changes evoked following vaccination, 2) correlate transcriptional changes to measures of im-
munogenicity and/or tolerability, and 3) described novel biomarkers of vaccine immunogenicity
or efficacy. A seminal study in this area assessed the PBMC transcriptome of healthy adult vol-
unteers: 0, 1, 3, 7 and 21 days after vaccination with live-attenuated yellow fever 17D (YF-17D)
vaccine (84)). This study initially assessed 15 YF-17D vaccinees, describing 97 differentially ex-
pressed genes (false-discovery rate [FDR] <0.05) in the week following YF-17D vaccine (84).
Sixty-five of these differentially expressed genes (DEGs) were consistently modulated in an in-
dependent replication cohort of 10 volunteers, with gene ontology analysis showing enrichment
of genes related to immune response, innate immune response and response to virus (84)). This
study was also able to show a correlation between the expression of particular genes and spe-
cific CD8' T cell and antibody responses; most intriguingly demonstrating that the expression
of these genes could predict immunogenicity in an independent replication cohort with a high
degree of accuracy (84). Of particular note a gene set containing the TNFRSF17 gene, which
encodes a receptor for the B cell growth factor BLyS-BAFF, was highly predictive of antibody
responses (84]).

At a similar time another study was published, which looked at the transcriptome of pe-

ripheral whole blood samples collected in PAXgene® RNA stabilisation tubes: 0, 3, 7, 10, 14,
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28, and 60 days after vaccination of healthy adults with YF-17D vaccine (95)). This study ini-
tial assessed 15 YF-17D vaccinees finding 594 DEGs (p<0.05 and fold-change [FC] >1.3), the
majority of which occurred within the first 10 days. Many of the gene induced in the first 10
days post-vaccination were interferon-induced genes and several B-cell related genes were signif-
icantly differentially expressed 14 days following YF-17D vaccine, including TNFRSF17 (95).
Further analysis of 43 of the DEGs, selected to represent transcriptional nodes, in an additional
cohort of 23 YF-17D vaccinees using quantitative PCR provided corroboration for the majority
of these DEGs (95).

A further study analysed the transcriptome of PBMCs following either smallpox vaccine or
YF-17D vaccine in healthy adult volunteers (89). This study assessed PBMCs collected 0, 2-4,
5-7 and 50-60 days following vaccination of 24 individuals with smallpox vaccine; and 0 and
4-7 days following vaccination of 20 individuals with YF-17D vaccine (89). Analysis of PBMCs
4-7 days following vaccination found 475 and 615 DEGs (FDR <0.05) in the smallpox and YF-
17D vaccine groups, respectively (89). Eighty genes were differentially expressed following both
vaccines, characterised by interferon-induced genes as well as genes involved in proteolysis and
antigen presentation, implying generic roles in response to live-attenuated viral vaccines (89).
Vaccinia specific responses were characterised by repression of B and T cell associated genes
and the induction of monocyte/macrophage associated genes, and YF-17D specific responses
were associated with downregulation of genes associated with protein biosynthesis (89).

In addition to detecting systemic transcriptional responses to replicating live-attenuated
vaccines, studies have also been able to detect transcriptional responses to non-replicating
vaccines. A study of the PBMCs in the week following influenza vaccination highlighted dis-
parities between gene profiles evoked following the live-attenuated influenza vaccine (LAIV)
given intranasally and the intramuscularly administered trivalent inactivated influenza vaccine
(TIV) (85)). Although a core set including genes involved in inflammatory and antimicrobial
responses was altered similarly, the majority of the DEGs (FDR<0.05 and FC >1.41 in at least
60%) were vaccine-specific. Recipients of the LAIV differentially expressed several interferon-

related genes 3 days after vaccination, consistent with observations following YF-17D, poten-
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tially reflecting the replication competency of these live-attenuated viral vaccines (84] [85).
Furthermore, the analysis of sorted cells implied that DEGs following TIV predominantly orig-
inated from the myeloid dendritic cells (mDC) and B cells, whereas plasmacytoid dendritic
cells (pDC) contributed the greatest DEGs following LAIV (85). These data imply that the
two vaccine strategies, which differ both in composition and route of administration, evoke very
divergent molecular responses that are propagated by different cell types. Disparities between
these vaccines have previously been described at the serological and epidemiological level, TIV
evokes greater haemagglutination inhibition (HAI) serum antibody titres but LAIV has been
shown to be more effective at preventing childhood culture-confirmed influenza disease (96)).
A study of the transcriptome of whole blood samples from 85 healthy child aged 12-35
months 7-10 days after receiving a single dose of LAIV or TIV vaccination described 265 DEGs,
with only 20 being induced by both vaccines (97). This study found that the live-attenuated
vaccine evoked five times as many DEGs as the inactivated vaccine, including a more pronounced
type 1 IFN-inducible gene signature (97). A further study assessed the transcriptomic profile
in whole blood samples from healthy children aged 6 months to 14 years: 1, 7 and 30 days
after LAIV or TIV (98)). This study described differences in transcriptional kinetics between
these two vaccination strategies. While both vaccines perturbed IFN-signalling genes, the
kinetics of these responses were disparate with TIV recipients inducing IFN genes early at day
1 and the LAIV inducing this gene module at day 7 post-vaccination (98)). These findings
match those of the previously mentioned studies that detailed IFN related gene responses in
LAIV but not TIV recipients a week after childhood or adult influenza vaccination (85, 97,
08). These data modify the interpretation of differences between the transcriptional responses
evoked by these two vaccines and highlight the added value of kinetics data in evaluating
transcriptional responses. Interestingly, in the aforementioned study the IFN gene signature
induced by LAIV at day 7 appeared to be age dependent and was only seen in those <5 years of
age and not those 5-14 years of age (98)). Nevertheless, for both vaccines IFN gene upregulation
was positively correlated with post-vaccination H3N2 antibody titres (98)). Consistent with

previous data this study also found TNFRSF17 to be among the 10 most upregulated genes
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7 days following TIV (98)). In contrast to previous adult and infant data comparing TIV and
LATIV, this study identified more DEGs 7 days following TIV than LATV (85, 97, 08)). However,
there were a number of analytical differences between these studies, such as the threshold for
DEG classification, and these findings may also be confounded by uneven vaccine group sizes.

A recent study found the expression of a module of plasmablast related genes, which in-
cluded TNFRSF17, correlated with HAI titres and serotype-specific antibodies concentrations
following TIV and 23-valent pneumococcal vaccine, respectively (87). A further study found
the expression of TNFSF13B encoding the B cell growth factor BLyS-BAFF a ligand for T'N-
FRSF17, correlated with post-TTV HAT titres (88]). Transcriptomic studies have also alluded
to novel roles for genes with previously unappreciated contributions to immune regulation. For
example, CAMK/ expression was shown to inversely correlate with HAI titres following TTV, a
finding that was functionally substantiated by the demonstration that CAMK/-deficient mice
have enhanced TIV antibody responses (85).

A further study explored more detailed kinetics of transcriptomic changes induced following
TIV by collecting samples daily, for the first 10 days following vaccination (99)). This study
performed RNA-sequencing on PBMCs and B cells collected from five participants following a
single dose of TIV (99). Per individual time point analysis on the B cell transcriptomics data
found vastly differing numbers of DEGs (FDR <0.05) between participants (2-5580 DEGs),
of which 742 were common between at least 60% of participants (99). Functional principal
component analysis (FPCA) found 90% of transcriptome variance could be accounted for by
a single eigenfunction for three individuals and by two eigenfunctions in the remaining two
participants (99). As the former reported history of influenza vaccination, the authors sug-
gested the differences were due to ‘predominantly recall’ compared to ‘predominantly de novo’
responses (99). Of note the temporal pattern and peak of these eigenfunctions (when displayed
graphically) varied, reflecting time-varying responses and highlighting the loss of information
that results from inevitable restrictions on sampling frequency.

A further study looked at whole blood transcriptional biomarkers of immunological responses

to TIV in 30 young (20-30 years of age) and 59 older (60 to >89 years of age) generally healthy
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adults (L00). This study assessed baseline parameters including gene expression modules, serum
proteins, immune cell subsets, participant demography, cytomegalovirus and Epstein-Barr virus
serological status (L00). In total 241 variables were included in feature selection and predic-
tion of post-vaccination HAT titres, with cross-validation being completed using the elastic
net algorithm. A model with all these features, nine of which were considered relevant, bet-
ter correlated with post-vaccination HAI titres than a model based only upon participant age
(p= 1.2 x 107°). Only one of the features in this first model displayed a positive relationship
with post-vaccination HAT titres, this was a baseline gene module enriched for genes involved
in apoptosis (100). In addition to age and pre-existing HAI titres, a gene module composed of
gene involved in the regulation of B-cell proliferation was shown to have a negative relationship
with post-vaccination HAI titres (100)).

A recent study evaluated transcriptional changes following immunisation with either the con-
jugated or plain-polysaccharide quadrivalent (capsular groups A, C, W and Y) meningococcal
vaccine (86). This study examined the transcriptome of PBMCs from healthy adult volunteers
0, 3 and 7 days after vaccination, with either the conjugated (n=17) or polysaccharide (n=13)
meningococcal vaccines. In contrast to what has previously been observed following YF-17D,
LAIV and TIV, few genes were differentially expressed 3 days after vaccination with either of
the meningococcal vaccines, implying these vaccines induce subtle early systemic transcriptional
responses (84, 85, [86). Interestingly, 1150 differentially expressed genes (p<0.001) were seen
7 days after the meningococcal conjugate vaccination compared to just 105 genes surpassing
this threshold 7 days after the polysaccharide vaccine (86)). In addition to differing in the dose
of total meningococcal polysaccharide content and route of administration, the meningococcal
glycoconjugate vaccine is believed to stimulate a T-cell dependent immune responses via the
diphtheria toxoid carrier protein (55, p. 646-647). Moreover, as this study found a far greater
proportion of plasmablasts induced by the meningococcal conjugate vaccine secreted antibodies
to the carrier diphtheria protein than the meningococcal polysaccharides, the day 7 transcrip-
tion profile may be largely evoked by the carrier protein. Despite the transcriptional differences

seen 7 days post-vaccination, the expression of the ‘dendritic surface signature’ module was
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found to significantly correlate with antibody responses to meningococcal polysaccharides fol-

lowing both of the conjugate and polysaccharide meningococcal vaccine (86)).

Table 1.2: Summary of clinical studies investigating transcriptomic responses to vaccines

Reference  Vaccine Summary
(89) Vaccinia or Yellow-fever (YF) 044 healthy adults (24 receiving vaccinia and 20 receiving YF vaccine)
(Live-attenuated) o Sampling prior to and 4-7 days following vaccination.
o Direct transcriptomic analysis of PBMCs
o Agilent human 1 ¢cDNA or Oligo Microarray Kit microarray
(&4) Yellow fever (YF) 025 healthy adults
(Live-attenuated) oSampling 0, 1, 3, 7, 21 days post vaccination
o Direct transcriptomic analysis of PBMCs
o Affymetrix Human U133 Plus 2.0 Array
(88) Influenza 0119 healthy adult males
(Inactivated) o Sampling 0, 1, 3 and 14 days post-vaccination
o Direct transcriptomic analysis of whole blood
o Illumina Human HT-12v3 Expression BeadChips
(85) Influenza 056 healthy adults (28 receiving each vaccine)

(Live-attenuated or inactivated)

Malaria
(Protein subunit)

Francisella tularensis
(Live-attenuated)

Yellow fever (YF)
(Live-attenuated)

Influenza
(Live-attenuated or inactivated)

Influenza
(Inactivated)

Quadrivalent meningococcal vaccine
(conjugate or plain polysaccharide)

Ad5 containing HIV-1 Gag/Pol/Nef

Influenza or pneumococcal
(Inactivated and plain-polysaccharide)

o Sampling 0, 3 and 7 days post-vaccination
o Direct transcriptomic analysis of PBMCs and sorted cell populations
o Affymetrix Human U133 Plus 2.0 Array

039 healthy adults

o Sampling 0, 1, 3 and 14 days post-vaccination, as well as 5 days
post-challenge

o Direct transcriptomic analysis of PBMCs

o Affymetrix Human U133 A 2.0 or U133 Plus 2.0 microarray

05 healthy young adults

o Sampling 0, 0.75, 2, 8 and 14 days following vaccination
o Direct transcriptomic analysis of PBMCs

o Affymetrix Human Genome U133+-2 array

040 healthy adults

o Sampling 0, 3, 7, 10, 14, 28, and 60 days following vaccination
o Direct transcriptomic analysis of whole blood

o Illumina Human RefSeq-8 BeadChips v2

085 children (43 received LAIV and 42 TIV)

o Sampling 0 and 7-10 days following vaccination

o Direct transcriptomic analysis of whole blood

o Affymetrix Human U133 A 2.0 and U133 Plus 2.0 arrays

089 adults (30 young and 59 older subjects)
oSampling 0 and 28 days following vaccination.
o Direct transcriptomic analysis of PBMCs

o Illumina HT-12v3 microarray

030 healthy adults (17 received conjuage and 13 received vaccine)
o Sampling 0, 3 and 7 days following vaccination

o Direct transcriptomic analysis of PBMCs

o Affymetrix Human U133 A 2.0 and U133 Plus 2.0 arrays

010 healthy young adults (7 Ad5 seronegative and 3 Ad5 seropositive)
o Sampling 0, 0.25, 1, 3 and 7 days following vaccination

o Direct transcriptomic analysis of PBMCs

o Affymetrix Human Exon ST 1.0 microarray

046 healthy adults

oSampling 0, 1.5, 3, 6, 9, 12, 15, 24, 36, and 48 hours as well as 3, 7,
10, 14 and 21 days after vaccination

o Direct transcriptomic analysis of whole blood

oIllumina HT-12v3 microarray

Continued on mext page
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Reference  Vaccine Summary
(©9) Influenza 014 healthy adults
(Inactivated) oSampling 0, 1, 2, 3, 4, 5, 6, 7, 8, 9 and 10 days following vaccination

o Direct transcriptomic analysis of PBMCs
o TruSeq RNA kits Illumina Genome Analyzer IIx

98) Influenza 032 healthy children (18 received LAIV and 14 TIV)
(Live-attenuated or inactivated) o Sampling 0, 1, 7 and 30 days following vaccination
o Direct transcriptomic analysis of whole blood
o Illumina WG-6 V4 beadchips

1.4.1.2 In vivo genome-wide transcriptomic analysis of responses to unlicensed

vaccines

Gene expression analysis has also been undertaken in studies investigating vaccines for which the
correlates of protection have yet to be determined, such as malaria, HIV and tularaemia. One
of the first studies to apply a high-throughput approach to assess genes modulated following
vaccination investigated the transcriptome of PBMCs collected from five healthy adults: 0,
0.75, 2, 8 and 14 days following inoculation with live Francisella tularensis vaccine strain
(LVS) (91)). LVS induces consistent gene expression signatures, enabling accurate separation
of pre-vaccination, early (0.75 and 2 days) and late post-vaccination (8 and 14 days) samples
based upon the first two principal components of the gene expression data (91). The greatest
number of differentially expression genes (p<0.01 with FC >2) were observed 2 days after
LVS (91). This study also explored the kinetics of gene expression following LVS. Firstly,
probes with an F-score of 10 (i.e. p<0.001) using a one-way analysis of variance (ANOVA)
across the five time point and a Pearson’s correlation coefficient >0.95 with one of the five
primary principal trends of the data set were selected. Probes fulfilling these criteria were then
clustered into groups using k-means Euclidean distance clustering (k=10), plots of these clusters
revealed four prevalent patterns ‘down early’ , ‘up early’, ‘sustained up’ and ‘up late’ (91)). The
‘down early’ and ‘up early’ patterns showed the greatest enrichment for genes annotated as
immune related and included regulators of proliferation, pro-inflammatory cytokine response,
mast cells, dendritic cell, neutrophils, macrophages, granulocytes, and monocytes (91). The ‘up

late’ pattern was characterised by biosynthetic and metabolic genes; among the genes within
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the ‘sustained up’ pattern were regulators of endocytosis/phagocytosis, granule exocytosis,
chemotaxis, and inflammatory cytokines (91)). Little is known about the determinants required
for protection against tularemia in humans; however, this study described a gene-level view of
the host response to the attenuated pathogen.

Another study of gene expression following an investigational vaccine collected PBMCs
from 39 healthy adult volunteers: 0, 1, 3 and 14 days after a three-dose schedule of the novel
ASO01 (monophosphoryl lipid A, QS21, and liposomes) adjuvanted RTS,S malaria ( Plasmodium
falciparum) vaccine (90). Sixty-three inflammatory response genes were differentially expressed
(FDR <0.01) in PMBCs 1 day after RTS,S but returned to pre-vaccination levels by day
3 (90). Similar kinetics were observed with 79 genes in the protein kinase cascade family and
107 genes in the apoptosis family that were differentially expressed at day 1 and resolved to
pre-vaccination expression by day 3 after vaccination (90). When vaccinees were subsequently
challenged with P. falciparum 6219 genes were upregulated and 5670 downregulated, compared
to just 461 upregulated and 626 downregulated genes in vaccine naive individuals (90]). Despite
the increased breadth of responses in vaccine recipients, two-thirds were not protected; however,
a 393 gene classifier set 5 days after challenge accurately predicted parasitaemia following
infectious challenge (90).

A further study assessed the PBMCs gene expression profile 0, 0.25, 1, 3 and 7 days
after vaccination with the investigational Merck HIV-1 Gag/Pol/Nef adenovirus serotype 5
(MRKAd5/HIV) vaccine in HIV-1 uninfected healthy adults (L01). This study profiled the tran-
scriptome of seven adenovirus serotype 5 (Ad5) seronegative (Ad5 neutralising antibody titre
<18) individuals finding the peak of DEGs (FDR <0.05) to occur 1 day after MRKAd5/HIV,
with 1026 upregulated and 1048 downregulated genes (101)). Three days after MRKAd5/HIV
a smaller subset of 132 upregulated and 11 downregulated genes were observed, with no sta-
tistically significant DEGs detected 7 days post-vaccination (I01). Modular analysis found the
peak of responses to occur 1 day after MRKAd5/HIV (24 enriched modules), narrowing by day
2 (two enriched modules) and apparently returning to baseline by day 7 (101). The modules

induced by MRKAd5/HIV included modules annotated as involved in immune response and
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inflammation, such as ‘Inflammation’, ‘Interferon response’, ‘Myeloid lineage’; and modules
such as ‘Lymphoid lineage’, ‘T cells’ and ‘Cytotoxicity’ were suppressed (I01). Analysis of
three Adb seropositive (Ad5 neutralising antibody titre >200) individuals appeared to show
attenuated transcriptional responses following MRKAd5/HIV, consistent with the reduced im-
munogenicity seen in vaccinees with neutralising antibody titres >200 (101}, [102). Interestingly,
these data contradict the hypothesis that enhanced systemic innate immune activation due to
pre-existing Ad5 immunity may be the mechanism behind the reported increased risk of HIV-1
acquisition in Adb seropositive individuals following MRKAd5/HIV (103). Analysis of tran-
scriptional data from all 10 MRKAd5/HIV vaccinees found a significant relationships between
HIV-1 gag protein specific CD8" T cell responses and transcriptional responses measured at 3
days post-vaccination; 88 and 121 genes were positively and negatively associated with CD8"

T cell responses, respectively (101)).

1.4.2 In vitro genome-wide transcriptomic analysis

There are a number of studies where direct assessment of peripheral blood transcriptome follow-
ing vaccination may not have been possible, optimal or safe. In such cases, in vitro stimulation
of peripheral blood with vaccine antigens has typically been used as a surrogate of in vivo
responses. For example, a study assessed the transcriptional response of PBMCs from healthy
adult volunteers following a primary dose of smallpox vaccine, re-stimulated in vitro with in-
activated vaccinia for 18 hours compared to unstimulated PBMCs (104). This study collected
PBMCs from 1076 participants 16.2 months (interquartile range [IQR], 9.0-34.6 months) after
receiving smallpox vaccine and conducted transcriptomic analysis on a cohort of 200 vaccinees
at the ‘extreme’ of the spectrum of immune responses (i.e. high and low responders) (104). Two
thousand one hundred and three DEGs (FDR <0.05) were observed upon culture with inacti-
vated vaccinia virus (104). Pathway analysis using the MetaCore™ software identified four en-
riched pathways (FDR <0.05) upon viral stimulation: cytokine production by T-helper 17 cells,
immune response (antiviral actions of interferon), immune response (innate immune response to

RNA viral infection) and immune response (PGE2 signalling in immune response) (104). Com-
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parison of the mRNA profiles of smallpox vaccinees who produced the highest and lowest titres
of neutralising antibodies did not find any genes with statistically significant relationships with
neutralising antibodies (104). However, pathway analysis of high and low antibody responders
did find two pathways significantly associated with neutralising antibodies: immune response
(antiviral actions of interferons) and immune response (interferon o/ signalling pathway).

A further study assessed the transcriptome of PBMCs from five healthy 10 month old infants,
immunised with Bacille Calmette-Guérin (BCG) at birth, following in vitro culture with BCG,
purified protein derivative (PPD) or medium alone for 12 hours (105). This study found 411
and 291 DEGs (FDR <0.01) in BCG and PPD stimulated PBMCs compared to medium alone,
respectively (105). Two hundred and fifty-eight genes were differentially expression following
either BCG or PPD stimulation. Gene ontology analysis found the DEGs induced by both
BCG and PPD to be enriched for genes related to responses to external stimuli and stress (105).
Furthermore, downregulation of cell adhesion molecules was found to be specific to BCG.

Another study assessed the transcriptome of PBMCs from healthy children and young
adults (11-19 years of age), following two-doses of MMR vaccine, re-stimulated in vitro with
live rubella virus for 48 hours compared to unstimulated PBMCs (106). This study collected
PBMCs from 738 participants a median of 5.8 years after receiving MMR. Twenty-five vac-
cinees representing the ‘extremes’ of rubella antibody responses, 12 high responders (median
138 IU /mL rubella-specific IgG) and 13 low responders (median 10 IU/mL rubella-specific IgG)
were selected for whole transcriptome mRNA sequencing (mRNA-seq) (L06)). To minimise con-
founders all selected study subjects were female non-Hispanic Caucasians. A total 1080 DEGs
(FDR<1.00E~') were seen in rubella stimulated PBMCs compared to media alone (106)). Five
genes showed statistically significant differences (FDR<0.05) in responses between high respon-
ders and low responders (106)). Ingenuity® pathway analysis (IPA) of the genes with the most
statistical evidence (p<0.05) of differential expression between high responders and low respon-
ders identified two immune pathways: antigen presentation pathway and complement system
pathway (106).

In an attempt to dissociate regulation of gene expression from changes in peripheral blood
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cellular constituents, a further study compared in vivo and in vitro transcriptional responses to
MRKAd5/HIV and MRKAd5 empty vector, respectively (I0T)). Interestingly, 8 of 13 modules
induced by MRKAd5/HIV in vivo at 24 hours were also induced after 24 hour in vitro culture
with MRKAd5 empty vector (101)). Furthermore, some of modules that were discordant between
in vivo and in vitro responses were associated with myeloid, lymphoid, T cell, B cell lineages;
supporting the hypothesis that discrepancies may originate in part from the absence of cell

trafficking in the in vitro setting (10T]).

1.4.3 The use of transcriptomic analyses in pre-clinical studies

Preclinical vaccine studies have also made use of transcriptomic approaches, particularly to gain
insight into the workings of vaccine adjuvants (92, 03] [94]). A study investigating the effects of
intramuscular injection with MF59 oil-in-water emulsion, non-methylated CpG oligonucleotide
(CpG) or alum (aluminium hydroxide) in mice found that these adjuvants modulated a core
set of 168 genes in muscle specimens. This core set was enriched for genes involved in cytokine-
cytokine receptor interaction, host-pathogen interaction and defence immunity protein activ-
ity (92)). MF59 induced nearly three times as many genes as the other adjuvants, preferentially
inducing the transcription of genes involved in complement activation, prostaglandin synthesis,
IL-1 signalling and leukocyte transendothelial migration (92). The authors of this study then
went on to assess gene expression following influenza subunit and TT vaccines, adjuvanted
with either MF59; alum, CpG, resiquimod (R848) or Pam3CSK4 (93)). MF59 was the strongest
modulator of transcriptional events at the injection site, particularly genes involved in leuko-
cyte transendothelial migration and cytokine binding implying this adjuvant may be a strong
recruiter of cells from the bloodstream (93)). However, R848 was shown to be the strongest
modulator of gene expression in the draining lymph nodes, which was characterised by enrich-
ment of type I and II interferon genes as well as Ty1 cytokine genes suggesting this adjuvant
is a potent activator of lymphoid tissue (93]).

A further preclinical study investigated early inflammatory signals induced following intra-

peritoneal injection of monophosphoryl lipid-A (MPL) liposomes and alum, representing Ty1

27



1.4 Vaccine response transcriptomics

and Ty2 adjuvants respectively (94)). Although both adjuvants upregulated a common set of
415 genes, MPL liposomes upregulated more than twice as many genes as alum, and induced a

wider range of NK and T cell attracting C-X-C chemokine ligands (94).

Table 1.3: Summary of preclinical studies utilising transcriptomic analysis to assess immune
responses to vaccine components.

Reference  Model Assessment Summary
92) Mouse Intramuscular: MF59 oil-in-water o 6-8 weeks of age mice, 3 per vaccine and time point
(BALB/c) emulsion, CpG or alum o Sampling 3, 6, 12, 24, 48, and 96 hours post-vaccination

o Whole homogenized quadriceps muscle
o Agilent 44k Whole Mouse Genome Microarray

(@3)) Mouse Intramuscular inactivated influenza o 6-8 weeks of age mice, four mice per vaccine group
(BALB/c¢) and TT alone or adjuvanted with: o Sampling 6 hours post-vaccination
MF59, CpG, R848, or Pam3CSK4 o Whole homogenized quadriceps muscle and draining
lymph nodes
o Agilent 44k Whole Mouse Genome Microarray

(©4)) Mouse Intraperitoneal: MPL liposomes o <6 months of age mice, 6 mice per vaccine group
(BALB/c or or Alum o Sampling 26 hours post-vaccination
C57BL/6) o Peritoneal exudate cells

o Affymetrix GeneChip mouse genome 430A 2.0 arrays
MPL= monophosphoryl lipid A, TT= tetanus toxoid , CpG= non-methylated CpG oligonucleotide

1.4.4 Comparative transcript profiling

There are now published in vivo transcriptomics data from human vaccine trials following
live-attenuated vaccinia, tularaemia, yellow fever and influenza vaccines, inactivated influenza
vaccine, pneumococcal and meningococcal polysaccharide vaccines, meningococcal conjugate
vaccine, recombinant malaria protein subunit vaccine, as well as a recombinant HIV-1 aden-
ovirus vectored vaccine (84} 85], [86, 87, [88 [89], 90, (9] 95, [10T]). Supplementing these in vivo data
are the data generated from in vitro and pre-clinical studies (92} 93], [94], 10T, 104, 105, [106]).
However, extracting functionally and ultimately clinically useful knowledge from these high-
throughput data remains a considerable challenge. In addition to the generation of larger and
better defined high-throughput datasets integrative analysis of existing data, much of which is
publicly available, has also been highlighted as a path to the discovery of novel biology. Given
the fact that most vaccines mediate protection via antibody there may be generic gene signatures

associated with, or even predictive of, robust vaccine responses (21)). Conversely, vaccine medi-
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ated protection may not be solely proportional to concentrations or titres of specific-antibody,
for example LAIV is more effective at preventing childhood culture-confirmed influenza than
TIV despite evoking lower titres of systemic neutralising antibody (96). While localised mucosal
immunity is likely to play an important role in this protection, it may be possible to use com-
parative transcriptional analyses to help elucidate the molecular origins of these epidemiological
and immunological findings.

Recent analyses have been undertaken to compare the transcriptional signatures evoked by
different vaccine compositions (85, 86l [87). The aims of such studies were, 1) to assess whether a
‘universal signature’ of a desired immunological response exists that could predict robustness of
vaccine responses, 2) describe gene expression profiles that are indicative of particular vaccines
or routes of administration, 3) elucidate molecular differences in the immunogenicity and/or
reactogenicity seen between vaccine compositions.

A recent study used a systematic framework to compare transcriptomic signatures follow-
ing five human vaccines: live-attenuated YF-17D, live-attenuated influenza vaccine, trivalent-
inactivated influenza vaccine, quadrivalent-meningococcal polysaccharide vaccine and quadrivalent-
meningococcal conjugate vaccine (86]). This study used three methods to compare genes induced
by these five vaccines, 1) gene interaction data interactome and bibliome to annotate the bio-
logical context of the observed DEGs, 2) robust positional test in gene set enrichment analysis
to form molecular pathways based upon the DEGs, 3) a novel blood transcription module
approach (86).

Using the first approach day 7 gene profiles following conjugated meningococcal and inacti-
vated influenza vaccine overlapped in a network of genes expressed by antibody-secreting cells
(ASCs) (86l). Transcriptional responses to YF-17D and LAIV shared a network enriched for
genes encoding molecules associated with IFN-related genes and T cell receptor signalling (86)).
The second approach identified several pathways associated with cell proliferation and corre-
lated the expression of genes in pathways associated with the B cell receptor signalling pathway
with antibody responses to TIV and meningococcal conjugate vaccine (86)).

The last approach was a novel method, which identified context-specific blood transcription
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modules (BTMs) from reconstructed gene networks derived from publicly available microarray
data (86). This analysis identified distinct gene profiles that correlated with antibody responses
to DT and meningococcal polysaccharide components of the meningococcal conjugate vaccine;
however, considerable overlap was seen in profiles correlating with antibody responses to DT
and TIV (86). Furthermore, a common dendritic surface signature module correlated with
antibody responses to meningococcal polysaccharide components following both the conjugate
and polysaccharide meningococcal vaccine (86). Interestingly, T cell activation modules at day
7 post-vaccination negatively correlated with antibody responses to TIV and meningococcal
polysaccharide vaccine, despite the latter classically being thought to evoke T cell independent
immune responses (86). These data provide some early results comparing and contrasting
transcriptional responses following different vaccines, and the relationship between these profiles

and immunological endpoints.

1.5 Genomic and transcriptomic indicators of vaccine ef-
ficacy

Hitherto, only two published studies have attempted to relate genomic or transcriptomic analy-
ses directly to vaccine efficacy. The first, described an association between variants in MAL/TIRAP
and [L-10 with Hib vaccine failure, showing individuals homozygous for the MAL/TIRAP
Ser180Leu polymorphism to be 5.6 times more at risk of invasive, non-meningitis Hib dis-
ease (47)). Vaccine failures may be a particularly informative cohort to study in depth as it is
logical to believe that individuals with ‘extreme phenotypes’ also harbour genetic variants with
larger effects (107). A second study described gene expression profiles after the novel RTS,S
malaria vaccine that associated with protection following infectious challenge (90). This study
showed peripheral blood from protected individuals 14 days post-vaccination was enriched for
genes in the proteasome degradation pathway, which is involved in the efficient processing of the
peptides for HLA presentation (90). While this finding requires further functional and mecha-

nistic investigations, it highlights the potential use of transcriptomic analysis to elucidate novel
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correlates of protection.

1.6 Current genomic limitations

Genetic association analyses are complicated by the vastness of genetic variation at the popu-
lation level, with approximately four million bases of the human genome varying between two
randomly chosen individuals (108). This complexity is further compounded by the possibility
of multiple variants having only modest individual but considerable synergistic and/or epistatic
influences. Alternatively, rare variants with strong effect sizes may be critical but these are not
well covered by current DNA microarrays. Moreover, the heritability seen in vaccine responses
may not be entirely accounted for by variation in the genomic DNA sequence. Empirical obser-
vations have shown the heritability of several complex traits to be more dynamic and context
dependent than would be expected by the transmission of stable DNA sequence, leading to
speculation that heritable epigenetic modifications may also be important (109).

Technical and particularly biological replication is necessary to validate transcriptomic
datasets, as these data are especially vulnerable to artefact. Peripheral blood presents an
easily accessible source of circulating immune cells; consequently, it is the most utilised tissue
in vaccine related transcriptomic studies. However, a multitude of temporal and physiologi-
cal factors, as well as technical aspects of sampling can affect transcript measurements (110]).
Sample preparation and cellular composition can strongly influence transcript levels, for ex-
ample whole blood differs drastically from PBMC samples [39]. Whole blood samples may
decrease the detection sensitivity of transcripts originating from cells other than reticulocytes;
conversely, the manipulation of blood samples to ascertain PBMCs induces artifactual changes
indicative of prolonged handling (110)). Furthermore, a multitude of genetic and environmental
factors may impact on both gene expression and vaccine responses; therefore, it is likely to be
advantageous to assess populations uniform for age, sex, ethnicity and vaccination history. It
has also been suggested that pathway based methodologies, using a priori biological knowledge

to aid analysis, are less prone to spurious results (L11)).
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To date, early transcriptional responses to vaccines have been best characterised, corre-
sponding to innate immune responses. These responses correspond to large fold-changes in
gene expression in the first hours and days post-vaccination (84] 85, 88| [90). On the other
hand, adaptive immune responses may result in broad but subtle global changes in the periph-
eral blood transcriptome and have not yet been well characterised (88). Further investigations
are necessary to describe genes involved in the adaptive immune response to vaccination, these
may require large numbers of participants and/or the enrichment of antigen-specific cells to
increase power to detect subtle differential expression.

Microarrays have become the routine platform for assessment of transcriptomic changes
following vaccination. However, microarrays have a number of intrinsic limitations including
constraint to known coding genes, cross-hybridisation of similar sequences, variable hybridisa-
tion of polymorphic sequences, PCR-amplification bias as well as a limited dynamic range due
to high backgrounds and signal saturation (112, 113). Furthermore, disparity between different
array designs, particularly between single and dual channel microarrays, can make comparisons

between microarray data problematic (114).

1.7 Genomic forecast

Ever declining costs, along with rapidly advancing analytical tools, mean that next-generation
sequencing (NGS) technologies will become the mainstay of future genomic studies into vaccine
responses. Whole-genome sequencing (WGS) will enable more comprehensive capture of com-
mon and rare variants. Large sample sizes will be needed to power single rare variants analysis
in ‘healthy’ vaccinees. However, until sequencing costs become inexpensive enough, individuals
at the ends of the phenotypic distribution are likely to be targeted. In vaccine studies these
extremes may include vaccine failures or persistent non-responders, these individuals may be
enriched for functional rare variants with large effect sizes. RNA sequencing (RNA-seq) will
also transform the characterisation and quantification of the transcriptomic changes induced by

vaccination. NGS has several advantages over microarrays, such as the identification of tran-
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scripts not previously annotated and a superior dynamic range (112} 113, [114)). Furthermore,
sequencing enables the assessment of alternative splice variants, allelic expression, non-coding

RNAs and small RNA species (115, [116)).

1.8 Conclusion

Variations at both the genomic and transcriptomic level have been shown to correlate with
measures of vaccine-induced immunity. These analyses have been shown to be highly amenable
to all stages of vaccine development, from the pre-clinical models through to the evaluation
of licensed vaccines. Understanding factors that influence immune response has vast transla-
tional implications, potentially leading to directed and rational development of new and more

efficacious vaccine formulations, with better immunogenicity and safety profiles.

33



Chapter 2

Candidate gene studies of
immunological responses to

childhood vaccines

2.1 Overview of chapter

The candidate gene approach to studying the genetic determinants of vaccine response was
introduced in subsection ‘1.2.7|Candidate gene studies’. Candidate gene studies use existing
biological knowledge to deduce a list of genes believed to be involved in the phenotype of in-
terest. Typically the first step in a candidate gene study is to examine published literature
for factors or genes involved in the study phenotype. This search is likely to review data from
many sources: genetic disorders, model organisms and expression studies. Next, variants within
these candidate genes will be selected for genotyping, variants known to have functional con-
sequences (e.g. non-synonymous) may be preferentially selected, alternatively polymorphisms
that efficiently cover the genetic variation at the candidate loci may be selected (117).

A major criticism of the candidate gene approach to genetic association studies has been the

lack of replication (I18). This chapter will detail two studies to attempt to replicate findings
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2.2 The relationship between polymorphisms in TLR3 and CD/4, and the
magnitude of infant immune responses to capsular group C meningococcal
conjugate vaccine

between polymorphisms previously associated with childhood responses to capsular group C
meningococcal and pertussis vaccines. Some of the data presented in this chapter have been
published and a licence agreement is in place for the re-use of tables and figures in this document,

where applicable (119)).

2.1.1 Chapter aims

i) Assess the relationship between polymorphisms in TLR3 and CD//4, and the magnitude

of infant immune responses to capsular group C meningococcal conjugate vaccine.

ii) Functional evaluation of exonic TLR3 haplotype associated with capsular group C meningo-

coccal conjugate vaccine responses.

iii) Assess the relationship between a non-synonymous polymorphism (rs4986790) in TLR/

and childhood booster responses to acellular pertussis vaccine.

2.2 The relationship between polymorphisms in TLRS3
and CD/4, and the magnitude of infant immune re-
sponses to capsular group C meningococcal conju-

gate vaccine

2.2.1 Background

2.2.1.1 Meningococcus

Neisseria meningitidis is a Gram-negative diplococcus and a major cause of invasive bacterial
infection worldwide, with peak disease incidence occurring in children aged under 2 years of
age (120, 121). Invasive meningococcal disease is an infrequent outcome of N. meningitidis
carriage, which is typically asymptomatic even for epidemic strains (122], 123)). Meningococcal

disease can be challenging to diagnose at presentation and even with appropriate medical care
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the case fatality rate is approximately 6%, and higher in meningococcal sepsis (124). Twelve
capsular groups of meningococci have been described, based on distinct capsular antigenicities,
with the majority of invasive disease worldwide attributable to capsular groups A, B, C, W, X,
and Y (82). Prior to the introduction of the capsular group C meningococcal conjugate vaccine,
groups B and C were the major causes of invasive meningococcal disease in Europe and the

Americas (125)).

2.2.1.2 Meningococcal disease epidemiology and vaccines

Susceptibility to invasive meningococcal disease is not completely understood; however, an
inverse relationship with the prevalence of complement-dependent serum bactericidal assay
(SBA) titres has been demonstrated (126). These data led to SBA titres being widely adopted
as a surrogate marker of capsular group specific protection (127). SBA is used to assess serum
for antibodies that are functionally capable of fixing complement, the immunological mechanism
believed to mediate protection from meningococcal disease (127). An exogenous complement
source, obtained from either a suitable human source (hSBA) or from baby rabbits (rSBA),
is used to make the assay more reproducible. In the pre-vaccination era, reciprocal capsular
group C meningococcal (MenC) hSBA titres of >4 were shown to correlate with protection
from capsular group C disease (126).

Heat killed bacterial cultures were initially assessed as prophylactic vaccines during meningo-
coccal epidemics in the early 1900s, but these preparations were highly reactogenic and not
efficacious (128). Conversely, high molecular weight capsular group A (MenA) and MenC
capsular polysaccharide vaccines were shown to be non-reactogenic and to evoke bactericidal
antibody (129). Subsequently, the MenC capsular polysaccharide vaccine was shown to reduce
capsular group C disease by 87-89% in United States army recruits (130}, [131]). However, MenC
capsular polysaccharide vaccines were shown to provide only short-term protection in adults
and older children, which was attributed to plain-polysaccharides stimulating T-cell indepen-
dent responses that do not drive the formation of immunological memory (132). Furthermore,

the MenC polysaccharide vaccine was poorly immunogenic in infants, offering no protection
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against disease in those under 2 years of age and has been associated with hypo-responsiveness
following a booster dose of vaccine (133, 134, [135). Conversely, immunisation with MenC
polysaccharide conjugated to a protein carrier was shown to be immunogenic in infants, and to
evoke immunological memory ([136). Following the licensure of the MenC conjugate vaccine,
reciprocal rSBA titres of >8 were found to correlate with vaccine efficacy in United Kingdom
(UK) toddlers 1 month post-vaccine (127).

Following the introduction of the MenC conjugate vaccine a drastic decline in capsular group
C disease was observed (Figurd[2.1)) (137, 138, 139). However, the magnitude and persistence
of immunity following MenC vaccination was shown to vary considerably between individuals,
a phenomenon that is characteristic of vaccine responses but is not well understood (3], [140]).
This heterogeneity is particularly noteworthy in the young where immunity wanes rapidly,
such that most older children no longer have protective levels of serum bactericidal activity
following infant MenC vaccination (3). Consequently, the United Kingdom recently introduced
an adolescent booster dose of MenC vaccine to provide protection into early adulthood (82).

A tetravalent meningococcal glycoconjugate vaccine containing capsular group A, C, W and
Y meningococcal polysaccharides conjugated to CRMg7 has also been shown to be immunogenic
in infants (I141). However, as the capsular group B meningococcal (MenB) polysaccharide
does not elicit bactericidal antibodies in humans, it is not a feasible vaccine candidate (142]).
Recently, a MenB vaccine (Bexsero®, Novartis) comprising of three recombinant neisserial
proteins formulated with outer-membrane vesicles (OMVs) from N. meningitidis capsular group
B strain NZ98/254 has been licensed by the European Medicines Agency (http://www.ema.

europa.eu/ema/).
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Figure 2.1: Incidence of meningococcal disease in the United Kingdom (UK) from 1998-2011,
by capsular group (Data from Health protection agency). V= the capsular group C meningo-
coccal conjugate vaccine was introduced into the routine UK childhood immunisation schedule in
November 1999.

2.2.1.3 Genetic studies of meningococcal vaccine responses

A previous study used a candidate gene approach to study the persistence of vaccine-induced
immunity following childhood immunisation with MenC conjugate vaccine (38)). This study
selected nine candidate genes from an in vitro gene expression study of PBMCs cultured with
MenC conjugate vaccine, and 122 candidate genes identified from a literature search of genes
involved in vaccine-induced immunity, innate immunity, B or T cell immunity (38). A total of
768 single nucleotide polymorphisms (SNPs) were chosen in these genes, based upon frequency
and distribution across the loci of interest, with preferential selection of coding changes (38)).
Participants were categorised into responders and non-responders for both concentrations of
MenC-specific IgG (non-responders <2 ug/ml and responders >2 pg/ml) and reciprocal titres
of functional MenC-specific SBA (non-responders <8 rSBA or <4 hSBA, responders >8 rSBA

or >4 hSBA). In the initial part of this study, a logistic regression model was fitted with vaccine
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response status, measured 3.8-6.3 years after primary vaccination of 905 Caucasian teenagers
with MenC conjugate vaccine as the response variable, and genotype (heterozygote versus
major homozygote and minor homozygote versus major homozygote) as well as non-genetic
factors as predictors (38). In the second part of the study, six genes with >1 SNP associated
(p<0.05) with MenC-specific IgG or SBA in the initial study were examined in a further cohort
of 155 children and 196 infants who had received MenC conjugate vaccine 5.9-7.3 years and 8
months previously, respectively (38)). Combined analysis found SNPs within TLRS and CD/4
to be associated with the persistence of MenC-specific IgG following immunisation with MenC
vaccine (38).

While the aforementioned study replicated gene associations in a validation cohort, the
associated SNPs were not consistent (38). Furthermore, as SNPs were preferentially selected
based upon functional annotation without taking into account locus architecture, variation at
these candidate gene loci may not have been optimally captured. The following section presents
data assessing systematically derived tagging SNPs (tagSNPs) within TLRS and CD44, and the

magnitude of serological responses following infant immunisation with MenC conjugate vaccine.

2.2.2 Aim

The aim of this section was to assess the relationship between polymorphisms in TLR3 and
CD4/4, and the magnitude of infant immune responses to capsular group C meningococcal

conjugate vaccine.

2.2.3 Material and methods
2.2.3.1 Participants

Informed consent was obtained from parents/guardians of 355 infants enrolled in three vaccine
trials conducted by one centre in Oxford, United Kingdom. All participants received two or
three doses of MenC conjugate vaccine at 2 and 4 or 2, 3 and 4 months of age. Participants

received one of three MenC vaccines: monovalent capsular group C meningococcal conjugate
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vaccine (MenCC), quadrivalent meningococcal capsular group A, C, W and Y conjugate vaccine
(MenACWY) or a combination MenC conjugate vaccine with Haemophilus influenza type b
(Hib-MenC). Oxfordshire research ethics committees approved these studies (B07/Q1605/41,
A04/Q1604/28 and B07/Q1605/34). An Oxfordshire research ethics committee also approved
the genetics study detailed in this section (10/H0504/25).

2.2.3.2 Vaccines

MenCC was a monovalent N. meningitidis capsular group C glycoconjugate vaccine containing
10 ug of capsular group C oligosaccharide conjugated to a non-toxic form of diphtheria toxin
(CRMjg7), with aluminium phosphate as an adjuvant. Hib-MenC vaccine contained 5 ug of
Hib polyribosylribitol phosphate (PRP) conjugated to 12.5 ug of tetanus toxoid (TT) and 5 ug
of N. meningitidis capsular polysaccharide C coupled to 5pug of TT and did not contain an
adjuvant. MenACWY consisted of N. meningitidis capsular groups A, C, W, and Y capsular
polysaccharides (10 ug of capsular group A; 5pug of each of capsular groups C, W, and Y)

individually conjugated to a CRMg; with aluminium phosphate as an adjuvant.

2.2.3.3 Immunological measurements

MenC-specific antibody concentrations and SBAs were measured at 5 months of age, 1 month
after immunisation with MenC conjugate vaccine (Figurd P.2). The details of the serological
assays are summarised below and are published elsewhere (141], 143, [144], 145]).

SBAs were performed to detect functional antibody against capsular group C meningococci,
using either human complement (hSBA) at Novartis Vaccines, Germany; or rabbit complement
(rSBA) at GlaxoSmithKline Biologicals, Belgium. In brief, participant serum was heated to
56 °C for 30 minutes, to inactivated endogenous complement. Capsular group C N. meningitidis
strain C11 (stock culture stored at -70°C) was streaked for colony isolation and incubated
overnight at 37°C with 5% CO, on a brain-heart infusion 1% horse serum (BHI-HS) agar
plate. This was then subcultured for 3-4 hours over the entirety of another BHI-HS agar plate

and incubated for 3-4 hours at 37°C with 5% CO,. After 4 hours these cells were suspended in
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DulbeccoOs PBS (D-PBS) and diluted to 50 to 60 colony forming units/12.5 zl. Next, 50 ul of
heat-inactivated serum samples (pre-diluted 1 in 2 for hRSBA and 1 in 4 for rSBA) were serially
twofold diluted in D-PBS across a 96-well, flat-bottom, tissue culture plate. Equal volumes of
cell suspension and complement source (pooled baby rabbit or suitable human serum, rSBA and
hSBA respectively) were gently mixed with diluted sample serum. Plates were then incubated
at 37 °C without COs for 60 minutes and then 100 pl of tryptic soy broth (TSB) containing 0.9%
Noble agar was added to each well and incubated overnight at 37°C with 5% CO,. Results
were reported as the reciprocal of the highest titre producing a >50% reduction in bacterial
colonies compared to control wells.

Specific IgG concentrations to capsular group C meningococci capsular polysaccharide were
measured using an enzyme-linked immunosorbent assay (ELISA). ELISAs were either com-
pleted in-house or at GlaxoSmithKline Biologicals, Belgium. The ELISAs completed at Glax-
oSmithKline Biologicals used a standardised assay with a lower limit of quantification (LLQ)
of 0.3 pg/mL, with values below this being reported as half the LLQ. The in-house capsular
group C meningococcal-specific IgG ELISAs were performed using a standardised and quality
controlled protocol, calibrated against the international standard reference serum CDC1992
(NIBSC, 99/706), using a previously described method (146, [147). In brief, 1 mg of lyophilised
MenC capsular polysaccharide (NIBSC, 07/318) was reconstituted in 1 ml of HyO and diluted
to a concentration of 5ug/ml in phosphate buffered solution (PBS) (pH 7.2-7.4) containing
5 ng/ml of methylated human serum albumin (mHSA) (NIBSC, 99/592) to assist the binding
of polysaccharide to the surface of the polystyrene microtitre plate. Capsular polysaccharides
were incubated overnight at 2-8°C, the next day plates were washed with tris buffered saline
(TBS) (0.335% Brij) and appropriately diluted participant serum, CDC standard 1992 and
quality control serum were added and incubated at 2-8°C overnight. The next day plates were
washed with TBS (0.335 % Brij) and a secondary mouse anti-human IgG (Stratech Scientific
Ltd) antibody conjugated to horse radish peroxidase was added. After 2.5 hours at room tem-
perature plates were washed and a solution containing 3,3',5,5'-tetramethylbenzidine (TMB)

(Sigma, T5525-100TAB) substrate was added, enzymatic substrate cleavage was stopped with
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2M H,SO, after half an hour and the optical density measured at 450 nm. The LLQ for this

assay was 0.00167 ug/mL, with values below this being reported as half the LLQ.
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Figure 2.2: Schematic of study into the relationship between polymorphisms in TLR3 and CD/4,
and the magnitude of infant immune responses to capsular group C meningococcal conjugate
vaccine. *= Participants who received the monovalent MenC conjugate vaccine did not receive a
dose at 3 months (mo) of age.

2.2.3.4 DNA extraction

Genomic deoxyribonucleic acid (DNA) was extracted using the Maxwell® 16 System (Promega,
Wisconsin), following overnight incubation of a 1 ml blood clot in 1ml of nuclei lysis solution
(Promega, Wisconsin), 250 ul of EDTA and 25 ul of Proteinase K (Qiagen, Hilden, Germany)
at 56 °C. Extracted DNA was quantified using the Quant-iT" PicoGreen® assay (Invitrogen,

California) and stored at -20°C.

2.2.3.5 SNP selection

The tagging SNP (tagSNP) approach was adopted to efficiently select SNPs within TLR3 and
CD/44 to optimally capture polymorphisms at these loci (117). TagSNPs within TLR3 and
CD44 were selected from the HapMap version 3 release 27 dataset (http://www.hapmap.org/)

using pairwise tagging, set for a correlation coefficient (r?) >0.8 and a minor allelic frequency
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(MAF) of >0.05. Using the aforementioned parameters, 8 tagSNPs within TLR3 and 32
tagSNPs in CD/4 were selected for genotyping (TabldP.1).

Table 2.1: List of single nucleotide polymorphisms in TLR3 and CD/4 selected for genotyping
in the candidate gene study of immune responses to capsular group C meningococcal conjugate
vaccine.

TLR3 CD44
rs7657186 | rs11033008  rs353634  rs7110737
rs13126816 | rs2785172  1s353626  rs10768114
rs7668666 | rs2553809  rs4141971  rs7105890
rs3775291 r$932703 rs112762  rs1547060
rs3775290 | rs11033010 1s11033013  rs7945310
rs3775292 | 1s353619  1sd756195  rs10734436
rs11732384 | 1s353618 15996076  rs11607862
rsh743312 | rs353615  1s7934770  rs12419062
rs353612  rs10128562 rs8193
rs353644 157947433 rs13347
rs353639  1s11033021

2.2.3.6 Genotyping

Genotyping was performed using either, an amplification refractory mutation system poly-
merase chain reaction (ARMS-PCR), or the MassARRAY iPLEX® (Sequenom, San Diego)
system (148, 149)).

ARMS-PCR genotyping was performed on genomic DNA using a tetra-primer set designed
using Primer3 (v.0.4.0) from allelic sequences retrieved from the National Center for Biotech-
nology Information (NCBI) SNP database. Two allele specific ‘inner primers’, one forward and
one reverse were designed to be amplification refractory to the alternative allele by the intro-
duction of an additional mismatch at the penultimate 3’ base, as described by Little 2001 (148]).
Common forward and reverse primers were designed at appropriately divergent distances from
the allelic position to enable size discrimination of the subsequent amplicons on an agarose gel
(appendix Tabhﬂ? .1). PCR amplifications were performed in a final volume of 25 ul, containing
0.5 1 (10 to 50 ng/ul ) of genomic DNA, 0.125 ul Taq polymerase (Qiagen), 5 ul of 5x Q solution
(Qiagen), 2.5 ul of 10x buffer (Qiagen), 15mM MgCl,, primer concentrations were optimised

to enable amplification of both common and allele-specific amplicons, and made up to volume
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with HoO. PCR settings were as follows, 95°C for 5 minutes, (95°C for one minute, 55°C for
one minute, 68°C for one minute) x 35 cycles, 68°C for 10 minutes. PCR amplicons were
separated by electrophoresis in a 3% agarose gel stained with ethidium bromide, bands were
visualised using a UV transilluminator.

Sequenom MassARRAY® iPLEXs were designed to genotype tagSNPs in TLR3 and CD/4
(appendix Tabld [7.2). The 100bp genomic DNA sequence flanking either side of tagSNPs
were retrieved from the NCBI Single Nucleotide Polymorphism Database (dbSNP) (http:
//www.ncbi.nlm.nih.gov/projects/SNP/dbSNP.cgi?list=rslist). The Sequenom Assay
Design Suite (https://www.mysequenom.com/Home) was used to design iPLEXs, using the
high multiplexing pre-set. Pre-genotyping QC eliminated SNPs with high dimer potential,
high hairpin potential, unsuitable primer melting temperature (Tm), non-unique PCR and/or
extension primers, or where suitable primers could not be found. Sequenom MassARRAY®

assays were completed at the Wellcome Trust Centre of Human Genetics core facility (Oxford,

UK).

2.2.3.7 Re-sequencing

In addition to tagSNP genotyping, the five exons of TLRS3 were sequenced using the Sanger
sequencing methodology (I50). Primers were designed to amplify the five TLRS3 exons using
primer 3, and assessed for specificity (http://genome.ucsc.edu/cgi-bin/hgPcr?command=
start) and self-annealing (http://www.basic.northwestern.edu/biotools/oligocalc.html)
(appendix Tablel]? .3). PCR amplifications were performed in a final volume of 25 ul, contain-
ing 0.5 ul of forward primer, 0.5 ul of reverse primer, 0.5 ul (10 to 50ng/ul ) of genomic DNA,
0.125 ul Taq polymerase (Qiagen), 5 ul of 5x Q solution (Qiagen), 2.5 ul of 10x buffer (Qiagen),
and made up to volume with 14.9 ul of H,O.

PCR amplicons were purified prior to sequencing, 60 ul of PEG (Polyethylene glycol, molec-
ular weight 8000) /2.5M NaCl was added incubated at room temperature for 30 minutes, and
centrifuged at 2750x gy for one hour at 4 °C. Excess was removed by inverted centrifugation at

500x go for 1 minute. The DNA pellet was then washed with 150 ul of ice-cold 70% ethanol,
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centrifuged at 2750 x go for 10 minutes and excess removed (as previously stated), this step was
repeated and the amplicons were re-suspended in Hy0. Exon 1 PCR amplicons were purified
using the ExoSap methodology as set-up experiments found the ethanol method to result in
poor quality sequencing data, possibly due to these amplicons being relatively small and po-
tentially not forming suitable DNA pellets. In this case, 4 ul PCR amplicons were added to 4 ul
ExoSap mix: containing 1l Shrimp Alkaline phosphatase (Promega), 0.4 ul Shrimp alkaline
phosphatase buffer (Promega), 0.1 ul Exonuclease I (New England Biolabs) and 2.5 ul water,
and incubated for 30 minutes at 37 °C. The enzymes were then deactivated by heating to 80°C
for 15 minutes.

Sanger dideoxynucleotide sequencing reactions were performed on 2 ul purified PCR prod-
uct, with the addition of 8 ul of sequencing master mix [1.875 ul of 5x sequencing buffer (Applied
Biosystems), 3.875 ul Hy0, 2 ul of sequencing primer and 0.25 ul of BigDye® v3.1 Terminator
(Applied Biosystems)]. Sequencing reactions were conducted with 25 cycles of, 96°C for 10
seconds followed by 5 seconds of 50 °C and 4 minutes of 60 °C. Sequencing reaction amplicons
were purified by the addition of 50 ul of 100% ethanol, 2 ul EDTA (ethylenediaminetetraacetic
acid) (125mM) and 2 pl sodium acetate (3 M, pH 5.5) and incubated at room temperature for
10 minutes. This mixture was then centrifuged at 3000x gy at 4°C, for 30 minutes. Excess
was removed with a 5 second inverted centrifugation (~150xgq), and 70 pl of 70% ethanol was
added and the centrifuged at 1750x gy at 4°C for 15 minutes. The ethanol was removed with
a one minute inverted centrifugation at 180X go.

Purified sequencing reactions were separated by capillary electrophoresis (ABI PRISM®
3700 Genetic Analyzer, Applied Biosystems, California). Sequence chromatograms were assem-
bled and analysed, using the Staden package version 1.6 (http://staden.sourceforge.net/).
The mutation scanner module was used to compare sequence traces to a reference trace to
detect mutation, as described in Bonfield et al 1998 (151)). SNPs called by this algorithm were

then manually verified by inspection of the forward and reverse strand sequencing traces.
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2.2.4 Statistical Analysis
2.2.4.1 Linear regression

Additive and genotypic linear regression models were used to test for associations between
tagSNPs and MenC vaccine responses, using the statistical package ‘Genetics’ in R (152], [153]).
Genotypic models used the major homozygote as the reference genotype. Reciprocal MenC-
specific SBA titres and IgG concentrations were logyy transformed for analysis. Vaccine ad-
ministered and complement source (for SBA analysis), were included as covariates in regression

models.

2.2.4.2 Regional imputation

Bayesian IMputation-Based Association Mapping (BIMBAM) software was used to infer addi-
tional untyped genotypes in the two candidate genes, using the HapMap Phase II-11I release 28
dataset (forward strand) as a reference panel (154} [155). The Bayes factor (BF) for each SNP

was computed under a linear model (Equation|P.1).

Where Y; denotes the residuals of the log;y transformed reciprocal MenC-specific SBA titres or
IgG concentrations regressed for covariates (previously mentioned), X; represents genotype and
¢; denotes an error term. SNPs were filtered to exclude SNPs with >0.2 missingness and/or
<0.05 MAF. SNP p-values were computed by assessing the proportion of permutations with
SNP BFs that exceeded that of the observed data.

Haplotype analysis

Haplotype based analysis was undertaken using PLINK (http://pngu.mgh.harvard.edu/
“purcell/plink/) (I56). An expectation-maximisation algorithm was used to predict phase:

2, 3, 4 and 5 SNP sliding-windows were examined.
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2.2.5 Results
2.2.5.1 Demographics

DNA samples were available from 355 infants enrolled in MenC vaccine trials, 318 (90%) were
Caucasian and included in the association analysis (FigurdR.3). Serological measures of vaccine
immunity were assessed one month after receiving MenC conjugate vaccine, at 5 months of age.
MenC-specific SBA titres were available on all 318 participants; however, MenC-specific IgG

concentrations were only available in a subset of 135 (42%) participants.

355 infants received
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Figure 2.3: Flow diagram of participants included in the study into the relationship between
polymorphisms in TLR3 and CD44, and the magnitude of infant immune responses to capsular
group C meningococcal conjugate vaccine. SBA = serum bactericidal assay, tagSNP = tagging
single-nucleotide polymorphisms. This figure was reproduced from O’Connor et al 2014 (119),
with licence from Elsevier.
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2.2.5.2 Serology

Serological results are summarised in Figurd 2.4 and FigurdR.5, and have been published else-
where (141, [143] 144], [145). Formal statistical comparisons between the MenC-specific SBA
titres following TT and CRM conjugated MenC vaccines were not undertaken in this section,
as all SBAs conducted on the TT subgroup used rabbit complement, intrinsically more bacte-
ricidal than the human complement used in the CRM subgroup. MenC-specific IgG concentra-
tions were statistically higher at 5 months of age following the TT conjugated MenC vaccine
(FigureﬂZﬁ). While bias may have been introduced by the MenC-specific IgG concentrations
having been measured in different laboratories for the TT and CRM conjugated MenC vaccine
subgroups, these data are consistent with previous data suggesting the TT conjugated MenC

vaccine is more immunogenic in children (I57).
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Figure 2.4: Capsular group C meningococci (MenC)-specific serum bactericidal assay titres at
5 months of age, 1 month after receiving MenC conjugate vaccine. Top-left, logiy transformed
MenC-specific SBA titres separated by protein-carrier conjugated to MenC capsular polysaccha-
ride. Top-right, plot of the residuals of linear model with log;g MenC-specific SBA titres as a
response variable and protein-carrier conjugated to MenC capsular polysaccharide as the predic-
tor variable. Bottom-left, histogram of logi1g MenC-specific SBA titres. Bottom-right, histogram of
log1g MenC-specific SBA titres coloured by protein-carrier conjugated to MenC capsular polysac-
charide. Note: rSBA denotes rabbit complement and hSBA denotes human complement, was used
in the respective SBA.
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Figure 2.5: Capsular group C meningococci (MenC)-specific IgG concentrations at 5 months of
age, 1 month after receiving MenC conjugate vaccine. Top-left, logyo transformed MenC-specific
IgG concentrations separated by protein-carrier conjugated to MenC capsular polysaccharide.
Top-right, plot of the residuals of linear model with logiy MenC-specific IgG concentrations as
a response variable and protein-carrier conjugated to MenC capsular polysaccharide as the pre-
dictor variable. Bottom-left, histogram of log;g MenC-specific IgG concentrations. Bottom-right,
histogram of log;g MenC-specific IgG concentrations coloured by protein-carrier conjugated to
MenC capsular polysaccharide.
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2.2.5.3 Genotyping

Three TLR3 tagSNPs were genotyped using the ARMS-PCR method (appendix Tabld]7.1).
Genotypes were manually called from ethidium bromide stained DNA bands on agarose gels,
using an UV transilluminator (supplementary Figureﬂ? .2). Sequenom MassARRAY® iPLEXs
were designed to genotype the remaining 37 tagSNPs, two of these failed primer design (one
in TLR3 and one in CD44). This Sequenom project formed two iPLEXs, the first containing
27 SNPs and the second containing only 8 SNPs (appendix Tabld[7.2). Only the first iPLEX
design was carried through to the genotyping stage, this iPLEX contained 4 TLRS tagSNPs
and 23 CD/4 tagSNPs. Seven of the tagSNPs failed post-genotyping quality control (QC)

metrics.

2.2.5.4 Hardy-Weinberg equilibrium

TagSNPs were tested for departure from Hardy-Weinberg Equilibrium (HWE), which can be in-
dicative of genotyping error, using Plink (http://pngu.mgh.harvard.edu/ purcell/plink/).
Of the 23 tagSNPs that passed genotyping QC metrics, 1 significantly deviated from HWE and

was excluded from association analysis (Tabld P.2).
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Table 2.2: Results of quality control performed on single-nucleotide polymorphisms selected
in the study of the relationship between genetic variations in CD44 and TLR3, and serological
responses to capsular group C meningococcal conjugate vaccine.

SNP Gene  Sequenom QC HWE p-value HWE QC
rs3775292  TLRS3 Passed 0.804 Passed
rs11732384 TLRS3 Passed 1.000 Passed
rsh743312  TLRS3 Passed 0.745 Passed
rs3775291  TLR3 Passed 0.073 Passed
rs7657186  TLR3 Passed 0.456 Passed
rs13126816 TLR3 Passed 0.288 Passed
1s7668666 ~ TLR3 Passed 0.113 Passed
rs10734436 CD44 Passed 0.714 Passed
rs11033008 CD44 Passed 0.723 Passed
rs11033010 CD44 Passed 0.113 Passed
rs11033021 CD44 Passed 0.526 Passed
rs112762 CD44 Passed 0.092 Passed
rs12419062 CD44 Passed 1.000 Passed
rs2785172  CD44 Passed 0.126 Passed
1s353615 CD44 Passed 0.114 Passed
rs353619 CD44 Passed 0.599 Passed
rs353626 CD44 Passed 0.664 Passed
rs353639 CD44 Passed 0.320 Passed
rs7105890  CD44 Passed 0.260 Passed
rs7945310  CD44 Passed 1.000 Passed
rs7947433  CD44 Passed 0.737 Passed
rs932703 CD44 Passed 0.008 Failed
rs996076 CD44 Passed 0.563 Passed
rs353644 CD44 Failed N/A N/A
rsd756195  CD44 Failed N/A N/A
rs11033013  CD44 Failed N/A N/A
rs4141971  CD44 Failed N/A N/A
rs7934770  CD44 Failed N/A N/A
rs8193 CD44 Failed N/A N/A
r$353634 CD44 Failed N/A N/A

QC= quality control, SNP= single-nucleotide polymorphism
HWE= Hardy-Weinberg equilibrium

2.2.5.5 Linear regression

The results of the additive and genotypic linear regression models, assessing the relationship
between tagSNPs and MenC-specific SBA titres following infant immunisation with MenC con-
jugate vaccine are shown in TabldR.3 and Tabld R.4. Individuals homozygous for the minor
allele at rs11732384 in TLRS3 demonstrated significantly higher MenC-specific SBA titres (Ta-
bleﬂ2.3). No statistically significant relationship between TLR3 tagSNPs and MenC-specific

SBA titres were observed using an additive model.
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Table 2.3: Genotypic and allelic association analysis between TLRS3 single-nucleotide polymor-
phisms and capsular group C meningococci (MenC)-specific serum bactericidal assay titres, 1
month after infant immunisation with MenC conjugate vaccine. This table was reproduced from
O’Connor et al 2014 (119), with licence from Elsevier.

SNP Allele n  GMT CI (95%) p-value
rs3775292  C/C 12 247 142-431 0.542
G/C 117 134  99.9-181  0.959
G/G 182 131 103-166 -
Allelic ‘C’ 0.769
rs11732384 A/A 6 443 93.7-2095 0.027*
G/A 8 103  72.9-145  0.156
G/G 228 142 115-175 -
Allelic ‘A’ 0.891
rsh743312  T/T 7 95.5  28.6-319  0.328
C/T 75 167 118-235 0.271
c/C 227 128 103-159 -
Allelic “T” 0.704
rs3775291  T/T 23 211 92.6-480 0.153
Cc/T 119 115  86.6-153  0.562
Cc/C 162 131 103-168 -
Allelic “T” 0.533
rs7668666 A/A 17 105 53.1-210 0.410
C/A 125 131 100-172 1.000
c/C 171 135 104-174 -
Allelic ‘A’ 0.615
rs7657186  A/A 11 150  51.3-437  0.936
G/A 119 132 97.3-179  0.908
G/G 18 133 106-167 -
Allelic ‘A’ 0.895
rs13126816 A/A 12 185 71.5-479 0.391
G/A 119 123  91.8-166  0.615
G/G 185 137 109-173 -
Allelic ‘A’ 0.930

All 318 133 111-159 -

GMT= geometric mean titre; CI = confidence interval

* = gignificant, with a p-value less than 0.05

Homozygous individuals for the ‘C’ allele at rs112762 in C'D44 had significantly lower MenC-
specific SBA titres, and a significant allelic association was also evident at this SNP (TablgR.4).
Furthermore, homozygous individuals for the ‘A’ allele at rs7105890 in C'D4/4 had significantly
lower SBA titres (Tabld P.4).
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Table 2.4: Genotypic and allelic association analysis between CD/4 single-nucleotide polymor-
phisms and capsular group C meningococci (MenC)-specific serum bactericidal assay titres, one
month after infant immunisation with MenC conjugate vaccine. This table was reproduced from
O’Connor et al 2014 (119), with licence from Elsevier.

SNP Allele n  GMT CI(95%) p-value
rs10734436 A/A 37 104 63.7-171 0.4953
G/A 146 148 115-189 0.4977
G/G 129 131 97.3-176 -
Allelic ‘A’ 0.8282
rs11033008 C/C 12 192 73-507 0.5482
C/T 95 112 80.3-158 0.2387
T/T 209 141 113-175 -
Allelic ‘C’ 0.6282
rs11033010 A/A 38 177 115 -271 0.3819
G/A 125 122 90.3-164 0.2394
G/G 152 133 103-172 -
Allelic ‘A’ 0.6749
rs11033021 T/T 32 102 57.7-182 0.3201
T/C 146 133 101-176 0.7337
C/C 138 142 110 -183 -
Allelic “T" 0.3729
rs112762 c/C 81 101 69.5-146  0.0471*
T/C 141 140 108 -181  0.46527
T/T 91 164 118 -228 -
Allelic ‘C’ 0.0487*
rs12419062 G/G 34 949 51 -176 0.1739
G/A 138 137 105 -179 0.8667
A/A 144 140 108-183 -
Allelic ‘G’ 0.2801
rs2785172 G/G 54 135 85.2-215 0.3982
G/A 137 107 82.3-140 0.0243
A/A 125 168  127-222 -
Allelic ‘G’ 0.1687
rs353615 T/T 36 112 65.6-191  0.7538
T/C 123 150 114-197  0.3690
Cc/C 157 127 97.3-165 -
Allelic “T" 0.8542
rs353619 A/A 11 155 53.6-449 0.9703
G/A 104 105 77 - 144 0.0693
G/G 201 149 119-187 -
Allelic ‘A’ 0.1802
15353626 c/C 22197 108 -359  0.2737
C/T 117 130 96.4-176 0.9756
T/T 177 129 101 - 164 -
Allelic ‘C’ 0.4531
1rs353639 G/G 26 125 70.4-220  0.8599
G/T 116 153 112-209  0.2392
T/T 173 122 96.1- 155 -
Allelic ‘G’ 0.4764
rs7105890 A/A 7 422 4.49-396 0.0443*
G/A 100 143 105-196  0.9295
G/G 204 135 109- 168 -
Allelic ‘A’ 0.3854
rs7945310 T/T 53 161 105-246  0.5071
C/T 153 120 92.2-157 0.5243
Cc/C 110 140 105- 189 -
Allelic “T" 0.7047
rs7947433  G/G 79 93 66.4-130 0.0639
G/A 155 151 116-197  0.9252
A/A 82 149 106 - 208 -
Allelic ‘G’ 0.0662
rs996076 A/A 72 112 76.2-165 0.4746
A/G 151 146 112-189  0.6055
G/G 90 130 93 - 180 -
Allelic ‘A’ 0.5349

All 318 133 111 - 159

GMT= geometric mean titre; CI = confidence interval
* = significant, with a p-value less than 0.05
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The results of the additive and genotypic linear regression analyses between tagSNPs and
MenC-specific IgG concentrations, following infant immunisation with MenC conjugate vac-
cine, are shown in Tabld 2.5 and appendix Tabld[7.4. Heterozygous individuals for the TLRS3
SNP rs11732384 had significantly lower post-vaccination MenC-specific IgG concentrations (Ta~
bleﬂ2.5). However, the additive linear regression model did not show any statistically significant
relationships between TLRS3 tagSNPs and post-vaccination MenC-specific IgG concentrations.
Furthermore, none of the C'D44 tagSNPs showed evidence for association with post-vaccination
MenC-specific IgG concentrations, using either the genotypic or additive models (appendix Ta-

bI]7.4).

Table 2.5: Genotypic and allelic association analysis between TLRS3 single-nucleotide polymor-
phisms and capsular group C meningococci (MenC)-specific IgG concentrations, one month after
infant immunisation with MenC conjugate vaccine. This table was reproduced from O’Connor et
al 2014 (119)), with licence from Elsevier.

SNP Allele n  GMC CI(95%) p-value
183775292 C/C 6 5.07 1.74-14.7 0.229
C/G 47 415 2.74-6.29 0.867
G/G 8 3.04 2.25-4.09 -
Allelic ‘C’ 0.411
rs11732384 A/A 3 10.10 0.21- 483 0.120
A/G 34 287 1.86-4.43 0.009**
G/G 97 357 269474 -
Allelic ‘A’ 0.194
rsh743312  T/T 4 3.38  0.207-55 0.848
C/T 34 342 2.26-5.17 0.302
C/C 96 348 2.61-4.65 ]
Allelic ‘1" 0.366

13775201 T/T 14 284  0.97-8.35 0.860
C/T 44 386 2.59-5.75 0.602
C/C 77T 338 251-4.54 -
Allelic “T” 0.694
rs7668666 A/A 5  4.03  0.65-25.1 0.938
C/A 57 270 1.93-3.77 0.943
C/C 66 452 3.17-6.45 -
Allelic ‘A’ 0.923
rs7657186  A/A 5 613  1.2-31.2 0.887

A/G 49 339 232498 0.544
G/G 75 3.57 2.57-4.94 -
Allelic ‘A’ 0.703
rs13126816 A/A 3 3.53  0.01-2321 0.458
A/G 46 391  2.56-5.99 0.890
G/G 80 339 2.54-4.54 -
Allelic ‘A’ 0.819

All 135  3.46 2.75-4.37 -

GMC= geometric mean concentration; CI = confidence interval
* = gignificant, with a p-value less than 0.05

** = gignificant, with a p-value less than 0.01
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2.2.5.6 Re-sequencing

Five exonic variants were identified through the sequencing of the TLRS3 exons, all of which
were referenced on dbSNP (http://www.ncbi.nlm.nih.gov/SNP/)). A single exonic variant
rs3775290 was significantly associated with post-vaccination MenC-specific IgG concentrations,
using additive and genotypic linear models (TableDZ.6). None of the exonic TLR3 SNPs showed

evidence for association with MenC-specific SBA titres (appendix Tabl{[7.5).

Table 2.6: Genotypic and allelic association analysis between exonic TLRS variants and capsular
group C meningococci (MenC)-specific IgG concentrations, one month after infant immunisation
with MenC conjugate vaccine. This table was reproduced from O’Connor et al 2014 (119), with
licence from Elsevier.

SNP Allele n  GMC CI(95%) p-value
rs3775290 T/T 18 297 1.63-5.43 0.091
c/T 51 299 2.03-4.41 0.021*
c/C 65 412 2.91-5.82 -
Allelic “T” 0.025*
rs3775291 T/T 14 284 0.97-8.35 0.860
C/T 44 386 2.59-5.75 0.602
C/C 7T 338 2.51-454 ;
Allelic “T” 0.694
153775296 T/T 2 1.43  0.28-7.36 0.571
C/T 27 2.3 1.44-3.66 0.953
C/C 104 4.07 3.11-5.33 -
Allelic “T” 0.753

1s73873710  T/T 0 - - .
C/T 3 944 42521 0.787
C/C 130 349 2.76-4.42 -
Allelic “T” 0.787

rs116720895 T/T 0 - - -
C/T 3 944 42521 0.787
C/C 130 349 2.76-4.42 -
Allelic “T” 0.787

All 135  3.46  2.75-4.37

GMC= geometric mean concentration; CI = confidence interval

* = significant, with a P-value less than 0.05

2.2.5.7 Regional imputation

Gene-based imputation resulted in the capture of an additional 13 TLR3 SNPs and 71 CD44
SNPs. Using an additive model none of the imputed TLR3 SNPs reached statistical significance
(Figurd P.6a). However, two imputed SNPs within CD44, rs3794109 (p-value = 0.021) and
rs3794110 (p-value = 0.022), significantly associated with post-vaccination MenC-specific SBA
titres (Figurd R.6b).
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Figure 2.6: Statistical association (-logjo p-values) between single nucleotide polymorphisms in
TLR3 and CD44, and the magnitude of serological responses to capsular group C meningococcal
conjugate vaccine, along with a graphic of the linkage disequilibrium structure of the respective
genetic regions. a) TLR3 gene locus, b) CD/4 gene locus. Filled icons are directly genotyped and
unfilled icons are imputed SNPs; circles are associations with MenC-specific IgG concentrations
and squares are associations with MenC-specific SBA titres. This figure was reproduced from
O’Connor et al 2014 (119), with licence from Elsevier.

o7



2.2 The relationship between polymorphisms in TLR3 and CD/4, and the
magnitude of infant immune responses to capsular group C meningococcal
conjugate vaccine

2.2.5.8 Haplotype analysis

Haplotype analyses showed a TLR3 haplotype defined by two exonic SNPs (rs3775290 and
rs3775291) to be significantly associated with MenC-specific IgG concentration following MenC
vaccination (p-value = 0.01) (FigurdP.7). These two exonic SNPs lie within the fourth exon of
TLR3, with the C-C haplotype associated with lower post-vaccination MenC-specific IgG con-
centrations. A single haplotype within TLR3 defined by five SNPs was significantly associated
with MenC-specific SBA titres (p-value =0.040) (appendix Tabld[7.6).
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Figure 2.7: TLRS3 haplotypes with the greatest statistical support of association with specific-
IgG concentrations to capsular group C meningococcal (MenC) polysaccharide, one month after
infant immunisation with MenC conjugate vaccine. The number contained within each box cor-
responds to the p-value of the most statistically significant haplotype (frequency >5%) for each
haplotype window. This figure was reproduced from O’Connor et al 2014 (119), with licence from
Elsevier.

CD4/4 haplotypes with the greatest statistical evidence for association with post-vaccination

MenC-specific SBA titres and IgG concentrations are shown in FigurdR.8 and FigurdR.9. The
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most statistically significant association with post-vaccination MenC-specific SBA titres was
evident with a haplotype defined by three CD44 SNPs (rs112762, rs996076 and rs7947433;
p-value = 0.01), with the T-A-A haplotype being associated with greater MenC-specific SBA
titres (Figurd P.8).
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Figure 2.8: CD/4 haplotypes with the greatest statistical support of association with capsular
group C meningococci-specific serum bactericidal assay titres, one month after infant immunisation
with MenC conjugate vaccine. The number contained within each box corresponds to the p-value
of the most statistically significant haplotype (frequency >5%) for each haplotype window. This
figure was reproduced from O’Connor et al 2014 (119), with licence from Elsevier.
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Figure 2.9: CD/4 haplotypes with the greatest statistical support of association with specific-
IgG concentrations to capsular group C meningococcal (MenC) polysaccharide, one month after
infant immunisation MenC conjugate vaccine. The number contained within each box corresponds
to the p-value of the most statistically significant haplotype (frequency >5%) for each haplotype
window. This figure was reproduced from O’Connor et al 2014 (119), with licence from Elsevier.

2.2.6 Discussion

Immunological responses to several vaccines have been shown to be highly heritable, particularly
in early infancy (7, 8). However, the genetic determinants of these responses have not yet been
well characterised. In this study, polymorphisms within two candidate genes were assessed
for their influence on the magnitude of vaccine-specific immune responses, following a primary
course of MenC conjugate vaccine. Single-SNP analysis showed an association between an
exonic SNP (rs3775290) in TLR3 and post-vaccination MenC-specific IgG concentrations. In
addition, three intronic SNPs (rs112762, rs3794109 and rs3794110) in C'D44 were associated
with MenC-specific SBA titres.

Haplotype analysis found a haplotype tagged by two exonic TLR3 SNPs (rs3775291-rs3775290)
to be associated with the magnitude of MenC-specific IgG responses. While this haplotype in-
cluded a missense mutation (rs3775291) residing within the ectodomain of this protein, this
SNP is unlikely to be the causal variant as it was not associated in single-SNP analysis. Al-

ternatively, this haplotype may function at the genomic level by influencing mRNA processing,
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regulation, expression or stability. Of note, none of the TLRS3 haplotypes significantly associ-
ated with post-vaccination MenC-specific SBA titres. This may hint at disparate, or additional,
genetic factors being crucial in the production of high-avidity bactericidal antibodies, particu-
larly as MenC-specific IgG concentrations and SBA titres correlate poorly in vaccinees under 2
years of age (I58]).

Mammalian TLR3 has been linked with immunity to viral infection, and double-stranded
RNA (dsRNA) produced during viral replication is an agonist of this predominantly endoso-
mal receptor (159). A mechanistic role for TLR3 in MenC vaccine responses has yet to be
demonstrated. However, SNPs in TLRS have previously been associated with the persistence
of MenC-specific and measles-specific antibodies following vaccination (37, 38). Furthermore,
endogenous RNAs from necrotic cells have been shown to be ligands for TLR3 (160]). There-
fore, it is possible that TLR3 is stimulated at the site of vaccine delivery due to localised tissue
necrosis and may consequently have a role in innate and early immune responses.

Haplotype analysis also showed statistical associations between CD/4 haplotypes and both
MenC-specific SBA titres and IgG concentrations. CD44 is a cell-surface glycoprotein with
multiple protein isoforms encoded by alternative splicing of a single gene locus (http://www.
ncbi.nlm.nih.gov/gene/)). The principal role of CD44 is to maintain tissue structure via
cell-cell and cell-matrix adhesion; however, certain isoforms are also involved in lymphocyte
activation, adhesion and homing (161)). The haplotype that showed the greatest evidence for
association in this dataset was tagged by three SNPs (rs112762, rs996076 and rs7947433). This
haplotype spans a genomic region of 24 kb and includes exons 2-5 that encode both the ubig-
uitously expressed isoform as well as variant isoforms of CD44 (162)). Interestingly, haplotypes
proximal to this region of CD4/ have previously been associated with responses to HBV (163]).

Immunological responses to a number of vaccines have been shown to be heritable (6, [7,
8, 9, 19). However, rare variants or variants of modest effect size may account for a large
proportion of this heritability and these present considerable statistical challenges. In order to
adequately power association analyses of such variants large sample sizes are required and these

are infrequently available. Consequently, there are an accumulating number of genetic variants
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that do not surpass conservative thresholds for statistical testing and replication studies are

imperative to validate findings.

2.2.7 Conclusion

These data replicate previous findings of an association between SNPs in the TLR3 and CD/4,
with serological responses to MenC vaccine. Further work is required to demonstrate the

functional relevance of these statistical associations.

2.3 Functional evaluation of exonic TLR3 polymorphisms

2.3.1 Background

Many genetic associations have been described in studies of complex disease and quantitative
traits; however, pinpointing causal variants and constructing mechanistic models has been
challenging. In section[P.2, the two allele haplotype (rs3775291-rs3775290) was associated with
the magnitude of MenC-specific IgG concentrations following infant immunisation with MenC
conjugate vaccine. While the mechanistic role of TLR3 in MenC conjugate vaccine responses
is uncertain, endogenous RNA is a TLR3 ligand (160)). Therefore, a plausible hypothesis is
that TLR3 is stimulated at the site of vaccine delivery due to localised tissue necrosis and
may consequently have a role in orchestrating innate and early immune responses to vaccines.
Furthermore, fibroblasts treated with poly(I:C) (polyinosinic:polycytidylic acid), a synthetic
dsRNA analogue and known agonist of TLR3, have been shown to rapidly increase expression
of many cytokine mRNA transcripts; including TNFSF13B, the expression of which in PBMCs
following influenza vaccination has been associated with HAIT titres (88, [164)).

The rs3775291-rs3775290 haplotype may function at the genomic or protein level, or both.
At the genomic level exonic base changes could influence mRNA processing, regulation, ex-
pression or stability. This haplotype may also be functioning at the protein level; the two
exonic SNPs defining this haplotype encode amino acids that reside within the ectodomain of

TLR3, in a region of leucine-rich repeats (LRR) (Figurd 2.10). LRRs are versatile structural
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frameworks that are frequently involved in protein-protein interactions (165). While rs3775290
is a synonymous mutation, rs3775291 is a nonsynonymous mutation predicted by Polyphen to
be damaging (http://genetics.bwh.harvard.edu/pph/). This section describes an in vitro
study to assess the influence of the two allele haplotype, rs3775291-rs3775290, in TLRS3 on

PBMC responses to stimulation with poly(I:C).

2.3.2 Aim

This section tested the hypothesis that the association described between polymorphisms in
TLRS3 and immune responses to MenC conjugate vaccine is linked to genetically determined

differences in this receptors ability to respond to its agonist poly(L:C).

L412F0

N terminus

Figure 2.10: Diagram of the position of amino acids, coded by the single-nucleotide polymor-
phisms rs37775291 and rs3775290, within the TLR3 ectodomain (protein data bank ID code
2A0Z). This schematic was designed using Swiss-PdbViewer (http://spdbv.vital-it.ch/).
L412F represents a change in the 412" amino acid, leucine (CTC) to a phenylalanine (TTC),
due to a SNP at rs3775291. F459F is a synonymous base substitution TTC (phenylalanine) for
TTT (phenylalanine) the SNP in this case is rs3775290.
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2.3.3 DMaterials and Methods
2.3.3.1 Participants

A bank of frozen PBMCs from 60 healthy adult vaccine trial participants (Oxford Research
Ethics Committee A 06/Q1604/121) were genotyped at SNPs rs3775291 and rs3775290. To
avoid ambiguity, those who inherited the C-C haplotype from both parents (n=8) were com-
pared to a control group (n=8) with neither a maternal nor paternal copy of this haplotype
(i.e. homozygote ‘T genotype at rs3775291 and/or rs3775290). A flow diagram of the study

design is shown in FigurdR.11.

2.3.3.2 DNA extraction and genotyping

DNA was extracted from cellular pellets available from these vaccine participants as previ-
ously described in subsection ‘2.2.3.4]DNA extraction’. To elucidate the rs3775291-rs3775290
haplotype Sanger sequencing was performed as previously described in subsection ‘2.2.3.7Re-

sequencing’.
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Figure 2.11: Study design for the functional evaluation of the TLR3 rs3775291-rs3775290 hap-
lotype. A bank of 60 samples were evaluated for the presence of a maternal and paternal copy of
the C-C haplotype, eight individuals were identified and an equal number of controls lacking this
haplotype were also identified. PBMCs were cultured with or without poly(I:C). After 6 hours
of cell culture PBMCs were harvested for gene expression analysis. After 24 hours cell culture
supernatant and PBMCs were retrieved for cytokine quantification and phenotyping, respectively.

2.3.3.3 Cell culture

PBMCs had been stored in 1 ml aliquots of 2 x 10° cells in RO [500 ml RPMI (Sigma), 5 ml peni-
cillin 5,000 units/ml -streptomycin 5 mg/ml (Sigma), 5 ml L-glutamine 200 mM (Sigma)], for be-
tween 2 and 3 years. Frozen PBMCs were defrosted at 37 °C and transferred into 10 ml of 37°C
defrost media [450ml RPMI HEPES modification (Sigma), 50ml heat inactivated new born

bovine serum (Sigma), 5ml penicillin 5,000 units/ml -streptomycin 5mg/ml (Sigma), 5ml L-
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glutamine 200 mM (Sigma), 5 ml minimum essential medium (MEM) non-essential amino acids
10mM (Invitrogen), 5 ml MEM sodium pyruvate 100 mM (Invitrogen), 0.5 ml 2-mercaptoethanol
50mM (Invitrogen)]. Samples were centrifuged at 1800 rpm for 6 minutes, and the pellet was
re-suspended in 10 ml of 37°C defrost media. The centrifugation step was repeated and the
resultant pellet re-suspended in 1 ml of 37°C R10 culture medium [450 ml RPMI (Sigma), 50 ml
heat inactivated new born bovine serum (Sigma), 5ml penicillin 5,000 units/ml -streptomycin
5mg/ml (Sigma), 5ml L-glutamine 200 mM (Sigma)]. Cells were counted on a haemocytome-
ter and 500 pl of 2 x 108 cells were pipetted into cell culture plates (12-well Nunc Multidish
Nunclon™). An additional 500 ul of R10 (i.e. media alone) or 500 ul of R10 plus 100 pug/ml
poly(I:C) (Sigma) was added, and plates were incubated with 5% CO, at 37°C. The poly(I:C)

cell culture conditions were based upon a previous publication (166).

2.3.3.4 Gene expression

Gene expression analysis was conducted on PBMCs retrieved after 6 hours in cell culture. Non-
adherent cells were retrieved by aspiration, and an additional 1 ml of R10 was added to the
culture wells and a cell scraper (Corning) was used to dislodge adherent cells and this step
was repeated. Retrieved cell suspensions were centrifuged for 15 minutes at 1800 rpm, and
the cell pellet was re-suspended in RNAlater (Invitrogen). Total RNA was extracted using
the RNeasy mini kit (Qiagen), following the extraction manual September 2010 ‘Purification
of Total RNA from Animal Cells Using Spin Technology’. RNA was reverse-transcribed with
superscript II™ reverse transcriptase (protocol MAN0001342 Rev. Date: 20 May 2010, Invit-
rogen) using random primers (Promega).

Quantitative PCR was performed on a MyiQ2 (Bio-Rad) system, 25 ul PCR reactions con-
tained 12.5 ul SYBR green supermix (Bio-Rad), 1 ul of cDNA| 1 ul of forward primer (100 uM),
1 ul of reverse primer (100 uM) and 9.5 ul ddH20. Thermocycling settings were as follows; cycle
1 95°C for 10 minutes, cycle 2 95°C for 15 seconds followed by 60 °C for one minute repeated 40
times, cycle 3 was a melting curve analysis of an incremental increase of 0.5 °C every 30 seconds

starting at 55 °C and ending at 95°C. A set of nine immune response genes were assessed: [L-6,
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CXCL10, TNF, CD86, CD83, IFNA1, IFNB1, TRIF and TLR3 as well as two housekeeping
genes, ACTB and RN1851 (appendix TableD? .7). Quantitative PCR amplification curves and

melting curves for these primer sets are shown in appendix Figurd[r.3 and appendix Figurd[r.4.

2.3.3.5 Cell phenotyping and secretion of soluble proteins

Cell phenotyping and analysis of secreted proteins was undertaken on samples retrieved after 24
hours cell culture. Cell culture supernatant and non-adherent cells were retrieved by aspiration,
this suspension was centrifuged for 15 minutes at 2000 rpm and the supernatant collected for
the analysis of soluble proteins, the cellular pellet was re-suspended in 1ml of R10. Cell
culture wells were washed twice with 1ml of R10 and adherent cells displaced with a cell
scraper. Dislodged cells were then added to the non-adherent cell fraction and centrifuged at
2000 rpm for 15 minutes. The resultant pellet was washed twice in 10ml PBS 2mM EDTA,
by centrifugation at 2000 rpm for 15 minutes. Cells were then re-suspended in 50 ul of PBS
2mM EDTA and pipetted into a 96 well V-bottom plate (Nunc), 2 ul of anti-human CD19-APC
antibody (Becton Dickinson), 1 ul of anti-human CD14-FITC antibody (eBiosciences) and 2 ul
of Viaprobe-PerCP (Becton Dickinson), was added per well and cells were incubated in the
dark at 4°C for 30 minutes. The cells were then centrifuged at 2000 rpm for 2 minutes and
washed twice in PBS 2mM EDTA by centrifugation at 2000 rpm for 2 minutes. Next, cells were
permeabilised by the addition of Fix/Perm (Becton Dickinson [BD]) for 20 minutes at 4°C.
These cells were then washed twice with 200 ul perm/wash (BD) by centrifugation at 2000 rpm
for 2 minutes and re-suspended in 50 pl of perm/wash (BD) and 1 ul of anti-human TLR3-PE
(eBiosciences) was added per well. Cells were finally incubated for 30 minutes at 4°C and
analysed on a FACSCalibur™ (Becton Dickinson).

Cell culture supernatant was assessed using a Cytometric Bead Array, for multiplexed solu-
ble protein quantification (BD). A four-plex array was designed to evaluate IL-6 (cat.558276),
TNF (cat. 558273), IP10 (cat. 558280) and IFN-« (cat. 560379). A 96 well V-bottom plate
(Nunc) was pre-wetted with 0.2 ym filtered wash buffer (BD), then 50 ul mixed capture beads

and 50 pl of neat cell culture supernatant was added, mixed at 500 rpm on a plate shaker in
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the dark, and incubated at room temperature for one hour in the dark. Following this, 50 pl
of mixed phycoerythrin (PE) detection reagent (BD) was added and mixed again at 500 rpm
on a plate shaker in the dark. Samples were incubated at room temperature for 2 hours and
then centrifuged at 200x gy for 5 minutes. The bead pellet was then re-suspended in 150 ul of
0.2 pm filtered wash buffer (BD) and 1200 events were collected on the FACSCalibur™, using

settings optimised for these analyses.

2.3.4 Results

2.3.4.1 Sequencing

Sixty participants with stored PBMCs were genotyped at rs3775291 and rs3775290. Eight
individuals with two copies of the C-C haplotype were selected for functional analysis, as well
as eight control individuals with no copies of this haplotype, the latter group was comprised of
seven individuals with two copies of the T-C haplotype and one individual with two copies of

the C-T haplotype.

2.3.4.2 Gene expression

Fold-changes (FCs) in gene expression upon stimulation with poly(I:C) were determined using
the AACt method (equationP.2). FCs are graphically illustrated as heat maps in FigurdP.12
and appendix Figurd]7.5, normalised by housekeeping genes RN1851 and ACTB, respectively.
Considerable interindividual differences in gene FCs were observed, but there was little sign
of differences between haplotype groups. The median FCs were lower for carriers of the C-C
haplotype for 8/9 and 9/9 genes, normalised to ACTB and RN18S1, respectively (appendix
Table[[? .9 and appendix Table[[? .8). However, none of the gene FCs statistically differed between

the groups.
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Figure 2.12: Heat map of gene expression following 6 hours of stimulation with poly(I:C) com-
pared to media alone, normalised by RN18S1 (18s rRNA). Each column is a participant and each
row is a gene. Columns are arranged to separate samples based upon the rs3775291-rs3775290
haplotype. The yellow column refers to the C-C haplotype group (n=8) and the green columns to
the non C-C haplotype group (n=8). The coloured boxes refer to the logy normalised AACt val-
ues, scaled from blue for downregulated genes, through white for no change, to red for upregulated
genes.
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2.3.4.3 Secreted soluble proteins

The results of the four-plex cytometric bead assay on supernatant from poly(I:C) and media
only cultured PBMCs are shown in Figurd P.13. Culturing with poly(I:C) increased the con-
centration of pro-inflammatory cytokines I1L-6 and TNF-« in the supernatant compared to cells
cultured with media alone (Figurd]Z.l?;). However, no significant differences in media only

subtracted poly(I:C) stimulated supernatant cytokine levels were observed between haplotype

groups (Figurd P.13).

2.3.4.4 Phenotyping

The gating strategy for phenotyping is displayed in Figurd .14. After 24 hours culture, cell
viability was on average 85%, with no differences between culture conditions or haplotypes (Ta-
bleﬂZ.?). CD14™" cells were seen to have a higher geometric mean index of total TLR3 expression
(intracellular and surface), compared to bulk PBMCs or the other subsets assessed (CD19% and
CD147) (TabldP.7). However, the level of expression of TLR3 in viable, CD14" cells was found
to be similar between haplotypes, in samples cultured in media alone or poly(I:C) (FigurdP.15).
Furthermore, no difference in TLR3 expression was seen between samples cultured in media

alone or poly(I:C) (Figurd P.15).
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Figure 2.13: Concentrations of a panel of cytokines and chemokines secreted into the super-
natant after 24 hours cell culture, separated by rs3775291-rs3775290 haplotype. The horizontal
lines represent the geometric mean and 95% confidence interval. The unfilled squares represent
PBMCs from individuals with two copies of the C-C haplotype, and the filled circles represent
individuals with no copies of this haplotype (non C-C). Along the x-axis are the culture condi-
tions and along the y-axis is the concentration of the respective analyte (a) IP-10, (b) IL-6, (c)
IFN-alpha and (d) TNF. P = p-value, calculated using a Mann-Whitney test comparing media
only subtracted poly(I:C) stimulated supernatant cytokine levels between haplotype groups. N=7
for C-C haplotype group and n=6 for the non C-C haplotype.
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Figure 2.14: Gating strategy for the phenotypic analysis of PBMCs stimulated with poly(I:C).
a) cells were gated for lack of staining with Via-probe, a nucleic acid dye that identifies nonviable
cells, b) Viable cells were gated on CD147, ¢) Viable cells were gated on CD19", d) histogram of
TLR3 geometric mean intensity of CD19", CD14™ and CD14~ populations
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Table 2.7: Phenotypic data collected on peripheral blood mononuclear cells cultured for 24 hours
with poly(I:C) or with media alone.

Sample Haplotype Viable % Viable TLR3 GMI CD19* % CD19" TLR3 GMI CD14~ % CD14~ TLR3 GMI CD14* % CD14% TLR3 GMI
1 Media cc 74.2 73.8 7.2 51.0 93.8 68.3 5.9 252
1 Poly(I:C) CC 78.2 72.6 8.1 52.7 96.7 69.7 3.1 260
2 Media cc 85.1 72.9 7.5 40.1 83.0 58.0 16.2 227
2 Poly(I:C) CC 84.4 74.3 8.3 42.3 83.0 59.6 16.0 227
3 Media CcC 88.7 51.8 3.0 36.9 91.2 46.2 8.1 176
3 Poly(I:C) CC 88.2 66.8 3.8 47.0 88.3 56.6 10.9 242
4 Media cc 86.9 61.7 12.3 38.9 96.2 59.3 3.2 199
4 Poly(I:C) CC 88.7 59.2 14.5 38.3 95.6 56.5 4.0 177
5 Media cc 78.9 7.2 6.3 49.3 84.7 62.7 14.8 250
5 Poly(I:C)  CC 79.3 84.0 7.2 58.6 87.2 70.8 12.1 278
6 Media CcC 89.1 59.9 9.7 36.3 89.4 52.8 10.0 180
6 Poly(I:C) CC 89.8 68.7 10.8 47.1 89.6 60.7 9.7 210
7 Media CcC 80.4 87.6 3.9 48.1 75.1 62.4 23.6 255
7 Poly(I:C) CC 79.4 95.8 4.9 58.8 83.5 76.1 15.8 320
8 Media TC 86.2 60.6 6.5 34.0 80.6 47.2 18.2 175
8 Poly(I:C) TC 87.4 84.3 7.3 53.3 79.9 65.7 18.7 231
9 Media TC 88.3 8.7 7.8 47.1 82.1 63.1 16.3 224
9 Poly(I:C) TC 89.8 120.0 8.9 65.5 75 87.1 22,9 319
10 Media TC 80.4 84.1 9.9 52.0 86.5 70.1 13.0 276
10 Poly(I:.C) TC 83.9 84.5 11.4 59.3 90.4 73.8 9.1 314
11 Media cT 93.0 52.0 124 39.4 93.3 48.3 6.0 159
11 Poly(I:C) CT 94.5 55.6 13.5 44.5 92.7 51.4 6.5 162
12 Media TC 78.6 68.2 11.0 52.4 92.0 60.5 7.6 284
12 Poly(I:C) TC 81.6 63.6 11.3 52.7 94.5 58.7 5.0 269
13 Media TC 91.8 53.0 5.8 43.2 96.1 50.6 3.3 200
13 Poly(I:.C) TC 90.9 63.6 6.8 53.1 94.9 59.9 4.5 214
Geometric mean 70.64 47.1 60.69 229.08
95%CI 65.09-76.67 43.94-50.48 57.03-64.58 210.61-249.18

CC = C-C rs3775291-rs3775290 haplotype, TC or CT = non C-C rs3775291-rs3775290 haplotypes, CI= confidence interval, GMI = geometric mean index
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Figure 2.15: The geometric mean index of fluorescently labelled anti-TLR3 antibodies on viable,
CD147 cells, following 24 hours cell culture. The horizontal lines represent the geometric means
and 95% confidence intervals. The unfilled squares represent PBMCs from individuals with two
copies the C-C haplotype, and the filled circles represent individuals without a copy of this haplo-
type (non C-C). Along the x-axis are the culture conditions and along the y-axis is the geometric
mean fluorescence intensity for labelled TLR3. The p-value was calculated using a Mann-Whitney
test comparing media only subtracted poly(I:C) stimulated supernatant cytokine levels haplotype
groups
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2.3.5 Discussion

There are an accumulating number of genetic variants being implicated in vaccine responses;
however, few have been assigned any functional consequence. In this section a functional study
was undertaken to assess whether the C-C haplotype (rs3775291-rs3775290) in TLRS, previ-
ously associated with the magnitude of MenC conjugate antibody responses in infancy, has
a demonstrable effect on in vitro responses to poly(I:C). The median fold-change of 9/9 gene
transcripts and 3/4 secreted proteins assessed were lower for individuals with the C-C haplo-
type following stimulation with poly(I:C). However, none of these differences were statistically
significant. Cell phenotyping showed CD14% cells to have higher total TLR3 expression than
total PBMCs, CD19% or CD14~ subsets. However, the level of expression of TLR3 by viable,
CD147" cells was similar between haplotypes and did not change following stimulation with
poly(L:C).

There were a number of limitations to this study. Firstly, TLR3-independent responses to
dsRNA have been demonstrated via MDA5 and RIG-I, and it has been suggested that TLR3
is largely redundant in responses to dsRNA in various leukocytes (164, 167, [168). Therefore,
functional differences in TLR3 may be masked by TLR3-independent responses. Secondly,
data from a previous study of PBMCs from an individual with two loss-of-function TLRS3
alleles suggested TLR3-dependent responses to poly(I:C) were time-dependent (164]). The study
detailed in this section may not have optimally captured TLR3-dependent differences due to the
limited number of time points assessed. Thirdly, as the response measurements are downstream
of receptor-agonist interactions these would be influenced by numerous downstream modifiers,
including other genetic variants in TLRS and downstream factors. Fourthly, experimental noise
may have been introduced by the freeze-thaw process. Although, total cell viability was high
(median 86.6%, IQR 80.4-89.0%) following thawing and culture, this does not guarantee that all
cell subsets equally survived the freeze-thaw cycle. Finally, the scope of this study was modest,
both in terms of the number of participants and analytes (gene, proteins, cell phenotypes)
assessed.

TLR3 is a pattern-recognition receptor (PRR) and member of a family of toll-like receptors
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(TLRs) that recognise pathogen associated molecular patterns (PAMPs). Considerable redun-
dancies between receptor-ligand interactions have been described for many PRRs (169, [170]).
For instance, a moderately high frequency of defect causing mutations in TLR5 are seen in the
population, without any overt clinical consequence (171)). Nevertheless, TLR polymorphisms
have been associated with a number of phenotypical traits, for example loss-of-function muta-
tions in TLR3 have been associated with herpes simplex encephalitis (HSE) (164}, 171} [172)).
Furthermore, variants within intracellular TLR genes appear to be under purifying selection
suggesting these are non-redundant, in an evolutionary context (173). Interestingly, while the
loss of functional TLR3 has been associated with susceptibility to HSE, it has not been associ-
ated with the clinical course of a range of other viral infections (164, [172). In addition, variants
in genes involved in downstream TLR signalling, such as IRAK/ and MYDS&8, have been linked
with relatively selective infectious susceptibilities (174} [175).

There are over 400 variants in T'LR3; including 122 coding single-nucleotide variants, com-
prising of one frameshift, one nonsense and 68 missense mutations (http://www.ncbi.nlm.
nih.gov/SNP/). Five TLRS3 variants within dbSNP have been cited in PubMed articles:
rs121434431 (missense), rs5743316 (missense), rs3775291 (missense), rsb743311 (synonymous),
rs3775290 (synonymous), with an additional PubMed cited coding 2236G>T (nonsense) mu-
tation that is not currently present in dbSNP (164). The missense rs121434431 and non-
sense 2236G>T mutations are rare loss-of-function mutations that have been associated with
HSE (164, [172). The missense rs3775291 variant is seen at a high frequency (MAF ~25%)
in individuals of European and Asian ancestry, and has been associated with susceptibility
to a number of infectious diseases as well as immune responses to MenC and measles vac-
cines (37, [38,, 176, [177).

There are some data relating the non-synonymous rs3775291 variant within TLRS with
variable responses to poly(I:C) in vitro; however, some of these data appear contradictory (176,
178, 179, 180). A study of PBMCs isolated from healthy volunteers, six major homozygotes
and eight heterozygotes at rs3775291, stimulated with poly(I:C) for 6 hours found that het-

erozygotes had increased expression of CD69 and increased production of pro-inflammatory
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cytokines, such as IL-6 and CCL3 (176). Conversely, a study of primary human lung fibroblast
cell lines from patients with idiopathic pulmonary fibrosis; three major homozygotes, six het-
erozygotes and three minor homozygotes at rs3775291, stimulated with poly(I:C) for 24 hours
found the expression of TLR3, RANTES and IFN-{ transcripts to be higher in the major
homozygotes (I78). A further study of cord blood; 69 major homozygotes, 69 heterozygotes
and 14 minor homozygotes at rs3775291, stimulated with poly(I:C) for 18 hours found IFN-y
production to be greater in major homozygotes (I81)). Furthermore, HEK293 transfected cell
line reporter assays have also implied the minor allele results in partially defective TLR3 ac-
tivation, following stimulation with poly(I:C) (179, [I80)). However, a further study of PBMCs
from adults infected with herpes simplex virus-2, three major homozygotes and three minor ho-
mozygotes at rs3775291, stimulated with poly(I:C) did not see differences in secretion of type I
or type II interferons between genotypes (182)). There are a number of possible explanations for
these disparities, importantly in some settings TLR3-independent mechanisms have been shown
to compensate for even a functional loss of TLRS suggesting the role of TLR3 in responses to

dsRNA are dependent on experimental conditions such as duration of stimulation (164]).

2.3.6 Conclusion

No functional differences were described between the TLRS haplotypes assessed in this section.
While the median fold-change of 9/9 gene transcripts and 3/4 secreted proteins assessed were
lower for individuals with the TLR3 C-C (rs3775291-rs3775290) haplotype following stimulation

with poly(I:C), none of these relationships were statistically significant.
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2.4 Candidate gene study of the relationship between a
non-synonymous polymorphism in TLR/ and child-

hood booster responses to pertussis vaccine

2.4.1 Background
2.4.1.1 Pertussis

Bordetella pertussis is a highly infectious Gram-negative bacterium responsible for the majority
of cases of whooping cough (pertussis) (82)). In adults and older children pertussis may result
in mild symptoms such as catarrh and an irritating cough, which may progress into the charac-
teristic ‘whooping’ cough often accompanied by vomiting (82)). However, in young infants the
characteristic whooping cough may never develop but coughing spasms may be followed by ap-
noea (82, [183)). Severe complications and deaths occur most frequently in those under 6 months
of age, with over 90% of infants with laboratory confirmed pertussis being admitted to hospi-
tal (I83],[184)). Pertussis cases remain infectious for 3 weeks after the onset of clinical symptoms

and the infection can persist for 6-8 weeks even with administration of antibiotics (82] [184)).

2.4.1.2 Pertussis disease epidemiology and vaccines

Prior to the introduction of the pertussis vaccine, in excess of 100,000 cases of pertussis were
reported in the United Kingdom each year (Figurd P.16). Following the introduction of the
whole-cell pertussis vaccine an inverse relationship between vaccine coverage and pertussis no-
tifications was observed. In the late 70s and early 80s, following anxieties over the safety of the

pertussis vaccine uptake declined and a resurgence of disease was observed (Figurd2.16) (184).
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Figure 2.16: United Kingdom epidemiological data of pertussis notifications, deaths, and
childhood (at 2 years of age) vaccine coverage (Data from Health Protection Agency, http:
//www.hpa.org.uk). V= pertussis vaccine introduced, 2007-2011* =enhanced diagnostic methods
were introduced, 2012# = provisional data.

The whole-cell vaccine introduced in 1958 was a suspension of killed organisms that caused
considerable local and systemic reactions, and was associated with rare cases of infant febrile
seizures and hypotonic hyporesponsive episodes (HHE) (185, [186). Estimates of whole-cell vac-
cine efficacy vary, but a study of US pre-school children (1-4 years of age) exposed to a household
case of pertussis found infant immunisation to be 64%, 81% and 95% effective at preventing
mild cough, paroxysmal cough and severe disease, respectively (I87). Vaccine efficacy wanes
following vaccination and is higher for preventing severe disease than infection (I88)).

The immunological correlates of protection against pertussis are unclear. High levels of
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serum antibody capable of agglutinating B. pertussis have been associated with protection
from disease following the whole-cell vaccine (189). Pertussis agglutinogens include pertactin
(PRN) and fimbriae-2 and -3 (FIM) (stronger agglutinogens), as well as pertussis toxin (PT)
and filamentous haemagglutinin adhesin (FHA) (weaker agglutinogens) (I89). As B. pertussis
is a mucosal infection, that causes disease without systemic invasion, serum antibody is seen
as a surrogate measure of mucosal antibody (189). However, circulating anti-PT antibody
neutralises this toxin and has a role in preventing severe disease (189). FHA is believed to
facilitate binding of B. pertussis to the respiratory epithelium (190). PRN is thought to be
involved in cell attachment and entry, and antibodies to PRN are produced following pertussis
infection or the whole-cell vaccine (190). High titres of anti-FIM antibodies have been associated
with protection against pertussis infection (190)). Furthermore, the presence of serum anti-PRN,
anti-FIM and anti-PT antibodies have been shown to correlate with protection from clinical
disease in children exposed to household B. pertussis (191}, [192).

Various acellular vaccines, with purified or recombinant pertussis antigens, were developed
with the aim of producing an effective vaccine with a better reactogenicity profile than the
whole-cell vaccine. A Cochrane review of the efficacy of acellular pertussis vaccines found
formations with >3 components were more effective than those with 1 or 2 proteins (190). The
whole-cell pertussis vaccine is still administered to most infants worldwide, but was replaced
in the UK infant immunisation schedule by acellular vaccines in 2004 (184} [I85]). The acellular
pertussis vaccines introduced into the UK immunisation program contained either 5 (PT, FIM-
2, FIM-3, FHA and PRN) or 3 (FHA, PRN and PT) purified proteins, and have been shown
to have similar efficacy in preventing culture-confirmed pertussis as the whole-cell vaccine but
with lower local and systemic reactogenicity (193], 194, 195)).

Current pertussis vaccines do not induce lifelong immunological protection against pertus-
sis and reinfections occur even after natural infection (184). Vaccine mediated protection is
estimated to last 4-12 years and infection acquired immunity wanes after 4-20 years (190).
However, pertussis infections in vaccinated or previously infected individuals tend to be mild,

and may often be subclinical (197 [198). Despite high vaccine coverage, intermittent epidemics
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of pertussis occur every few years as population immunity wanes and transmission rate of resid-
ual infection increases, as the population is boosted this transmission rate decreases and this
process is repeated in cycles (199).

Adults and older children are often the source of infection to infants who are too young
to be fully vaccinated (184, 200). A pre-school pertussis vaccine was introduced in 2001 to
boost immunity following infant doses at 2, 3, and 4 months of age, to reduce infection in
older children as well as reduce transmission to unvaccinated young infants (184). In late 2011,
and 2012 an increased incidence of pertussis was seen, particularly amongst young children
(<3 months), older children (10-14 years) and older teens/adults (>15years) (Figure [R.17).
In 2012 a temporary programme of immunisation of pregnant women (>28 weeks gestation)
was introduced in the UK, the aim of which was to provide transplacental antibody to protect

infants prior to their routine immunisations as well as block mother to infant transmission (184]).
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Figure 2.17: Notification of pertussis in the United Kingdom from 2000-2012 (Data from Health
protection agency, http://www.hpa.org.uk).* =enhanced diagnostic methods were introduced in
2007, # = provisional data.
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2.4.1.3 Genetic determinants of pertussis vaccine responses

Considerable variability in the magnitude and persistence of responses to pertussis vaccine has
been observed, the determinants of which are largely unknown (201). However, a study of
Gambian twins found the IFN-~ release assay to PRN and FHA following infant vaccination to
be heritable, 53% (95% CI 35-67%) and 65% (95%CI 65-76%), respectively (7). Candidate gene
studies of pertussis vaccine responses have found associations between polymorphisms in TLR/
and associated downstream signalling molecules (39, /43| [44)). TLR4 has been shown to recognise
B. pertussis lipopolysaccharide (LPS) and PT, and a functional role for TLR4 in vaccine re-
sponses is supported by mouse data showing impaired immunity following whole-cell pertussis
vaccine in TLR4~/~ mice (202, 203). A recent study found an association between a non-
synonymous SNP (rs4986790) in TLR4 and the persistence of serological immunity following
a booster dose of acellular pertussis vaccine administered to 74 adolescents (44]). Heterozygous
individuals, at rs4986790, had lower anti-PT IgG concentrations 3 years after vaccination, as
well as poorer maintenance of anti-PT, anti-FHA and anti-PRN IgG 10 years after vaccina-
tion (44)). Furthermore, studies have associated polymorphisms within the promoter of TLR/
with responses to whole-cell pertussis vaccine responses, and TLR4 transcript expression has

also been associated with susceptibility to pertussis infection (43, 204]).

2.4.2 Aim

The aim of this section was to assess the relationship between a non-synonymous polymorphism

(rs4986790) in TLR4 and childhood booster responses to acellular pertussis vaccine.

2.4.3 Materials and methods
2.4.3.1 Participants

DNA samples were available and informed consent obtained from parents/guardians of 82 chil-
dren aged 3.5-5.0 years, enrolled in a study to assess the immunogenicity and reactogenicity of

a pre-school booster dose of acellular pertussis vaccine. All participants had received whole-cell
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pertussis vaccine as infants at 2, 3, and 4 months of age and were boosted with one of three
acellular pertussis vaccines. Oxfordshire research and ethics committee (CO1.83) and Milton
Keynes ethics committee (MKLREC/14/02) approved the original clinical trial. An Oxfordshire

research ethics committee approved the genetics study detailed in this section (10/H0504/25).

2.4.3.2 Vaccines

Participants were randomised into three groups: to receive Td5aP-IPV (REPEVAX™ Aventis
Pasteur MSD), Td5aP (COVAXIS™, Aventis Pasteur MSD), or DT2aP-IPV (TETRAVAC™,
Aventis Pasteur MSD). Td5aP-IPV and Tdb5aP contained 2.5 ug of PT, 5 ug of FHA, 5 ug of
FIM and 3 pug of PRN. DT2aP-IPV contained 25 ug of PT and 25 ug of FHA.

2.4.3.3 Immunological measures

Concentrations of anti-PT, anti-PRN, anti-FIM and anti-FHA IgG were measured pre-booster,
as well as 4-6 weeks (28-42 days) and 3 years (32-39 months) after a booster dose of acellular
pertussis vaccine. Aventis Pasteur laboratories (Toronto, Canada) performed ELISAs, using
in-house reference standards and the serological results are published (205). The LLQ was
3EU/ml for anti-FHA and anti-PRN, 17 EU/ml for FIM and 5 EU/ml for anti-PT. All values

below the LLQ were set to an arbitrary value of 2.

2.4.3.4 DNA extraction

Genomic DNAs were extracted using the Maxwell® 16 System (Promega, Wisconsin), as de-
scribed in subsection ‘2.2.3.4IDNA extraction’.

2.4.3.5 Genotyping

Genotyping was performed using the ARMS-PCR method described in subsection ‘2.2.3.§]Geno-

typing’. The primers used are detailed in appendix Tabld]7.10.
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2.4.4 Statistical Analysis
2.4.4.1 Sample size calculation

Sample size calculations were conducted based upon data reported by Grondahl-Yli-Hannuksel
et al 2011 (44). GMCs and 95% ClIs reported by Grondahl-Yli-Hannuksel et al 2011, were
used to calculate an estimate of SNP effect size. A Wilcoxon-Mann-Whitney test incorporating
the estimated SNP effect size, with a-error= 0.05 and (S-error = 0.2 (80% power) and ratio of
major homozygous to heterozygous genotypes of 10:1, was conducted using G*Power version
3.1 (206). The results of the sample size calculation are shown in Figureﬂ2.18, with >80% power

achieved with a sample size of 86 (major 78 homozygotes and 8 heterozygotes).

1 tests - Means: Wilcoxon-Mann-Whitney test (two groups)

Tail(s) = One. Parent distribution = Normal. Allocation ratio N2/N1 = 0.1. o err prob = 0.05.
Effect size d = 0.971085
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Figure 2.18: Statistical power against sample size for the association study between rs4986790
and booster responses to pertussis vaccine. The effect size parameter used in these calculations
was derived from a previous study demonstrating an association between rs4986790 and booster
responses to pertussis vaccine (44)). Allocation ratio is the number of rs4986790 heterozygous
individuals divided by homozygous individuals. This plot was produced using G*Power version
3.1 (200).

2.4.4.2 Association analysis

A Mann-Whitney test was used to compare pertussis serology between rs4986790 genotypes,

using GraphPad Prism, version 5.0 (GraphPad Software). A p-value <0.05 was considered
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statistically significant.

2.4.5 Results

2.4.5.1 Demographics

Table 2.8: Demographics of children in the candidate gene study of the genetic determinants of
childhood booster responses to pertussis vaccine.

Demographic Details Value#

Ethnicity
Caucasian(%) 81 (99)

Other (%) 1(1)
Sex
Male (%) 39 (48)
Female (%) 43 (52)

Pertussis vaccine
Td5aP-IPV (%) 21 (26)
Td5aP (%) 32 (39)
DT2aP-IPV (%) 29 (35)
Age
Days (IQR) 1410*(1353-1480)

# = number of children unless specified,” = median, IQR= interquartile range

2.4.5.2 Genotyping

Genotypes at rs4986790 were called for all 82 vaccinees, 74 (90%) were major homozygotes, 8
(10%) heterozygotes and 0 were minor homozygotes.

2.4.5.3 Hardy-Weinberg equilibrium

No deviation from HWE was found for rs4986790 (P=1), calculated using the ‘genetics’ R
package (152]).

2.4.5.4 Pre-booster pertussis immunity

Pre-booster pertussis immunity measured by anti-PT, anti-PRN, anti-FIM and anti-FHA IgG

concentrations were available on all 82 participants. Heterozygote individuals had higher
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(p=0.03) pre-boost anti-FIM antibody concentrations, but no significant differences for any

of the other serological measures were observed (Figurd P.19).
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Figure 2.19: Level of pertussis immunity prior to administration of a booster dose of acellular
pertussis vaccine to pre-school children, separated by rs4986790 genotype. a) anti-pertussis toxin
(PT) IgG concentrations, b) anti-pertactin (PRN) IgG concentrations, c) anti-fimbriae-2 and
anti-fimbriae-3 (FIM) IgG concentrations, and d) anti-filamentous haemagglutinin (FHA) IgG
concentrations. P= p-value from a Mann-Whitney test between genotype groups. Summary lines

represent the median and interquartile range.

2.4.5.5 Pertussis vaccine booster responses

Pertussis immunity 4-6 weeks after a booster dose of acellular pertussis vaccine was measured.

No statistically significant differences were seen in the fold-rise (post-booster/pre-booster im-

munity) in pertussis-specific serological immunity between the rs4986790 genotype groups (Fig-

urd 2.20).
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Figure 2.20: Fold-rise in pertussis immunity following the administration of a booster dose
of acellular pertussis vaccine to pre-school children, separated by rs4986790 genotype. a) anti-
pertussis toxin (PT) IgG fold-rise, b) anti-pertactin (PRN) IgG fold-rise, c¢) anti-fimbriae-2 and
anti-fimbriae-3 (FIM) IgG fold-rise, and d) anti-filamentous haemagglutinin (FHA) IgG fold-rise.
P= p-value from a Mann-Whitney test between genotype groups. Summary lines represent the
geometric mean and associated 95% confidence intervals. Note: a third of participants received a
booster pertussis vaccine that did not contain PRN or FIM, and these were omitted from PRN

and FIM analyses.

2.4.5.6 Persistence of pertussis immunity following booster vaccine

Data on the persistence of anti-FIM, anti-PRN and anti-PT IgG 3 years after the booster
dose of acellular pertussis vaccine was available for 69 (84%) participants and anti-FHA IgG
persistence was measured on 67 (82%) participants. No statistically significant differences were
seen in the fold-persistence (3 years post-booster / pre-booster immunity) of pertussis-specific

serological immunity between the rs4986790 genotype groups (Figurd 2.21).
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Figure 2.21: Fold-persistence of pertussis immunity 3 years after a pre-school booster dose of
acellular pertussis vaccine, separated by rs4986790 genotype. a) anti-pertussis toxin (PT) IgG fold-
persistence, b) anti-pertactin (PRN) IgG fold-persistence, c¢) anti-fimbriae-2 and anti-fimbriae-3
(FIM) IgG fold-persistence, and d) anti-filamentous haemagglutinin (FHA) IgG fold-persistence.
P= p-value from a Mann-Whitney test between genotype groups. Summary lines represent the
geometric mean and associated 95% confidence intervals. Note: a third of participants received
the pertussis booster vaccine that did not contain PRN or FIM, and these were omitted from

PRN and FIM analyses.

2.4.6 Discussion

Twin studies have shown immunological responses to pertussis vaccine to be heritable; however,
the genetic determinants of these responses have not been well characterised (7). Immunological
responses to vaccines are complex, but early innate responses orchestrate subsequent adaptive
immunity. TLRs are innate recognition receptors that are known to contribute to early in-
nate immune responses (207). TLRs present on the cell-surface such as TLR1, TLR2, TLR4,

TLR5 and TLRG, are thought be particularly important in responses to bacterial ligands (208]).
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TLR4 has been implicated in responses to the whole-cell pertussis vaccine in both mice and hu-
mans (39, [43] 203)). More recently, a common non-synonymous SNP (rs4986790) within TLR/
has been associated with the persistence of antibody following adolescent booster with the acel-
lular pertussis vaccine (44). In this section the relationship between rs4986790 and pertussis
vaccine immunity was further explored in a cohort of pre-school children boosted with acellular
vaccine. Although pre-boost anti-FIM IgG concentrations were significantly higher in heterozy-
gous individuals, this study did not find evidence of an association between rs4986790 and the
magnitude or persistence of vaccine-induced immunity following a booster dose of pertussis
vaccine.

There were a number of limitations to this study. Firstly, the sample size calculations were
based upon a previous study of Finnish adolescents following the low dose three protein acel-
lular pertussis vaccine (dTaP). The disparities between these studies may result in inaccurate
estimates of variance and SNP effect size, potentially resulting in an underpowered study. Sec-
ondly, analysis involving few SNPs is intrinsically limited in the evaluation of complex biological
systems with redundancies and epistasis, unless variants under investigation have profound ef-
fects. Finally, as B. pertussis remains in circulation within the population causing epidemics
every 3-4 years, the assessment of immunity may be confounded by natural boosting.

TLR4 has been shown to bind PT, and TLR4~/~ mice have also been shown to have reduced
responses to LPS-free acellular pertussis vaccine, highlighting a potential LPS-independent
relationship between TLR4 and immunological responses to pertussis vaccine (202 209). The
non-synonymous SNP, rs4986790, results in the substitution of an aspartic acid with a glycine
at amino acid position 299, which resides within the extracellular portion of the receptor. The
minor allele at rs4986790 has been associated with susceptibility to Gram-negative bacterial
infections and attenuated responses to LPS (210} 211]).

A recent study found an association between rs4986790 genotype and the persistence of
anti-pertussis antibody following adolescent booster with acellular pertussis vaccine, a finding
that was not replicated in the study detailed in this section (44). The reasons for this discrep-

ancy are unclear; however, there were a number of important differences between these studies,

88



2.5 Chapter summary

in particular the age of vaccinees. A consistent finding between these studies was a lack of
association between rs4986790 and the magnitude of serological response, measured 4-6 weeks
after acellular pertussis vaccination (44). Furthermore, these data are consistent with a previ-
ous study of 515 one year olds that did not find a significant relationship between rs4986790
and anti-PT concentrations one month after a fourth dose of childhood whole-cell pertussis
vaccine (43)). While the data associating rs4986790 with the persistence of pertussis antibody
following vaccination may imply that this SNP influences persistence of immunity but not the
magnitude of immune response, this association has yet to be replicated in an independent

population and the data presented in this section do not support this hypothesis.

2.4.7 Conclusion

In contrast to a previous study, no significant association between rs4986790 and the persis-
tence of vaccine-induced serological immunity following a booster dose of pertussis vaccine was
demonstrated. Further and more expansive studies, in larger numbers of individuals, are needed
to scrutinise the relationship between genetic variants and the magnitude and persistence of

pertussis vaccine-induced immunity.

2.5 Chapter summary

Previous data have shown immunological responses to a number of vaccines to be heritable,
but few of the underlying genetic variants have been well characterised. Hitherto, the majority
of the studies into the genetic determinants of vaccine responses have utilised a candidate
gene approach, and few findings have been independently replicated or functionally validated.
This chapter detailed two studies designed to study genetic variants that have previously been
associated with MenC and pertussis vaccine-induced immunity. This chapter details support for
a previous association between variants in TLRS3 and serological responses to MenC conjugate
vaccine. However, this chapter also highlights many limitations in traditional candidate gene

studies conducted using modest sample sizes.
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Chapter 3

Genome-wide association study
of capsular group C

meningococcal vaccine immunity

3.1 Overview of chapter

The GWAS approach to assessing the genetic determinants of vaccine response has a number
of potential benefits over the candidate gene approach detailed in the previous chapter (Chap-
ter )| Firstly, GWASs provide information on hundreds of thousands of genetic variants in a
manner that does not rely upon existing knowledge of genes involved in a particular pheno-
type. In addition to the potential of this assumption-free approach to uncover novel biology,
it may also avoid the intrinsic bias introduced during the selection of candidate genes. Sec-
ondly, the breadth of information collected from GWASs facilitates the assessment of gene-gene
interactions and epistasis, and provides valuable quality control information to enable the iden-
tification of spurious data or outlier samples. Finally, the statistical concepts used in GWASs
are typically more robust than those used in candidate genes studies, due to stringent adherence

to rigorous corrections for multiple testing.
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Figure 3.1: Schematic of participants included in a genome-wide association study to assess the
genetic determinants of the persistence of capsular group C meningococci (MenC)-specific serolog-
ical immunity following immunisation with MenC conjugate vaccine. This chapter includes 1182
and 1832 participants vaccinated with MenC conjugate vaccine as older children and infants, re-
spectively. Initial analysis was conducted exclusively on individuals who received MenC conjugate
vaccine as older children, all of which were genome-wide genotyped (section 3.@ Further analysis
combined the older childhood and infant vaccinees, with a subset of the latter being selectively
genotyped at markers found to have the greatest statistical association with the persistence of
MenC-specific immunity from the genome-wide genotyping data (section 3.4|:|and appendix 7 4m

This chapter describes a GWAS of the genetic determinants of the persistence of capsular
group C meningococci (MenC)-specific IgG concentrations and SBA titres following immuni-
sation with MenC conjugate vaccine. Initially, the relationship between genetic variants and
the persistence of MenC-specific serological immunity in a cohort of adolescents, vaccinated as
older children (6-15 years of age) was explored (FigurdB.1). This GWAS was then expanded to
include a cohort of individuals immunised with MenC vaccine as infants (<1 year of age) (Fig-
urtﬂ%.l). This stratified approach was adopted as considerable differences in the persistence

of post-vaccination serological measures of MenC-specific immunity have been observed be-
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tween younger and older children, presumably relating to immune maturation (212, 213] 214]).
Consequently, it was not known whether the genetic factors influencing the maintenance of
MenC-specific immunity are age-dependent. This chapter concludes with the description of a
second stage study that assessed a subset of variants identified in the GWAS in an additional

independent population of MenC vaccine recipients.

3.1.1 Chapter aims

i) Conduct a genome-wide association study of the persistence of serological immunity to

capsular group C meningococcal vaccine following older childhood immunisation

ii) Describe a two-stage genetic association study of the persistence of serological immunity

to capsular group C meningococcal vaccine following childhood immunisation

3.2 Introduction to contemporary genome-wide associa-

tion study methodologies

3.2.1 Human reference genome and catalogue of human variation

The human reference genome was first published in 2001, enabling the systematic identification
and mapping of human genes, and serving as a scaffold for sequence assembly (215, 216, 217).
The human genome has considerable influence on many physiological and disease traits, but lo-
cating causal trait loci is complicated by the vastness and diversity of the human genome (108]).
Furthermore, the cost of whole-genome sequencing large numbers of individuals to assess ge-
netic markers associated with complex phenotypic traits has, to date, been prohibitive in the
majority of study settings. However, the International HapMap project, and more recently the
1000 genomes project, have extensively documented correlations between alleles at proximal
polymorphic loci. This information, along with advances to microarray technology have made
it feasible to test the majority of common variants in large study cohorts (108, 218). Con-

sequently, genome-wide association studies have successfully produced over 1300 publications,
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documenting genetic variants associated (p-value <1077) with a range of traits (219, 220).

3.2.2 Phasing and imputation
3.2.2.1 Phasing

Phasing is the process of determining on which of the two copies of a particular chromosome
(in a diploid organism) an allele resides. A haplotype is a combination of adjacent alleles on
a chromosome. Information on haplotype phase is used during genotype imputation and can
also be used in haplotype based association analysis (221, 222)). Experimental approaches of
deciphering phase are considerably more expensive and time-consuming than contemporary
high-throughput genotyping techniques; therefore, phase is more often inferred statistically.

A number of phasing methodologies have been developed that have their own advan-
tages and disadvantages. IMPUTEv2 (https://mathgen.stats.ox.ac.uk/impute/impute_
v2.html) and MACH (http://www.sph.umich.edu/csg/abecasis/MACH/tour/imputation.
html), use a hidden Markov model (HMM) to model haplotypes of G (vector of genotypes
at M markers for an individual) as an imperfect mosaic of haplotypes in H (set of K known
haplotypes from a sample of individuals at a set of M markers). Sampling suitable haplotypes
for G using a forward-backward algorithm for HMM has quadratic complexity, O(M K?). To
alleviate this complexity IMPUTEv2 and MACH take a subset of N haplotypes (223, 224]).
In BEAGLE (http://faculty.washington.edu/browning/beagle/beagle.html), K haplo-
types in H are represented in a graph, the edges of which are taken as states of the HMM. As
complexity does not increase at the rate of K this controls the computational demands (225]).
FastPHASE (http://stephenslab.uchicago.edu/software.html) is based upon a cluster
model for haplotypes. A HMM is used with state space involving a set of parameterised
core states estimated as the model is fitted. The parsimonious number of states controls for
computational complexity (155). SHAPEIT (https://mathgen.stats.ox.ac.uk/genetics_
software/shapeit/shapeit.html) uses HMM calculations carried out on a graph Hg of col-
lapsed K haplotypes. This approach also uses a method of sampling compatible haplotypes for
G with linear complexity (226). SHAPEIT2 combines SHAPEIT1 and IMPUTEV2, to purport-
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edly enhance performance (221)). In brief, this method utilises the SHAPEIT1 Markov model,
representing space of haplotypes consistent with a given individuals genotypes across a whole
chromosome. Transition probabilities are estimated by applying the IMPUTEv2 ‘surrogate
family’ phasing approach in local windows of W, with each window K informative haplotypes
are chosen to update the transition probabilities. Therefore, this method generalises the IM-

PUTEv2 method to be applied over whole chromosomes with linear scaling (221]).

3.2.2.2 Imputation

Genotype imputation is a technique to use information from a densely genotyped reference
panel to infer unobserved genotypes in a less densely genotyped, but genetically similar, study
population (227). Imputation can offer a number of advantages in genetic association studies.
Firstly, imputing SNPs expands the set of SNPs that can be tested for an association with
the study phenotype, increasing statistical power (228)). Secondly, imputation enables meta-
analysis of non-overlapping markers genotyped on different platforms. Thirdly, the increase in
marker density following imputation aids fine-mapping association signals to causal variants.
Finally, sporadically missing genotypes can also be imputed, increasing non-missing data.

Several imputation methods have been proposed and important considerations when weigh-
ing up the benefits of each of these techniques include; 1) the accuracy with which haplotypes
are phased at typed SNPs will determine how well they match haplotypes in the reference panel,
2) accounting for unknown phase at typed SNPs is computationally expensive, 3) accuracy will
increase with n, meaning algorithms than include several reference panels will be advantageous.
Most imputation methods adopt a two-stage design, starting with an initial step to predict un-
typed SNPs without taking into account phenotypic information. Secondly, imputed genotypes
are tested, incorporating an uncertainty value, for an association with the phenotype of inter-
est. This approach has the advantage of not requiring imputation to be repeated for every
phenotypic trait.

IMPUTEv1 uses a HMM of an individual’s vector of typed SNPs, conditional on the set

of reference haplotypes and specified parameters. IMPUTEv2, uses related methodology to
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IMPUTEvV1, but estimates haplotypes at typed SNPs using a HMM and then imputes alle-
les at untyped SNPs conditional on current estimated haplotypes, with Markov chain Monte
Carlo (MCMC) iterations at the stages accounting for phase uncertainty. The fastPHASE ap-
proach is a method of estimating haplotypes and imputing SNPs that is incorporated within
the BIMBAM software framework (http://www.haplotype.org/bimbam.html). This method
capitalises upon the observation that haplotypes cluster with related or similar haplotypes. The
HMM modelling used by fastPHASE differs from IMPUTEv1 in that states are represented by
clusters rather than reference haplotypes; an expectation-maximisation (EM) algorithm is used
to fit the model and impute missing genotypes conditional on the parameter estimates using a
forward-backward algorithm. MACH uses a similar HMM approach as IMPUTEv1, iteratively
updating the phase of each individual’s genotype data conditional upon all haplotype estimates.
BEAGLE utilises a graphical model of haplotype sets, iteratively fitting the set of estimated
haplotypes and resampling new estimates for individuals based upon the model fit; missing
haplotypes are derived from the model fitted to the final iteration.

The majority of imputation methods that utilise a HMM attempt to estimate missing geno-
types and integrate over unknown phase of typed SNPs simultaneously. On the contrary, the
IMPUTEv2 algorithm separates the phasing and imputing tasks, with more computational ef-
fort on phasing and maximising the information being incorporated in this step. IMPUTEv2
attempts to improve imputation accuracy at untyped SNPs by improving phasing accuracy at
typed SNPs. Haplotype ‘guesses’ are then assumed to be true, removing the complexity of com-
puting uncertainty at this stage. The increase in computational requirement for the phasing
step is leveraged against quick haploid imputation. This algorithm can also handle multiple
large and unphased next generation datasets, the use of which increases accuracy and helps
with analysis of rare SNPs.

In this report IMPUTEvV2 was the imputation methodology of choice, based upon literature
showing its superior accuracy (223, 229, 230)). Furthermore, a pre-phasing step in SHAPEIT2
was implemented as this has been shown to outperform other approaches in terms of switch

error rate and mean distance to error, with computational comparability (221).
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3.3 Genome-wide association study of the persistence of
serological immunity to capsular group C meningo-
coccal vaccine following older childhood immunisa-
tion

3.3.1 Background

In 1999, the MenC vaccination campaign to immunise those <19 years of age was initiated in
the UK in response to increasing rates of group C disease, which accounted for 35-40% of disease
isolates at the time (184]). The peak incidence of MenC disease was seen in those under 1 year
of age, but a second peak was seen in those aged 15-19 years (184) (FigurdB.2). Furthermore,
teenagers and young adults represented an important reservoir of meningococci, with the highest
rate (~25%) of N. meningitidis carriage in those aged 15-19 years (I84). Therefore, it was
hoped that this vaccination programme would also benefit unvaccinated individuals by reducing
carriage and interrupting transmission of this organism.

During the 1999-2001 MenC vaccination campaign, the MenC conjugate vaccine was intro-
duced as a single-dose for those aged 1-18 years and incorporated into the routine infant im-
munisation schedule as a three-dose regimen (I84]). A year after the introduction of the MenC
vaccine more than 70% of the target population had been vaccinated, with the vaccine showing
88% and 96% efficacy in preventing disease in children and adolescents, respectively (137). In
addition, the MenC vaccine showed 75% effectiveness against capsular group C carriage and
indirect protection of unvaccinated individuals, presumably via herd immunity (231, 232)). The
efficacy of the MenC vaccine in preventing disease in young children, who make modest sero-
logical responses that wane rapidly, may have been largely the result of vaccine efficacy against

carriage in older children and teenagers (231]).
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Figure 3.2: The number of cases of capsular group C meningococcal disease by age group, in
the United Kingdom (UK) in years 1998-2012 (Data from Health protection agency). V= the
capsular group C meningococcal conjugate vaccine was introduced into the routine UK childhood
immunisation schedule in November 1999.

Adolescents immunised during the MenC vaccination campaign showed sustained levels of
functional antibody to MenC for >5 years after vaccination (214)). However, the persistence
of functional antibody was variable, and >15% of 11-20 year olds had lost detectable levels
of functional antibody 5 years after vaccination (214). Age at vaccination has been shown to
be an important factor in the persistence of serological immunity and efficacy, with children
immunised with MenC vaccine in their second decade maintaining functional antibody better
than younger children (212, 214). However, age at vaccination does not account for all the
variation observed, and the mechanisms behind the maintenance of serological immunity are
not well understood (233)).

Vaccinee genetic factors are likely to account for some the variation seen in the maintenance
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of vaccine-induced protection against MenC disease and carriage. The genetic factors influenc-
ing carriage of MenC have not been investigated, and the low rates of MenC carriage, even prior
to the introduction of the MenC vaccine (0.45% in 15-17 year olds), may be prohibitive (234).
The genetic determinants influencing the persistence of MenC-specific antibody levels have been
investigated using a candidate gene approach, genotyping 768 SNPs in 122 candidate genes in
905 adolescents 3.8-6.3 years after vaccination (38). In this section a genome-wide genotyp-
ing approach was utilised to further explore the genetic factors influencing the persistence of

vaccine-induced MenC-specific immunity in adolescents immunised as older children.

3.3.2 Aim

The aim of this section was to conduct a genome-wide association study of the persistence
of serological immunity to capsular group C meningococcal vaccine following older childhood

Immunisation.

3.3.3 Materials and methods
3.3.3.1 Adolescent participants

Healthy adolescents aged 11-20 years old, who had received a single dose of MenC vaccine
as part of the UK vaccination campaign of 1999-2001, were recruited from Buckinghamshire
and Oxfordshire. Informed consent was obtained from parents/guardians of adolescents under
16 years of age and participants over 16 years of age provided consent. Participants were
recruited as part of two trials conducted to assess the persistence of immunity following MenC
immunisation (213, 214)). The first of these trials (hereinafter referred to as ‘cohort 1’) examined
the persistence of serological immunity to MenC in adolescents aged 13-15 years, more than 3
years after immunisation with the MenC conjugate vaccine (213). A further trial (hereinafter
referred to as ‘cohort 2’) assessed the persistence of serological immunity to MenC in adolescents
aged 11-20 years, immunised between 6 and 15 years of age with MenC conjugate vaccine (214]).

An Oxfordshire research ethics committee approved these studies (approval number C02.328).
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An Oxfordshire research ethics committee also approved the genetic study detailed in this
section (10/H0504/25). In total 1182 participants were eligible for this study. Nine hundred and
five of these adolescents were previously described in a candidate gene study of the persistence

of MenC-specific antibody levels following MenC conjugate vaccine (38)).

3.3.3.2 Vaccines

Participants’ immunisation records were obtained from the child health computer department.
Participants received one of three vaccines administered during the MenC vaccine campaign:
two of which contained MenC capsular polysaccharide conjugated to CRM;9; and the other
was conjugated to tetanus toxoid. These vaccines were Menjugate (Novartis Vaccines and Di-
agnostics, Siena), containing 10 ug of MenC polysaccharide conjugated to 12.5-25.0 ug CRM;g7
and adjuvanted with 0.3-0.4 ug aluminium hydroxide (A1**), Meningitec (Wyeth Vaccines, New
York) containing 10 ug of MenC polysaccharide conjugated to 15 ug CRM;97; and adjuvanted
with 0.125 pg aluminium phosphate (A1**), and NeisVac-C (Baxter Vaccines, Maryland) con-
taining 10 pug of MenC polysaccharide conjugated to 10-20 ug tetanus toxoid and adjuvanted

with 0.5 g aluminium hydroxide (AI3T).

3.3.3.3 Immunological measurements

The Vaccine Evaluation Unit (VEU), Public Health England (Manchester), measured MenC-
specific rSBA titres using rabbit complement and Novartis Vaccines (Marburg, Germany) per-
formed MenC-specific hSBA titres using exogenous human complement as described in subsec-
tion ‘2.2.3.3 Immunological measurements’. MenC-specific IgG concentrations were measured
by ELISA, in-house or by Novartis Vaccines. The in-house assay was described in Chapter 2
subsection ‘2.2.3.3lmmunological measurements’. The ELISAs completed by Novartis Vaccines
used a standardised assay with a LLQ of 0.3 ug/mL. For the purposes of analysis IgG concen-
trations below the LL(Q were assigned of half the respective assay LLQ. The LLQ for the hSBA
assays was a reciprocal titre of 4 and for the rSBA assay this was 8, sera without detectable

bactericidal antibody were assigned an arbitrary value of two. All serological values were logg
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transformed prior to statistical analysis.

3.3.3.4 DNA extraction

™

DNA was extracted from whole blood samples collected in EDTA tubes, using the GeneCatcher
gDNA kits (Invitrogen™, California, United States), according to standard human blood pro-
tocol. DNA concentrations were quantified using Quant-IT PicoGreen® dsDNA Assay Kit

(Invitrogen™, California, United States) and diluted to 50ng/ul for genotyping.

3.3.3.5 Genotyping

Genotyping was performed at the Genome Institute of Singapore using routine laboratory
protocols, based on manufacturer’s specifications (Illumina®, California, United States). In
brief, DNA samples were whole-genome amplified and enzymatically cleaved into 300-600 bp
fragments. Samples were then purified using isopropyl precipitation and re-suspended in hy-
bridisation buffer. Samples were hybridised to an Illumina® OmniExpress12v1 microarray and
an allele-specific enzymatic single-base extension step was performed, to add a biotin-labelled
(guanine or cytosine) or dinitrophenol-labelled (adenine or thymine) base. Sequential rounds
of staining were performed with green-fluorescent streptavidin and biotin-labelled antibodies,
and red-fluorescent anti-dinitrophenol antibodies and dinitrophenol-labelled antibodies. Fol-
lowing staining, the arrays were read on an Illumina® scanner and genotypes were called using

Iumina® BeadStudio software.

3.3.3.6 Quality control

A number of quality control (QC) checks were undertaken on the genotyping data before sta-
tistical association testing, the QC pipeline utilised was similar to that described by Anderson
et al 2010, using the PLINK whole genome association analysis toolset (http://pngu.mgh.
harvard.edu/ purcell/plink/)) (156, 235). The first step was to identify any discrepancies
between the sexes reported on participant information data and those deduced from the geno-

typing data. The homozygosity rate of X chromosome markers was used to assign genotypic
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sex, using the ‘--check-sex” PLINK command (156). Next, sample outliers based upon num-
ber of missing genotypes and/or genome-wide heterozygosity rates were identified, using the
‘--missing’ and ‘--het’ PLINK commands, respectively (156). This was followed by the identifi-
cation of related individuals. Relatedness was calculated by first removing areas of the genome
with high linkage disequilibrium (LD), based upon regions published by Anderson et al 2010,
and then conducting pairwise identity-by-descent (IBD) analysis, using the ‘--genome’ PLINK
command (156} 235)). Next, individuals of divergent ancestry were identified by assessing the
underlying structure of the genotype data by multi-dimensional scaling (MDS) on the IBD
matrix, using the ‘--cluster’ PLINK command (I56]).

QC was also conducted on array markers. Missing genotype rates were calculated for samples
passing the previously described QC thresholds. Marker minor allele frequency (MAF) and
Hardy-Weinberg equilibrium (HWE) p-values were calculated, using ‘--maf’ and ‘--hwe’ PLINK
commands, respectively (I56). The thresholds imposed for these QC measures are presented in
the results subsection ‘3.3.4.3|Quality control’. Post-association QC was also conducted to check
for inflation of test-statistics, using the ‘GenABEL’ R package, under the assumption that the
vast majority of the genetic markers assessed would not be associated with the phenotype (236]).
Violation of this assumption can be indicative of population stratification and it is routine to

control for the inflation factor when performing association testing (237)).

3.3.3.7 Quantitative trait loci analysis

A linear regression model was used to assess the relationship between SNP allele dosage and the
persistence of log;g transformed MenC-specific I[gG concentrations, with age at vaccination, time
since vaccination and the first three MDS components as covariates. A linear regression model
was also used to assess the relationship between SNP allele dosage and the persistence of logg
transformed MenC-specific SBA titres, with SBA complement source, age at vaccination, time
since vaccination and the first three MDS components as covariates. Furthermore, as there
was a strong relationship between the complement source and SBA titres, linear regression

analyses were also performed separately for the rSBA and hSBA subsets and meta-analysed.
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Linear regression analysis of genotype data and MenC-specific immunity was conducted using

PLINK (I56).

3.3.3.8 Imputation

Imputation was performed to increase the breadth of genotype coverage, the theory of which
was described in subsection ‘3.2.7]Phasing and imputation’. In brief, strand information corre-
sponding to the genotype data were updated to build 37 of the human reference genome, using
the orientation tool in GTOOL and the Illumina OmniExpress12vl strand file provided by
Will Rayner (http://www.well.ox.ac.uk/ wrayner/strand/). Segmented HAPlotype Esti-
mation and Imputation Tool (SHAPEIT) version 2 was used to pre-phase each chromosome
of the genotype data individually (22I)). Imputation was performed using IMPUTE version 2
on 5Mb chunks of this pre-phased data, applying the 1000 Genomes Phase I integrated vari-
ant set release (March 2012) as the variant reference set (223). SNPTEST version 2.4.0 was
utilised to test for allelic associations between imputed SNPs and the persistence of MenC-
specific serological immunity, incorporating the covariates previously mentioned in subsection
‘3.3.3.7 Quantitative trait loci analysis’ (230). Imputation and subsequent association analysis
was performed across multiple cores of the CLUSTER-3 computing resource at the Wellcome

Trust Centre for Human Genetics (WTCHG).

3.3.3.9 Power calculations

Power calculations were undertaken under varying effect and sample size parameters. Cal-
culations were based upon a linear regression model Y; = a + bX; + ¢;; where Y denotes a
dependent variable (MenC-specific SBA titre or IgG concentration), X denotes an indepen-
dent variable (SNP allele dosage) and e are normally distributed random errors. The null
hypothesis was specified as HO: b — by = 0 and the alternative hypothesis H1: b — by # 0.
Power simulation were performed with various SNP effect size estimates, using the R package
‘PWR’. (FigurdB.3) (238). A sample size of 1182 was shown to give >80% power to detect

the slope by = 0.23 (corresponding to a 1.7 fold-change in MenC-specific IgG concentrations
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per allele) with a < 5x10~® (Figurd B.3). The « level for power calculations was based upon
the assumption of 1,000,000 independent tests (equal to the estimated number of independent
regions in the Caucasian genome), which is likely to be conservative level of statistical correc-
tion (29). The effect size (f?) was derived from the partial R?  as described in the G*Power
manual (http://www.gpower.hhu.de/en.html). In brief, R? = p? from b = p- 0, /0,, implying
p* = (b-0,/0,)% Where o, denotes the standard deviation of logj transformed MenC-specific
IgG concentrations and o, denotes the standard deviation of allele counts for a theoretical
SNP, genotyped in a 1000 individuals, with equal frequencies of homozygous genotypes. The
parameters used in the power calculation were as follows, o, = 0.78, 0, = 0.71, b = 0.23,
a=5x 1078 n=1182 and the number of predictors = 6 (genotype, age at vaccine, time since

vaccination and MDS components 1-3).
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Figure 3.3: Power calculations for the genome-wide association study of the persistence of
capsular group C meningococci (MenC)-specific immunity following older childhood immunisation
with MenC conjugate vaccine. Calculations were based upon a linear regression model Y; =
a+bX;+¢;; where Y = MenC-specific immunity, X = allele dosage and € = errors, and performed
using the R package ‘PWR’ (238)). The null hypothesis was specified as HO: b — by = 0 and the
alternative hypothesis H1: b — by # 0. Each line represents an effect size (f2) in the simulated
power calculations, the black dots representing an effect size corresponding to the slope (by) = 0.23
(1.7 fold-change in MenC-specific IgG concentration) with allele dose. The fixed parameters were
a=5x10"% and number of predictors =6.
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3.3.4 Results
3.3.4.1 Adolescent demographics

An overview of participant demography is displayed in Tabld B.1. An independent 2-group
Mann-Whitney U Test found Cohort 1 to be older at MenC vaccination (P<0.05), with fewer

days since immunisation (P<0.05).

Table 3.1: Summary of participant demographics in the study of the persistence of capsular group
C meningococci (MenC)-specific serological immunity following older childhood immunisation with
MenC vaccine. Study cohorts were described in subsection ‘3.3.3.1[|Adolescent participants’

Study Male/Female Time since vaccination days* (IQR) Age at vaccination days* (IQR) Reference
Cohort 1 122/140 1380.5 (1279.3 - 1423.0) 3832.5 (3633.5 - 4073.3) (213)
Cohort 2 449/378 1777 (1679 - 1856) 3514 (3038 - 4078) (214)

IQR= interquartile range, * = median.

3.3.4.2 Serological results

The serological data presented here were generated from two studies conducted to assess the
persistence of MenC-specific serological immunity following older childhood immunisation with
a single-dose of MenC conjugate vaccine (213 214)). SBAs were performed using either exoge-
nous human (cohort 1, n=262) or rabbit (cohort 2, n=828) complement. The density distri-
bution of logyy reciprocal SBA titres performed using rabbit complement was to the right of
the corresponding distribution when exogenous human complement was used, displaying the
relative intrinsic bactericidal activity of rabbit complement (Figurd B.4) (239). However, the
distributions of SBA titres, around their respective means, were comparable between the two
complement sources. Furthermore, both distributions displayed enrichment of values at the
left tail, reflecting serum without detectable bactericidal activity (Figure|]3.4). For analytical
purposes it was assumed that logig transformed reciprocal SBA titres were sampled from a

normal distribution.
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Figure 3.4: Density plots of the persistence of logig transformed capsular group C meningococci
(MenC)-specific serum bactericidal assay (SBA) titres following older childhood MenC vaccination.
Data are separated by study of origin; hSBA= human complement used in SBA, rSBA= rabbit
complement used in SBA. Cohort 1 n=262 and cohort 2 n=828. Density plots were created from

a 1d kernel density estimate, using the R package ‘ggplot2’ (240).

The distribution of logyy transformed MenC-specific IgG concentrations approached the

normal distribution, with a slight positive skew (Figurd B.5). Similar ELISA protocols were
used to measure MenC-specific IgG concentrations in both study cohorts; however, assays were

conducted in different laboratories, as described in subsection ‘3.3.3.3[Immunological measure-

ments’.
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Figure 3.5: Density plots of the persistence of logig transformed capsular group C meningococci
(MenC)-specific IgG concentrations following older childhood MenC vaccination. Data are sepa-
rated by study of origin. Cohort 1 n =270 and cohort 2 n =856. Density plots were created from
a 1d kernel density estimate, using the R package ‘ggplot2’ (240).

3.3.4.3 Quality control

Following DNA quantification, 1126 (99%) of the DNA samples were found to be of adequate
quality (>50ng/ul) for genome-wide genotyping. One participant did not have sex recorded on
participant information data and 66 samples were found to have discrepancies between sexes
reported in participant information and genotype data. As DNA samples were anonymised it
was not possible to troubleshoot these disparities by referring to case report forms, therefore
these participants were eliminated from subsequent analysis.

The proportions of missing genotypes and heterozygosity rates for participants are shown
in Figurd B.6. The cut-off for acceptable rate of genotype heterozygosity was set to the mean
heterozygosity rate +/— two standard deviations, 30 samples failed this QC metric. None of
the samples failed QC due to the proportion of missing genotypes, the acceptable cut-off was

set to <0.03, as described by Anderson et al 2010 (235)).
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Figure 3.6: Plot of heterozygosity rate compared to the proportion of missing genotypes in the
study of the persistence of capsular group C meningococci (MenC)-specific serological immunity
following older childhood immunisation with MenC vaccine. Shading is used to highlight coor-
dinates that are densely populated. The horizontal lines represent the mean heterozygosity rate
+/— two standard deviations and the vertical line represents a proportion of missing genotypes
of 0.03.

Identity-by-descent (IBD) analysis identified 117 full-siblings or monozygotic twins within
the genotyped cohort; only the participant with the lowest missing genotype proportion from
related participant sets were included in further analysis, resulting in the exclusion of 83 sam-
ples. MDS was performed on the IBD matrix and the first two MDS components are shown in
FigurdB.7a. Thirty-six outlier samples were eliminated based upon apparent divergent ancestry

and MDS was repeated (Figurd B.7b).
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Figure 3.7: The first and second components of multi-dimensional scaling analysis of the identity-
by-descent matrix of genotype data in the study of the persistence of capsular group C meningo-
cocci (MenC)-specific serological immunity following older childhood immunisation with MenC
vaccine. a) all participants, b) filtered to exclude participants with apparent divergent ancestry.

A histogram of the rate of missing genotypes is shown in FigurdB.8. The acceptance cut-off
for missing data was set at <0.03, resulting in the elimination of 2743 (0.4%) markers. SNPs
with a minor allele frequency of <0.01 and/or HWE p-value < 1x107° were also eliminated,

leaving 631987 (87%) markers.

3.3.4.4 Association analysis

Following quality control 1011 individuals and 631,987 markers remained for association analy-
sis. Quantile-quantile (Q-Q) plots were used to visualise the distribution of association p-values,
compared to a null distribution (Figurd B.9 and Figurd B.10). The inflation factor (A) of the
distribution of p-values was estimated by regression of observed onto expected p-values, using

the ‘estlambda’ function in the ‘GenABEL’ R package (230).
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Figure 3.8: Histogram of the rate of missing genotypes from individuals that passed sample based
quality control metrics, in the genome-wide association study of the persistence of capsular group C
meningococci (MenC)-specific serological immunity following older childhood immunisation with
MenC vaccine. The dashed vertical line denotes the threshold (3%) were genetic markers were
removed from further analysis due to excessive failure rate.

The Q-Q plot for association p-values resulting from the regression analysis between SNP
allele dose and log; transformed MenC-specific IgG concentrations did not show signs of exces-
sive inflation, and had an inflation value () of 1.0257 (FigurdB.9). Some enrichment of smaller
p-values (<1x107%) was observed; however, these did not deviate from the 95% confidence

intervals of the null distribution (FigurdB.9).
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Figure 3.9: Quantile-quantile plot of -logiy p-values observed in association analysis between
single-nucleotide polymorphisms and logjy transformed capsular group C meningococci (MenC)-
specific IgG concentrations following older childhood immunisation with MenC vaccine. The red
line represents the null distribution and the blue lines represent the upper and lower 95% confidence
intervals. A= lambda inflation factor.

As detailed in the subsection ‘3.3.3.7JQuantitative trait loci analysis’, regression analyses
between SNP allele dose and log;, transformed MenC-specific SBA titres were conducted either
with the complement source included as a covariate or data separated by complement source
were meta-analysed. The Q-Q plots of association p-values resulting from these regression
analyses did not show signs of excessive inflation (Figureﬂ&l()). However, for both these analyses
there was enrichment of smaller p-values (< 1x107%), which deviated from the 95% confidence

intervals of the null distribution (FigurdB.10).
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Figure 3.10: Quantile-quantile plots of -logiy p-values observed in association analysis between
single-nucleotide polymorphisms (SNPs) and logjp transformed capsular group C meningococci
(MenC)-specific serum bactericidal assay (SBA) titres following older childhood immunisation
with MenC vaccine. a) linear regression analysis with complement included as a covariate, b)
meta-analysis of regression of SNPs against logig transformed MenC-specific rSBA and hSBA
titres. The red line represents the null distribution and the blue lines represent the upper and
lower 95% confidence intervals. A= lambda inflation factor.

An overview of the results of the regression analysis between SNP allele counts and logy
transformed MenC-specific [gG concentrations are shown in FigurdB.11. Seven SNPs on three

chromosomes surpassed the statistical threshold for a suggestive association (p <1x107?), four

of these SNPs were within three genes: SRSF7, DHX57 and ENKUR (TabldB.2).
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Figure 3.11: Manhattan plot of p-values from regression analysis between single-nucleotide
polymorphisms and logjo transformed capsular group C meningococci (MenC)-IgG concentrations
following older childhood immunisation with MenC vaccine. The horizontal blue line represents
the level of suggestive statistical association (p<1x107%), and the horizontal red line denotes the
level of genome-wide statistical significance (p<5x10~%). The R code for this Manhattan plot is

presented in appendix Manhattan plot’.

Table 3.2: Single-nucleotide polymorphisms with p-values suggestive (<1x107%) of association
with logig transformed capsular group C meningococci-specific IgG concentration following older
childhood immunisation with MenC conjugate vaccine. Gene information and neighbouring genes
were derived from a NCBI search of reference SNP (rs) numbers, using ‘GetSNPInfo’ and ‘Anno-
tateSNPList” functions in the ‘NCBI2R’ R package (241). Al= Allele 1

Chr SNP Position

2 rs3097713 38964531
2 rs3134628 38977612
2 rs13024811 38980231
2 rs3099968 39033590
8
1
1

—
=

P Gene Neighbouring genes (<100kb)

0.21 9.07E-06 ARHGEF33,LOC375196,SOS1,MORN2
0.22 1.40E-06  SRSF7 ARHGEF33,LOC375196,SOS1,MORN2
. 1.24E-06  SRSF7 ARHGEF33,LOC375196,SOS1,MORN2
0.21 5.64E-06 DHX57 ARHGEF33,LOC375196,50S51

-0.59  8.12E-06

-0.2 7.85E-06 ENKUR  GPR158-AS1,GPR158

-0.2 9.48E-06 GPR158

rs8185884 43626988
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An overview of the results of the regression analysis between SNP allele counts and logy
transformed MenC-specific SBA titres are shown in Figurd B.12. Fifteen SNPs across three
chromosomes showed p-values suggestive of association with MenC-specific SBA titres when
SBA complement source was included as a covariate. Ten of these SNPs were within four
genes: SRSF7, CNTN6, CLSTNZ2 and ENKUR (Tableﬂ&?)). Meta-analysis of linear regression
models for rSBA and hSBA titres found 24 SNPs, across seven chromosomes, with suggestive
associations (Figureﬂ3.12). Eighteen of these SNPs were within seven genes: CAMTA1, SRSF7,
CNTNG, GOSAM, SLC1A3, ENKUR, and TENM/ (TabldB.4).

At the genome-wide significance threshold of p-value <5x107% a single SNP (rs2279547)
within ENKUR was found to be associated with MenC-specific SBA titres, when SBA com-
plement source was included as a covariate in the linear regression model (Figurd B.12 and
Tabld B.3). This SNP narrowly missed the genome-wide significance threshold when linear re-
gression was conducted separately based upon complement source and meta-analysed; however,
another SNP (rs17785924) within CNTN6 did surpass the level of genome-wide significance fol-
lowing meta-analysis (Tabl(ﬂ}él). Regional association plots for the two loci containing SNPs at

the level of genome-wide significance are shown in appendix Figurd]r.6 and appendix Figurd[r.7.
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Figure 3.12: Manhattan plots of p-values from regression analysis between single-nucleotide
polymorphisms (SNPs) and logj transformed capsular group C meningococci (MenC)-specific
serum bactericidal assay (SBA) titres following older childhood immunisation with MenC vaccine.
a) linear regression analysis with complement source as covariate, b) meta-analysis of regression
models of SNPs against rSBA and hSBA titres. The horizontal blue line represents the level
of suggestive statistical association (p<1x1079), and the horizontal red line denotes the level of
genome-wide statistical significance (p<5x107%).
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Table 3.3: Single-nucleotide polymorphisms (SNPs) with p-values suggestive (<1x107°) of asso-
ciation with logio transformed capsular group C meningococci (MenC)-specific serum bactericidal
assay (SBA) titres following older childhood immunisation with MenC vaccine, when complement
source was included as a covariate in regression analysis. Gene information was derived from a
NCBI search of reference SNP (rs) numbers, using ‘GetSNPInfo’ and ‘AnnotateSNPList’ functions
in the ‘NCBI2R’ R package (241)).

Chr SNP Position Al B p-value Gene Neighbouring genes (<100kb)

2 rs3097713 38964531 G 0.23 2.78E-06 ARHGEF33,LOC375196,SOS1,MORN2,DHX57
2 rs3134628 38977612 A 0.23 3.89E-07 SRSF7 ARHGEF33,LOC8375196,SOS1,MORN2
2 rs13024811 38980231 A 0.24 2.83E-07 SRSF7 ARHGEF33,LOC375196,SOS1,MORN2
2 rs2037875 38980922 G 0.21 1.60E-06 ARHGEF33,LOC375196,SOS1,MORN2
3 rs11928188 1388589 A -0.28 3.21E-06 CNTN6 CNTN6

3 rs17038032 1389117 A -0.28 3.21E-06 CNTN6 CNTN6

3 rs17785924 1389720 A -0.35 2.70E-07 CNTNG6 CNTN6

3 rs10510209 1405829 G -0.33  2.10E-07 CNTN6 CNTN6

3 rs9820731 139750888 G -0.26  8.09E-06 CLSTN2 NMNATS3

10 rs274311 25244919 G -0.21 2.28E-06 GPR158-AS1,RP11-80K21.3,GPR158
10 rs274304 25247006 A -0.21 3.32E-06 GPR158-AS1,RP11-80K21.3,GPR158
10 rs274288 25254151 A -0.24 1.45E-07 GPR158-AS1,RP11-80K21.3,GPR158
10 rs2307047 25271270 A -0.22 2.99E-06 ENKUR GPR158-AS1,GPR158

10 rs2279547 25273988 A -0.25 4.10E-08 ENKUR GPR158-AS1,GPR158

10 rs10764519 25321244 A -0.22 1.83E-06 ENKUR GPR158

Chr = Chromosome, Al= Allele 1, 8 = the beta coefficient of regression analysis.

Table 3.4: Single-nucleotide polymorphisms with p-values suggestive of association with cap-
sular group C meningococci-specific SBA titres following older childhood immunisation, when
regression models were conducted separately for rabbit and human complement assays and meta-
analysed. Gene information was derived from a NCBI search of reference SNP (rs) numbers, using
‘GetSNPInfo’ and ‘AnnotateSNPList’ functions in the ‘NCBI2R’ R package (241)).

Chr  Position SNP Al OR p-value 12 Gene Neighbouring genes (<100kb)

1 6936272 rs7546903 G 1.26 1.93e-06 56.37 CAMTA1 CAMTAI

1 6986109 rs4908574 G 1.23  8.05e-06 62.50 CAMTA1 LOC100129476,CAMTA1

1 7011805 rs10864251 C 1.21  6.98e-06  0.00 CAMTA1 LOC100129476,CAMTA1

1 7032168 rs6673655 A 1.25  2.24e-06 65.97 CAMTA1 LOC100129476,CAMTA1

1 7110334 rs4908590 C 1.21  7.71e-06  0.00 CAMTA1 LOC100129476,CAMTA1

2 38977612 rs3134628 A 1.23  4.06e-06  47.43 SRSF7 ARHGEF33,LOC375196,SOS1,MORN2
2 38980231 rs13024811 A 1.23  3.01e-06 50.41 SRSF7 ARHGEF33,LOC375196,SOS1,MORN2
2 228254272  rs4075148 A 0.77  5.97¢-06  0.00 LOC646794,SPHKAP

3 1369428 rs265774 G 0.75  9.63e-06  0.00 CNTNG6 CNTNG6

3 1388589 rs11928188 A 0.76  2.71e-06  7.87 CNTNG6 CNTNG6

3 1389117 rs17038032 A 0.76  2.71e-06  7.87 CNTNG6 CNTN6

3 1389720 rsl7785924 A 0.70  2.48e-08  0.00 CNTNG6 CNTN6

3 1405829 rs10510209 G 0.73  1.26e-07  0.00 CNTNG6 CNTNG6

3 111841303 rs1492489 G 1.25 4.69e-06 0.00 GCSAM PLCXD2,PHLDB2

5 36668022 rs3776585 A 0.81  2.69e-06  0.00 SLC1A3 RPL39P22,SLC1A3

8 21466249 rs1383570 G 1.34  8.21e-06  0.00

8 21470887 rs2010282 A 1.34  6.01e-06  0.00

10 25244919 rs274311 G 0.82  6.02e-06  56.97 GPR158-AS1,RP11-80K21.3,GPR158
10 25247006 rs274304 A 0.82  6.77e-06  49.30 GPR158-AS1,RP11-80K21.3,GPR158
10 25254151 rs274288 A 0.80 2.91e-07 33.18 GPR158-AS1,RP11-80K21.3,GPR158
10 25271270 rs2307047 A 0.81  1.84e-06  0.00 ENKUR GPR158-AS1,GPR158

10 25273988 rs2279547 A 0.79  6.04e-08  0.00 ENKUR GPR158-AS1,GPR158

10 25321244 rs10764519 A 0.82 7.01e-06 68.08 ENKUR GPR158

11 78794102 rs4944221 A 0.81 1.05e-06 0.00 TENM} TENM}

Chr= chromosome, I*=percentage of total variation accounted for by heterogeneity (242)). Al= Allele 1, OR = odds ratio.
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3.3.4.5 Imputation

The imputed dataset contained a total of 34,026,329 genetic variants. Imputed data were
filtered for minor allele frequencies >0.02, HWE p-values >1x10~? and information scores
>(0.8. Subsequently, 6,704,216 and 6,703,388 SNPs remained for linear regression models of
MenC-specific IgG concentrations and SBA titres, respectively.

The Q-Q plots and A inflation values for the imputed data are shown in Figurd B.13 and
Figurd B.15. The Q-Q plot of association p-values resulting from the analysis of imputed allele-
doses and logyy MenC-specific IgG concentrations did not show signs of excessive inflation
(Figurd B.13). However, some deflation of smaller p-values (< 1x107%) was evident, which
can be caused by imputed SNPs in low LD with genotyped SNPs leading to uncertainty and

decreased variance of allele dosage (243)).
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Figure 3.13: Quantile-quantile plot of -logjg p-values observed in association analysis between
single-nucleotide polymorphisms, in the imputed dataset, and logig transformed capsular group
C meningococci-specific (MenC)-IgG concentrations following older childhood immunisation with
MenC vaccine. The red line represents the null distribution and the blue lines represent the upper
and lower 95% confidence intervals. A= lambda inflation factor.
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A Manhattan plot of p-values resulting from association analysis between imputed SNPs
and MenC-specific IgG concentrations is displayed in Figurd B.14. A total of 28 SNPs in
seven genes SRSF7, GEMING, DHX57, MORN2, SENP2, VTI1A and DOCK1, surpassed the
level of suggestive association with MenC-specific IgG concentrations in the imputed dataset

(Figurd B.14 and appendix Tabld[7.11).

—logio(p)

Chromosome

Figure 3.14: Manhattan plots showing p-values from regression analysis between single-
nucleotide polymorphisms, in the imputed dataset, and logiy transformed capsular group C
meningococci (MenC)-specific IgG concentrations following older childhood immunisation with
MenC vaccine. The horizontal blue line represents the level of suggestive statistical association

(p<1x107?), and the horizontal red line denotes the level of genome-wide statistical significance
(p<5x1078).

The Q-Q plots of association p-values resulting from the analyses of imputed allele-doses
and log;o MenC-specific SBA titres are shown in Figurd[3.15. While the overall distribution was
not excessively inflated, enrichment of smaller p-values (< 1x10~%) was evident, some of which
deviated from the 95% confidence intervals of the null and may signify loci truly associated

with this phenotype.

117



3.3 Genome-wide association study of the persistence of serological immunity to
capsular group C meningococcal vaccine following older childhood immunisation

Observed
Observed

A=1.0163 o - A=1.0172

T T T T T T T T
V] 1 2 3 4 5 ] 7 V] 2 4 ]

Expected (null) Expected (null)

(a) (b)

Figure 3.15: Quantile-quantile plots of -logig p-values observed in association analyses between
single-nucleotide polymorphisms, in the imputed dataset, and logiy transformed capsular group
C meningococci (MenC)-specific serum bactericidal assay titres following older childhood im-
munisation with MenC vaccine. a) linear regression analysis with complement as covariate, b)
meta-analysis of separate rabbit and human complement SBA regression analyses. The red line
represents the null distribution and the blue lines represent the upper and lower 95% confidence
intervals. A= inflation factor.

Manhattan plots of p-values resulting from association analyses between imputed SNPs
and MenC-specific SBA concentrations are displayed in Figurd B.16. A total of 132 SNPs in
15 genes surpassed the level of suggestive association with MenC-specific SBA titres in the
imputed dataset, when SBA complement source was included as a covariate (Figureﬂ3.16a and
appendix TableD? .12). The results of meta-analysis of separate linear regression model for rSBA
and hSBA were similar to the joint analysis, with 123 SNPs in 15 genes having p-values with
suggestive association with MenC-specific SBA titres (Figur{B.le and appendix TableD? 13).

Regional plots of the two genetic loci containing the most statistically significant SNPs
associated with MenC-specific SBA titres are displayed in FigurdB.17 and appendix Figurd[7.8.
Figurd B.17a, displays an associated region spanning ~100kb of CNTNG; this region exhibits
high LD and is bordered by areas of increased recombination, distal of which the association
signal dissipates. FigurdB.17b, shows an extended region ~200kb of associated SNPs spanning
three annotated genes: PRTFDC1, ENKUR and THNSLI.
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Figure 3.16: Manhattan plots of p-values from regression analysis between single-nucleotide
polymorphisms, in the imputed dataset, and logig transformed capsular group C meningococci
(MenC)-specific serum bactericidal assay (SBA) titres following older childhood immunisation
with MenC vaccine. a) linear regression analysis with complement as covariate, b) meta-analysis
of regression of allele count against rSBA and hSBA titres. The horizontal blue line represents
the level of suggestive statistical association (p<1x107%), and the horizontal red line denotes the
level of genome-wide statistical significance (p<5x10~%).
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Figure 3.17: A regional plot of the imputed chromosome 3 and 10 loci associated with capsular
group C meningococci (MenC)-specific serum bactericidal assay (SBA) titres following older child-
hood MenC vaccination, with SBA complement source included as a covariate. a) chromosome
3 loci associated with MenC-specific SBA titres, b) chromosome 10 loci associated with MenC-
specific SBA titres. The local gene structure is shown below the plot, with thick lines denoting
exons joined by intronic regions. The statistical association (p-value) is shown on the primary
y-axis (left) and the recombination rate is shown on the secondary y-axis (right). The SNP with
the most statistical evidence of association is shown in purple and remaining SNPs are coloured
according to their linkage disequilibrium (r?) with this ‘lead’ SNP. SNPs with particular features
are assigned a symbol, as denoted by the ‘annotation key’. These plots were created using the
LocusZoom tool (244).
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3.3.5 Discussion

This section details a genome-wide association study assessing the relationship between genetic
polymorphisms and the persistence of vaccine-specific serological immunity following a single-
dose of MenC conjugate vaccine administered to children aged 6-15 years. This study is the
first genome-wide assessment of the genetic determinants of MenC-specific serological immunity
and described two novel genome-wide associated loci, within two annotated genes CNTN6 and
ENKUR.

CNTNG6 encodes for the contactin 6, a neuronal membrane protein involved in cell ad-
hesion, present at medium to high levels in several tissues including lymph node (http:
//www.proteinatlas.org/). Contactins are a family of six immunoglobulin superfamily cell
adhesion molecules (IgCAMSs), primarily annotated as being involved in brain development and
behaviour (245). Genetic variants in CNTN6 have been associated with a number of phenotypic
traits including anorexia nervosa, bipolar disorder, propensity to store fat viscerally as com-
pared to subcutaneously, and plasma low-density lipoprotein cholesterol levels (246, 247, 248]).
Genetic variants in CNTN6 have also been associated with plasma levels of intercellular adhe-
sion molecule-1, a ligand involved in leukocyte adhesion and inflammation (249)). Furthermore,
murine studies have shown involvement of ICAM-1 in the retention of B cells within splenic
marginal zone, germinal centre (GC) B cell fitness and responses to soluble antigens (250, 251]).

ENKUR is expressed by several cell types including leukocytes (http://www.ebi.ac.uk/
gxa/home) and encodes for enkurin, a protein that interacts with transient receptor potential
canonical cation channels and calmodulin (252)). Phenotypic traits that have been associated
with variants in ENKUR include, glycosylated haemoglobin A levels and diabetic nephropathies
(http://www.ncbi.nlm.nih.gov/gap/phegeni) (253)). Furthermore, variants in a neighbour-
ing gene GPR158 have recently been associated with neutralising antibody responses following
smallpox vaccine (26)).

The functional mechanisms underlying the association between CNTN6 and ENKUR vari-
ants, and the persistence of MenC-specific SBA titres are unclear. If these association signals

are true, they may indicate a direct role for the protein products of these genes in the gen-
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eration and/or persistence of serological immunity to MenC conjugate vaccine; alternatively
these signals may be proxies for other functional elements. Previous genome-wide association
studies of complex phenotypes have suggested that a large proportion of genetic associations
are driven by non-coding variants (254)). Fine-mapping association signals to causal variants
has represented a considerable challenge for genetic association studies, and methodologies to
improve this process continue to be developed (255, 256]).

There were a number of limitations to this study. Firstly, this study was powered to detect
an additive allele effect of 1.7-fold in MenC-specific IgG concentrations, which represents a
relatively large effect size, therefore variants with smaller effect sizes may not have surpassed
the stringent level of statistical correction. Secondly, low frequency (0.5-5%) and rare (<0.5%)
variants are not well captured by contemporary GWAS microarrays, consequently their contri-
bution may not be well evaluated (257). Thirdly, the analysis of immunological data generated
by two laboratories, using differing protocols, is likely to have increased assay variability and
reduced power. Fourthly, while the majority of study participants received the CRMg97; con-
jugated MenC vaccine, some received the tetanus toxoid conjugated vaccine and there may be
important differences in the way these carrier proteins recruit T-cell help that could result in
disparate genetic associations. Finally, natural exposure to capsular group C meningococci may
have confounded this study. However, very low rates of MenC carriage (<0.15%) have been
reported in the UK since the introduction of the MenC vaccine, meaning this is unlikely to be
a major factor (234)).

Previous studies have found a strong relationship between sample size and the number
of loci identified at genome-wide significance (258). As this study represents a modest sam-
ple size, variants with small to moderate effect sizes are unlikely to surpass the conservative
genome-wide level of statistical significance. When SNPs with p<1x10~°, a threshold com-
monly regarded in GWASs as ‘suggestive’ of association were interrogated, a number of other
genes are implicated in the persistence of MenC-specific immunity following vaccination (259)).
In particular, GCSAM (germinal centre-associated, signalling and motility) is noteworthy, as

it encodes a protein involved in the regulation of B cell receptor signalling and lymphocyte
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migration (http://www.ncbi.nlm.nih.gov). The expression of GCSAM has been shown to
be predictive of survival in diffuse large B-cell lymphoma and Hodgkin’s lymphoma (260, 26T]).
Moreover, GCSAM transgenic mice have been shown to develop polyclonal B-cell lymphoid hy-
perplasia and hypergammaglobulinemia (260, 262)). The GCSAM transcript is highly expressed
in germinal centre lymphocytes and is induced in B cells by interleukin-4 (IL-4) (260). As I1.-4
promotes the differentiation of germinal centre (GC) B cells into memory B cells, it has been
suggested that GCSAM may also be involved in B cell differentiation (260, 263]). Moreover, in
vitro experiments have shown GCSAM to enhance BCR signalling by binding and increasing
Syk activation, further suggesting GSCAM involvement in humoral immunity (262]).

The remaining genes reaching the suggestive level of statistical association with persistence
of MenC-specific immunity have not been annotated as being involved in immunity. However,
this does not preclude their functional relevance in the complex phenotype of vaccine-induced
immunity. Furthermore, these associations may be driven by regulatory elements affecting
proximal as well as distal genes, that may even span chromosomes (219, 264, 265). For ex-
ample CAMTA 1, which contains several SNPs with suggestive association with the persistence
of MenC-specific SBA titres, also harbours several cis and trans expression quantitative trait
loci (eQTL) for genes such as interleukin 17 receptor C (IL17RC'), colony stimulating factor 1
(CFS1) as well as an open reading frame in the MHC class III locus (C6orf25). Furthermore,
variants within CAMTA1 have been associated with serum levels of 1L-6, a cytokine that pro-
motes differentiation of B cells and is produced by a range of cells including T cells, monocytes
and fibroblasts (249)).

Hitherto, two studies have assessed the genetic determinants of the persistence of immunity
following immunisation with a meningococcal conjugate vaccine (38, 266]). The first, Moore et
al 2012, was conducted on a subset of 905 participants described in this section. This study
assessed 721 SNPs in 131 candidate genes, finding 59 SNPs in 37 genes to be associated with
the persistence of MenC-specific IgG concentrations and 56 SNPs in 36 genes to be associated
with the persistence of MenC-specific SBA titres (38)). The second, Spector et al 2013, assessed

the relationship between 14 SNPs in five genes and the fold-rise in capsular groups A, C, W and
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Y-specific SBA, 72 weeks after immunisation with the quadrivalent meningococcal conjugate
vaccine, in a cohort of 198 HIV-infected 11-24 year olds (266]). This study described a polymor-
phism in TLR9 (rs5743836) and a non-synonymous variants in FCyRII (rs1801274) that asso-
ciated with the persistence of a composite measure of fold-rise in SBA titres to meningococcal
capsular groups A, C, W and Y (266). However, rs5743836 and rs1801274 were not significantly
associated with the fold-rise in MenC-specific SBA titres alone (266). Furthermore, rs1801274
was also not significantly associated with MenC-specific SBA titres in the study described by
Moore et al 2012 (38| 266). Additionally, while the HIV-positive cohort were on stable or no
antiretrovirals, they had lower fold-rises in meningococcal capsular group-specific SBA titres
than HIV-negative individuals and it is not clear how generalisable associations from HIV-
infected individuals are to healthy individuals (266, 267). Moreover, the HIV-positive cohort
were composed of multiple ethnic subgroups: 44% black non-Hispanics, 41% Hispanics, 13%
white non-Hispanics and 2% other, and the analysis of these disparate ancestral groups may be
confounded by population stratification (266}, 268]). The most statistically significant findings of
the genome-wide association study described in this section were not assessed in the aforemen-
tioned candidate gene studies, illustrating the potential benefit of genome-wide hypothesis-free

approaches.

3.3.6 Conclusion

Two genes, CNTN6 and ENKUR, contained SNPs associated at the level of genome-wide signif-
icance with the persistence of MenC-specific SBA titres following older childhood immunisation
with MenC conjugate vaccine. In addition, a number of SNPs showed suggestion of association
with the persistence of MenC-specific SBA titres including SNPs within GCSAM, a gene highly
expressed in germinal centre lymphocytes and induced in B cells by interleukin-4 treatment.
While causal variants have not yet been demonstrated, these associated loci make promising

candidates for further functional evaluation.
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3.4 Genome-wide association study of the persistence of
serological immunity to capsular group C meningo-
coccal vaccine following childhood immunisation -

Stage 1

3.4.1 Background

As detailed in section 3.3] the peak incidence of MenC disease prior to the introduction of the
MenC conjugate vaccine occurred in those under 1 year of age (184]). Following the MenC vacci-
nation campaign of 1999-2000, the incidence of MenC disease decreased drastically (Figureﬂ3.2).
However, MenC vaccine-induced immunity wanes rapidly in young children, even after repeated
doses (3, 212)). Despite the demonstrable induction of immunological memory following infant
vaccination, MenC vaccine efficacy was shown to be short-lived and conferred little protection
more than a year after vaccination, with antibody levels decreasing to pre-vaccination levels
by 4 years of age (212] 269). These findings were consistent with observations made following
infant immunisation with Haemophilus influenzae type b (Hib) conjugate vaccine (270). While
conjugate vaccines generate immunological memory in infants, in the absence of serological
immunity this may not be sufficient to protect against rapidly invading organisms (140} 271]).
The mechanisms underlying the magnitude and persistence of serological immunity following
vaccination are not well understood; however, age has been shown to be an important factor for
a number of vaccines (3, 212} 213, 214). The age-related features affecting immune responses are
largely unknown but are not limited to vaccine-induced immunity, disparities in susceptibility to
infectious and immune-related diseases are also associated with age (272),273). Various qualita-
tive and quantitative differences in immunological parameters are associated with chronological
age, with the immune system early in life having an apparent ‘Ty2 bias’ (274, 275). The im-
mune system is not completely functional at birth, which is believed to be advantageous in

maintaining immune tolerance during pregnancy and enabling acclimatisation to an antigen
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rich external environment (276). Full immune competence is thought to occur around school
age for most infants, a feature speculated to be the basis of the preponderance of preschool
children to infectious disease (274, 275). Moreover, delayed postnatal maturation of ‘Ty1’
function has been linked with atopy (277). The mechanisms involved in the maturation of the
immune system and the transition from ‘T2 " to ‘Tyl’ skewed immunity have not been fully
characterised. However, there may be a relationship between genetic variants and the rate of
immunological maturation. Conceivably, these variants may account for some of the variability
in infant immune responses to vaccines, in an age-dependent manner.

Age-dependent genetic factors may not be limited to early in life. The immune system is
subjected to immunologically perturbing hormones during the puberty, a physiological event
that coincides with increased incidence of several immune-related diseases (278). In addition,
quantitative and qualitative immunological changes are also seen in old age, a process referred to
as ‘immunosenescence’ (273)). Age-dependent factors are often overlooked in genetic association
studies; however, these have been demonstrated in immune-related phenotypes such as asthma
and type-1 diabetes (279} 280] 281)). The discernment of age-dependent and age-independent
factors influencing immunological phenotypes may also elucidate genes involved in physiological
processes such as the maturation of the immune system. To date, the interactions between age
and genetic factors determining vaccines responses have not been explored.

The following section describes the first stage of a two-stage GWAS of the persistence of
serological immunity to MenC following childhood immunisation with MenC conjugate vac-
cine. This section also details age-stratified analysis to assess for potential age-dependent and
age-independent genetic factors influencing the persistence of serological immunity following

immunisation with MenC conjugate vaccine.

3.4.2 Aim

The aim of this section was to describe stage 1 of a two-stage genetic association study of
the persistence of serological immunity to capsular group C meningococcal vaccine following

childhood immunisation.
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3.4.3 Materials and methods
3.4.3.1 Stage 1 participants

The subsequent section includes healthy children recruited into four clinical trials, in addition
to the adolescents described in subsection ‘3.3.3.1JAdolescent participants’. In brief, study 1
assessed the immunogenicity of the Hib-MenC conjugate vaccine in infancy, with persistence
of MenC-specific immunity measured at 1 year of age (145). Study 2 evaluated the immuno-
genicity of the 2009 pandemic HIN1 influenza vaccine; however, data were also collected on
routine childhood immunisations and sera were available for the assessment of MenC-specific
immunity at 6 months to 12 years of age (282)). Study 3 evaluated immunological memory fol-
lowing infant MenC conjugate vaccine administered concomitantly with routine immunisations
in consistent or alternating limbs, with persistence of MenC-specific immunity measured at 1
year of age (283). Study 4 examined the immunogenicity of the tetravalent (capsular groups
A, C, W and Y) meningococcal conjugate vaccine in infancy, with persistence of MenC-specific
immunity measured at 1 year of age (141)).

Informed consent was obtained from parents/guardians of participants included in these
clinical studies, and explicitly for the genetic research detailed in this section. Oxfordshire
research ethics committees approved these studies and the genetic analysis presented in this
section (07/Q1605/34, 09/H0604/107, 10/H0604 /7, 04/Q1604/28,10/H0504/25). In total 2211
participants were recruited into this study: study 1 n=75, study 2 n=454, study 3 n=301, study

4 n=199 and adolescents n=1182 (described in the subsection‘3.3.3.1|]Adolescent participants’).

3.4.3.2 Vaccines

Participants described in this section received at least one dose of a vaccine containing MenC
polysaccharide conjugated to a protein carrier, either in a clinical trial setting or as part of
their routine clinical care. Vaccines included monovalent MenC conjugated to CRM;97 (Menin-
gitec or Menjugate) or tetanus toxoid (NeisVac-C), combined Hib-MenC vaccine conjugate to

tetanus toxoid (Menitorix), or quadrivalent MenACWY vaccine conjugated to CRMjg7. These
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vaccines were described in subsections ‘2.2.3.4Vaccines’ and ‘3.3.3.2IVaccines’. MenC immu-
nisation information was obtained from clinical study data, or from the child health computer

department.

3.4.3.3 Immunological measurements

The Vaccine Evaluation Unit (VEU), Public Health England, Manchester, measured MenC-
specific hSBA titres and IgG concentrations for study 2 and study 3. The lower limit of
quantification (LLQ) for the VEU MenC-specific IgG ELISA was 0.12ug/ml and values below
this were reported as half the LLQ. GSK Biologicals, Belgium, performed MenC-specific rSBA
and IgG measurements for study 1. The LLQ for the GSK MenC IgG ELISA was 0.3ug/ml
and values below this were reported as half the LLQ. Novartis Vaccines, Germany, measured
MenC-specific hSBA titres for study 4. The LLQ for the hSBA assay was a reciprocal titre of
4. The LLQ for the rSBA assay performed by VEU was a reciprocal titre of 4. The LLQ for the
rSBA assay performed by GSK was a reciprocal titre of 8. Sera without detectable bactericidal
antibody were assigned an arbitrary value of 2. The immunological methods utilised for the
adolescents immunised as older childhood were previously described in subsection ‘3.3.3.3Jlm-

munological measures’. All serological values were logy, transformed for statistical analysis.

3.4.3.4 DNA extraction

Frozen blood clots (remaining from serum separated peripheral blood) were thawed at 37°C,
placed in Clotspin® baskets (Qiagen, Hilden, Germany) and centrifuged at 2000xg, for 5
minutes to disperse the clot. Then, 5ml of red blood cell lysis solution (16.52g NH,Cl, 2¢g
KHCO3 and 0.074g DNA in 21 of H,O) was added, samples were vortexed for 3 seconds, and
shaken for 5 minutes on an orbital mixer at 120-200 rpm. Samples were vortexed for 3 seconds
and centrifuged at 2000x gy for 5 minutes. Supernatant was discarded and an additional 5ml
of red blood cell lysis solution was added, vortexed for 3 seconds, before repeating the orbital
mixer step. Samples were centrifuged at 2000x gg, supernatant discarded and vortexed. Next,

1 ml of Cell Lysis solution (1 ml nuclei lysis solution, Promega, Wisconsin, United States; 25 ul

128



3.4 Genome-wide association study of the persistence of serological immunity to
capsular group C meningococcal vaccine following childhood immunisation
- Stage 1

Proteinase K, Qiagen, Hilden, Germany; and 250 ul 0.5 M ethylenediaminetetraacetic acid) was
added and vortexed, before being incubated at 56 °C for 2 hours. Following this incubation,
DNA was extracted according to the standard spin protocol for whole blood, using the Qiamp®
midi kit (Qiagen, Hilden, Germany). DNA concentrations were quantified using Quant-iT
PicoGreen® dsDNA Assay Kit (Invitrogen™, California, United States) and diluted to 50 ng/pl

for genotyping.

3.4.3.5 Genotyping

Genotyping was performed using either Illumina® OmniExpress12vl or OmniExpress-12v1.1
genotyping microarrays (Illumina, California, United States), at the Genome Institute of Sin-
gapore, as described in subsection ‘3.3.3.5 |Genotyping’. A common set of SNPs on both of
these platforms was used to perform association analysis (n=717,991). Strand designation and
base-pair positions were based upon build 37 of the Genome Reference Consortium’s human

genome assembly, with genotypes being annotated relative to the positive strand (284]).

3.4.3.6 Quality control

The genotyping quality control methods used in this section were analogous to those described
in subsection ‘3.3.3.G JQuality control’. However, in contrast to the previously described QC
procedures, SMARTPCA software was used to identify ancestral outliers (http://genetics.
med.harvard.edu/reich/Reich_Lab/Software.html) (237). In brief, this involved pruning
genotype data to a set of variants present in the HapMap genotype data from Europe, Asia and
Africa. Then, the first two principal components (PCs) were used to compare study participants
to these three reference populations and outliers were excluded as described by Anderson et al

2010 (235).

3.4.3.7 Quantitative trait loci analysis

A linear regression model was used to assess the relationship between SNP allele dosage and

the persistence of logy transformed MenC-specific IgG concentrations, with age at vaccination,
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time since vaccination, study identifier (i.e. into which study a participant was recruited), and
the first three principal components as covariates. A linear regression model was also used
to assess the relationship between SNP allele dosage and the persistence of logyg transformed
MenC-specific SBA titres, with SBA complement source, age at vaccination, study identifier,
and the first three principal components as covariates. Linear regression analysis of genotype

data and MenC-specific immunity were conducted using PLINK (I56).

3.4.3.8 Heterogeneity analysis

A fixed-effect meta-analysis was undertaken on data stratified by age group at vaccination (i.e.
infant or older childhood), to assess the consistency of relationships between SNPs and the
persistence of immune responses following infant and older childhood MenC vaccination. An

I? value was calculated to assess the heterogeneity between these vaccination age groups, using

equationB.1.

I? = (Qédf) x 100 (3.1)

Where @ is Cochran’s () test statistic and df = degrees of freedom.

3.4.3.9 Imputation

The imputation method utilised in this section was analogous to that described in subsection

‘3.3.3.§ Imputation’.

3.4.3.10 Power calculations

An analytical approach was used to calculate statistical power, employing the R software pack-
age ‘QpowR’ (285). Power calculations were based upon genetic variants with an allelic effect
on the persistence of MenC-specific immunity following childhood immunisation with MenC
conjugate vaccine. The statistical model and the parameters selected can be found in appendix
section ‘7.3.%[Power calculations’. The sample size was limited to the number of suitable partici-

pants (n=3014) recruited by the Oxford Vaccine Group at the time this study was initiated. The
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type I error was Bonferroni corrected for a million independent tests, resulting in a=5x10"%,
As the effect size was unknown a priori, this was assessed at a range of values. A two-stage
design was incorporated into power calculations, and the effect of varying the proportion of
individuals assessed in the ‘stage 1’ and the ‘stage 2’ is displayed in Figurd B.18. Statistical
power increases with the proportion of individuals genotyped in stage 1, but only a marginal
gain in power is seen when >50% of individuals are genotyped in stage 1 (Figurd B.18). A
two-stage design was opted for in this study with 65% of the study cohort assigned to stage 1,

the trade-off between power and cost is displayed in Figurd[3.19.
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Figure 3.18: Power calculations for a two-stage genome-wide association study. Calculations
were based upon an a=5x10"% and 0.1% of markers being carried forward to stage 2, using R

software package ‘QpowR’ (285)).
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Figure 3.19: Tradeoff between power and cost in a two-stage study design. Calculations based
upon the heritability (h?) accounted for by genetic marker of 0.0125 and genotyping being 14
times more expensive for stage 1 than stage 2. w4, proportion genotyped in stage 1; m,,, the
proportion of markers carried through to stage 2. This plot was created using the R software
package ‘QpowR’ (285))

3.4.4 Results
3.4.4.1 Stage 1 demographics

An overview of stage 1 demographics is displayed in Tabld}.5.
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Table 3.5: Demographics of participants in stage 1 of the genome-wide association study of
the persistence of capsular group C meningococci (MenC)-specific serological immunity following

childhood immunisation with MenC vaccine.

Study Male/Female Time since vaccination days* (IQR) Age at vaccination days* (IQR) Reference

TCohort 1 122/140 1380.5 (1279.3 - 1423.0) 3832.5 (3633.5 - 4073.3) (213)

fCohort 2 449/378 1777 (1679.0 - 1856.0) 3514 (3038.0 - 4078.0) (214)

iStudy 1 39/27 275.5 (263.3 - 287.8) 123 (118.0 - 128.0) (145)

iStudy 2 151/120 740 (341.5 - 2336) 365 (120.0 - 365.0) (282)

iStudy 3 138/129 256 (248.5 - 264) 122 (118.0 - 127.0) (283)

iStudy 4 76/82 261 (249.3 - 274) 125 (121.0 - 131.0) (141)

IQR= interquartile range, * = median. f= immunised as older children (6-15 years), *= immunised as infants (<1 year of age)

3.4.4.2 Serology

The serological results of stage 1 participants vaccinated as infants are summarised in Fig-
urd 3.20 and Figurd B.21. Serological data from participants vaccinated as older children were
previously shown in Figurd 3.4 and Figurd B.5. Higher MenC-specific IgG concentrations and
SBA titres were seen for individuals vaccinated in older childhood than those vaccinated as
infants (Figurd B.20, Figurd B.21, Figurd B.4 and Figurd B.5).

The distribution of study 1 MenC-specific SBA titres is to the right of the other studies,
which is likely to reflect the use of rabbit complement and human complement, respectively
(Figurd B.20). Even between studies that used human complement there were considerable
differences in the distributions of MenC-specific SBA titres. In particular, study 2 had a
broader distribution, probably relating to the larger range in time since vaccination in this
study (Figurd B.20 and Tabld B.5). Of note, a large proportion of serum from participants

immunised in infancy had lost detectable levels of bactericidal activity, represented by the peak

at the left-hand side of the distribution.
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Figure 3.20: Density plot of logjg transformed capsular group C meningococci (MenC)-specific
SBA titres following infant immunisation with MenC conjugate vaccine. Data are separated by

vaccine study. rSBA= rabbit complement serum bactericidal assay, hSBA= human complement
serum bactericidal assay. Density plots were created from a 1d kernel density estimate, using the
R package ‘ggplot2’ (240).

MenC-specific IgG concentrations were assessed following infant vaccination for two of the
four studies described in this section. When log-transformed the IgG concentrations from both
these studies approached a normal distribution, with enrichment of values below the lower limit
of detection. Study 2 had a greater proportion of samples below the lower limit of detection,
despite the use of a more sensitive assay, as well as peak density at a lower MenC-specific IgG

concentration (Figurd 3.21). This is likely to reflect the fact that the time since vaccination
was considerably longer for study 2 than for study 1 (TabldB.5).
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Figure 3.21: Density plot of logjg transformed capsular group C meningococci (MenC)-specific
IgG concentrations, following infant immunisation with MenC vaccine. Data are separated by
vaccine study. Density plots were created from a 1d kernel density estimate, using the R package
‘ggplot2’ (240). The vertical dashed orange and red lines denote the lower limit of quantitation
(LLQ) for study 1 and study 2, respectively.

3.4.4.3 Quality control

Following pre-genotyping DNA quantification 935 (91%) of the samples, from the participants
immunised with MenC conjugate vaccine in infancy, were of adequate quantity (>50ng/ul) for
genome-wide genotyping. These participants were combined with the adolescents described in
subsection ‘3.3.3.1[JAdolescent participants’ to make a total of 2061 individuals for QC analysis.
Genotyping was conducted either on the Illumina® (Illumina, San Diego) OmniExpress12vl
(n =1317) or OmniExpress-12v1.1 microarray (n =744).

Eighty-one samples were excluded from analysis due to discrepancies between sex reported
in participant information and genotype derived sex. The proportion of missing genotypes and
heterozygosity rates for participants are shown in Figurd.22. The cut-off for acceptable rate of
genotype heterozygosity was set to the mean heterozygosity rate +/— two standard deviations,
28 samples failed this QC metric. Sixteen of the samples failed QC due to the proportion of

missing genotypes, the cut-off was set to <0.03.
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Figure 3.22: Plot of heterozygosity rate compared to the proportion of missing genotypes in the
study of the persistence of capsular group C meningococci (MenC)-specific serological immunity
following childhood immunisation with MenC conjugate vaccine. Shading is used to highlight
coordinates that are densely populated. The horizontal lines represent the mean heterozygosity
rate +/— two standard deviations and the vertical line represents a proportion of missing genotypes
of 0.03.

IBD analysis identified full-siblings and monozygotic twins within the genotyped cohort, only
the participants with the lowest missing genotype proportion from these related participant sets
were included in further analysis, this step resulted in the exclusion of 212 samples. Principal
component analysis was performed on the IBD matrix and the first two PCs are shown in
Figurd B.23. One hundred and thirty-two outlier samples were eliminated, using the PC2
threshold of divergent ancestry described by Anderson et al 2010 (235) (FigurdB.23).

136



3.4 Genome-wide association study of the persistence of serological immunity to
capsular group C meningococcal vaccine following childhood immunisation
- Stage 1

0.10
1

principal component 2
0.05
1

0.00
|

-0.05

| T T |
-0.10 -0.05 0.00 0.05

principal component 1

(a)

principal component 2
0.05
1

0.00
|

-0.05

T T 1 1
-0.10 -0.06 0.00 0.05

principal component 1

(b)

Figure 3.23: Clustering of participants by the first and second principal components of the
identity-by-descent matrix of genotype data in the study of the persistence of capsular group C
meningococci (MenC)-specific serological immunity following childhood immunisation with MenC
vaccine. a) All participants. b) Filtered to exclude participants with a second principal component
score <0.072 (horizontal grey dashed line). The HapMap3 reference samples are Han Chinese in
Beijing and Japanese in Tokyo (purple), Yoruba in Ibadan (green) and Utah residents of northern
and western Europe ancestry (red).
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Figure 3.24: A histogram of the rate of missing genotypes from individuals that passed sample
based quality control metrics in the genome-wide association study of the persistence of capsular
group C meningococci (MenC)-specific serological immunity following childhood immunisation
with MenC conjugate vaccine. The dashed vertical line denotes the threshold (3%) for removal of
SNPs from further analysis due to an excessive genotyping failure rate.

A histogram of the rate of genotype missingness is shown in FigurdB.24. The acceptance cut-
off for missing data was set at <0.03, resulting in the elimination of 1984 (0.3%) markers. SNPs
with a minor allele frequency of <0.01 and/or HWE p-value < 1x107° were also eliminated,

leaving 622332 (87%) markers.
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3.4.4.4 Association analysis

Following quality control 1683 individuals and 622332 markers remained for association anal-
ysis. MenC-specific SBA titres were available for 1585 and MenC-specific IgG concentrations
were available for 1203 participants. Q-Q plots and associated A inflation values for p-values
from allelic association tests with MenC-specific serological measures did not show signs of
excessive inflation (Figurd B.25 and Figurd 3.26). There was a slight enrichment for p-values
with smaller p-values (< 1x107%) from the MenC-specific SBA titres regression model, po-
tentially highlighting loci-specific associations (Figure[}i%.%). In contrast, the distribution of
p-values resulting from the MenC-specific IgG concentration regression was comparable to the
null (FigurdB.25).

None of the genotyped SNPs were associated with the persistence of MenC-specific IgG
concentrations or SBA titres at the level of genome-wide significance (p < 5x107%). However,
4 and 10 SNPs were associated with MenC-specific IgG concentrations and SBA titres at the
level of suggestive association (< 1x107?), respectively (Figurd B.27 and Figurd B.28). None
of the SNPs with p-values suggestive of association with the persistence of MenC-specific IgG
concentrations were within genes (TabldB.6). However, two of these SNPs were within 100 kb of
SYF?2, a cell cycle regulator containing eQQTLs for immune-mediated diseases, such as ankylosing
spondylitis and celiac disease (286). These SNPs were also within 100 kb of RHD, a highly
polymorphic gene encoding the clinically significant Rhesus blood group D antigen. A single
variant on chromosome 18 surpassed the suggestive association threshold and was within 100 kb
of ZNF/07, a zinc finger protein of unknown function. The variant on chromosome 8 that

surpassed the suggestive association threshold was > 100kb from an annotated gene.
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Figure 3.25: Quantile-quantile plot of -logiy p-values observed in association analysis between
single-nucleotide polymorphisms and log;y transformed capsular group C meningococci (MenC)-
specific IgG concentrations following childhood immunisation with MenC vaccine. The red line
represents the null distribution and the blue lines represent the upper and lower 95% confidence
intervals. A= inflation factor.
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Figure 3.26: Quantile-quantile plot of -logiy p-values observed in association analysis between
single-nucleotide polymorphisms and log;y transformed capsular group C meningococci (MenC)-
specific serum bactericidal assay titres following childhood immunisation with MenC vaccine. The
red line represents the null distribution and the blue lines represent the upper and lower 95%
confidence intervals. A= inflation factor.
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Figure 3.27: Manhattan plot of p-values from regression analysis between single-nucleotide poly-
morphisms and logy( transformed capsular group C meningococci (MenC)-specific IgG concentra-
tions following childhood immunisation with MenC vaccine. The horizontal blue line represents
the level of suggestive statistical association (p<1x107%), and the horizontal red line denotes the
level of genome-wide statistical significance (p<5x10~%)

Table 3.6: Single-nucleotide polymorphisms (SNPs) with p-values suggestive (<1x1075) of asso-
ciation with log;o transformed capsular group C meningococci (MenC)-specific IgG concentrations
following childhood immunisation with MenC vaccine. Gene information was derived from a NCBI
search of reference SNP (rs) numbers, using ‘GetSNPInfo’ and ‘AnnotateSNPList’ functions in
the ‘NCBI2R’ R package (241]).

Chr SNP Position Al B p-value Gene  Neighbouring genes (<100kb)

1 rs7523543 25186716 G 0.14  8.85E-06 SYF2,LOC391020,RSRP1,RHD

1 rs2361150 25194299 G 0.14  9.60E-06 SYF2,SDHDP6,LOC391020,RSRP1,RHD
8 rs8185884 43626988 A -0.4 4.58E-06

18 rs1557400 74947450 G 0.43  8.40E-06 ZNF407

Chr= Chromosome, Al= Allele 1
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Ten SNPs with p-values suggestive of association with the persistence of MenC-specific SBA
titres were within five gene loci: ALK, CNTN6, PDLIM1, NPAS3 and SIRPG (Tableﬂ%j). Of
these genes, only CNTN6 was previously identified, at the level suggestive association, in the
analysis of MenC-specific SBA titres following older childhood immunisation with MenC vaccine
(sectiorﬂ3.3). SIRPG is annotated as having immune-related functions, including the positive
regulation of T cell activation and leukocyte migration (287). NPASS3 encodes a transcription
factor and contains eQTLs for plasma levels of C-reactive protein (http://www.ncbi.nlm.nih.
gov/gap/phegeni). The two remaining genes implicated in this analysis were ALK, encoding
anaplastic lymphoma receptor tyrosine kinase a member of the insulin receptor superfamily,
and PDLIM1 encoding PDZ and LIM domain 1 a cytoplasmic protein associated with the

cytoskeleton (http://www.ncbi.nlm.nih.gov/gene/).
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Figure 3.28: Manhattan plot of p-values from regression analysis between single-nucleotide
polymorphisms and logyo transformed capsular group C meningococci (MenC)-SBA titres follow-
ing childhood immunisation with MenC vaccine. The horizontal blue line represents the level
of suggestive statistical association (p<1x107%), and the horizontal red line denotes the level of
genome-wide statistical significance (p<5x107%).

142


http://www.ncbi.nlm.nih.gov/gap/phegeni
http://www.ncbi.nlm.nih.gov/gap/phegeni
http://www.ncbi.nlm.nih.gov/gene/

3.4 Genome-wide association study of the persistence of serological immunity to
capsular group C meningococcal vaccine following childhood immunisation

- Stage 1

Table 3.7: Single-nucleotide polymorphisms with p-values suggestive (<1x107%) of association
with logyo transformed capsular group C meningococci (MenC)-specific serum bactericidal assay
(SBA) titres following childhood immunisation with MenC vaccine. Gene information was derived
from a NCBI search of SNP reference SNP (rs) numbers, using ‘GetSNPInfo’ and ‘AnnotateS-

NPList’ functions in the ‘NCBI2R’ R package (241)).

Chr SNP Position Al B p-value Gene Neighbouring genes (<100kb)

2 rs1881417 20511480 A -0.2 3.58E-06 ALK ALK

3 rsl7785924 1389720 A -0.23  2.86E-06 CNTN6 CNTN6

3 rs10510209 1405829 G -0.22  8.95E-07 CNTNG6 CNTN6

10 rs1369752 80248755 G -0.18  9.89E-06 DYDC1,ANXA11,MAT1A,RPS12P2,EIF5AP4,DYDC2
10 rs10509685 97021389 A 0.27 5.08E-06 =~ PDLIM1  SLIT1,LCOR

14 rs1953447 33442259 A 0.15 6.55E-06 NPASS3 NPAS3

20 rs13045212 1612700 G 0.18 4.92E-07  SIRPG SIRPB3P,SIRPB1,SIRPD,SIRPG

20 rs17770331 1615308 A 0.18 2.26E-07 SIRPG SIRPB3P,SIRPB1,SIRPD,SIRPG

20 rs6135736 1687450 A 0.17 1.36E-06 SIRPB3P,LOC101929010,SIRPB1,SIRPG
20 rs4814511 1710272 G 0.16 8.16E-06 SIRPB3P,SIRPB1,SIRPG

Chr= Chromosome, A1= Allele 1

3.4.4.5 Heterogeneity analysis

The SNPs with p-values suggestive of associations with MenC-specific IgG concentrations dis-

played considerable effect size heterogeneity between infant and older childhood MenC conju-

gate vaccine recipients (Tabl&ﬂ%B). While all these SNPs showed concordant (8 values, between

these subgroups, effect size estimates were smaller for the infant vaccine cohort. Two of these

SNPs had g value 95% CIs that were non-overlapping between infant and older childhood vac-

cinees. Furthermore, the effect of these SNPs on the persistence of MenC-specific IgG may be

exclusive to older children, as the 95% CIs for effect estimates from the infant vaccine subgroup

crossed zero; the caveat being the infant vaccine cohort (n=312) was considerably smaller than

the older childhood vaccinees (n=891). When a meta-analysis was conducted between vaccine

age subgroups a different set of SNPs, than those identified in combined analysis, surpassed the

suggestive level of statistical association (appendix Tabl¢[7.16).
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Table 3.8: The degree of age-related heterogeneity observed in single-nucleotide polymorphisms
with suggestive association (p <1x1075) with the persistence of capsular group C meningococci
(MenC)-specific IgG concentrations following childhood immunisation. Meta p-values were calcu-
lated using fixed effect meta-analysis of individuals immunised with MenC conjugate vaccine in
infancy (n=312) and in older childhood (n==891).

Chr SNP Position Combined P Older childhood 8 (95% CI)  Infant 8 (95% CI) Meta P 12

1 rs7523543 25186716  8.85E-06 0.174 (0.09686,0.2511) 0.01444 (-0.06332, 0.0922) 0.0006809 87.74
1 rs2361150 25194299  9.60E-06 0.1782 (0.101,0.2555) 0.003367 (-0.07383, 0.08056) 0.001126 89.84
8 rs8185884 43626988  4.58E-06 -0.4663 (-0.6776, -0.2551) -0.08994 (-0.3072, 0.1273) 0.000246 83.13
18 rs1557400 74947450  8.40E-06 0.5009 (0.257, 0.7448) 0.1907 (-0.03087, 0.4122) 7.61E-05 70.65

I°= percentage of total variation accounted for by heterogeneity between the subgroups (242), Chr=Chromosome, P= p-value.

Several of the SNPs described to have suggestive association with the persistence of MenC-
specific SBA titres showed substantial heterogeneity between individuals who received MenC
as infants or older children (Tabld B.9). While two SNPs showed low levels of heterogeneity
(I* = 0—40%), three showed moderate (I* = 30—60%) and five showed substantial hetero-
geneity (1% >60%) (288). All SNP 3 values showed concordant directionality. However, the 3
estimate 95% Cls for three of these SNPs (rs17785924, rs10510209 and rs1369752) were non-
overlapping, between the infant and older childhood vaccinees. Furthermore, the § estimate
95% ClIs for these three SNPs crossed zero in the infant vaccine cohort. This could be interpreted
as disparate effects for these SNPs between age groups, and potentially no effect in infancy.
The caveat being the infant cohort (n=673) was smaller than the adolescent cohort (n=912),
which influences the selection of the most significant SNPs from the overall regression model
as well as the width of the confidence interval around the estimates made from the subgroup
analysis. This analysis may support the generalisability of the SNPs that showed low levels
of heterogeneity between these age subgroups, in particular two SNPs (rs10509685, rs1953447)
had I? values equal to zero, which implies homogenous effects in infant and older childhood
vaccinees. When a meta-analysis was conducted between age subgroups eight SNPs surpassed
the suggestive level of association, four of which also exceeded this level in the overall regression
(appendix Tabld[7.17). The four SNPs that had suggestive association in both analyses were
within three genes: PDLIMI1, NPAS3 and SIRPG.
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Table 3.9: The degree of age-related heterogeneity observed by single-nucleotide polymorphisms
with suggestive association (p <1x1075) with the persistence of capsular group C meningococci
(MenC)-specific SBA titres. Meta p-values were calculated using fixed effect meta-analysis of
subgroups immunised with MenC conjugate vaccine in infancy (n=673) and in older childhood
(n=912).

Chr SNP Position Combined P Older childhood 8 (95% CI)  Infant 8 (95% CI) Meta-P 12

2 rs1881417 29511480 3.58E-06 -0.2496 (-0.3743, -0.1248) -0.1192 (-0.226, -0.01234) 2.54E-05 58.7
3 rs17785924 1389720 2.86E-06 -0.4014 (-0.5408, -0.262) -0.00815 (-0.1265, 0.1102) 0.000173 94.37
3 rs10510209 1405829 8.95E-07 -0.3509 (-0.4788, -0.223) -0.05167 (-0.1617, 0.05836) 2.59E-05 91.73
10 rs1369752 80248755 9.89E-06 -0.2805 (-0.3982,-0.162) -0.05653 (-0.1586, 0.04556) 0.0001029 87.41
10 rs10509685 97021389 5.08E-06 0.2621 (0.09085, 0.4332) 0.2846 (0.1478, 0.4214) 4.22E-07 0

14 rs1953447 33442259 6.55E-06 0.138 (0.04335, 0.232) 0.1549 (0.07435, 0.2354) 2.33E-06 0

20 rs13045212 1612700 4.92E-07 0.2285 (0.1258, 0.3312) 0.09763 (0.0132, 0.1821) 6.19E-06 73.13
20 rs17770331 1615308 2.26E-07 0.2356 (0.133, 0.338) 0.09937 ( 0.01516, 0.1836) 3.48E-06 75.27
20 rs6135736 1687450 1.36E-06 0.2079 (0.1044, 0.3113) 0.1057 (0.02006, 0.1913) 1.22E-05 55.04
20 rs4814511 1710272 8.16E-06 0.1819 (0.08045, 0.2833) 0.09614 (0.0141, 0.1782) 6.44E-05 39.76

I* describes the percentage of total variation accounted for by heterogeneity between the subgroups (242).

3.4.4.6 Imputation

A total of 34,026,329 genetic variants were included in genotype imputation analysis. These
data were filtered for SNPs with a minor allele frequency >0.02, HWE p-values >1x107? and an
information score >0.8. Subsequently, 6,699,406 and 6,699,405 SNPs surpassed these thresh-
olds for MenC-specific IgG concentrations and MenC-specific SBA titres regression analysis,
respectively.

The Q-Q plot of p-values and corresponding A inflation value, resulting from the regression
of allele dose and MenC-specific IgG concentration did not appear to deviate excessively from
the null distribution (Figurd B.29). However, there was a slight deflation of smaller p-values,
which can be indicative of imputed SNPs in low LD with genotyped SNPs leading to uncertainty
and decreased variance of allele dosage.

A Manhattan plot of p-values resulting from association analysis between imputed SNPs and
MenC-specific IgG concentrations is displayed in Figurd B.30. Twenty-four SNPs had sugges-
tive associations with the persistence of MenC-specific IgG concentrations following genotype
imputation, thirteen of which were within six genes: SENP2, NBEA, LRFN5, MCTP2, GALR1
and GGT5 (appendix Tabld[r.14).
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Figure 3.29: Quantile-quantile plot of -logig p-values observed in association analysis between
single-nucleotide polymorphisms, in the imputed dataset, and logig transformed capsular group C
meningococci (MenC)-specific IgG concentrations following childhood immunisation with MenC
vaccine. The red line represents the null distribution and the blue lines represent the upper and
lower 95% confidence intervals. A= inflation factor.

—logiolp)

Chromosome

Figure 3.30: Manhattan plots showing genome-wide p-values of regression analysis between
single-nucleotide polymorphisms, in the imputed dataset, and logiy transformed capsular group
C meningococci (MenC)-specific IgG concentrations following childhood immunisation with
MenC vaccine. The horizontal blue line represents the level of suggestive statistical association
(p<1x107°), and the horizontal red line denotes the level of genome-wide statistical significance
(p<5x1078).
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The Q-Q plot of p-values resulting from regression analysis between imputed SNP allele
dose and the persistence of MenC-specific SBA titres showed no signs of excessive inflation
(Figur{B.Bl). However, there appeared to be slight enrichment for smaller p-values. None of
the SNP p-values from this regression analysis surpassed the level of genome-wide significance
(p <5x1078).

A Manhattan plot of p-values resulting from association analysis between imputed SNPs
and MenC-specific SBA titres is displayed in Figurd B.32. Seventy-four SNPs had suggestive
association with the persistence of MenC-specific SBA titres following imputation (Figur{B.?Q
and appendix Table[[? .15). The two particularly noteworthy loci on chromosome 10 and 20, that
contain the smallest SNP regression p-values, correspond to gene loci PDLIM1 and SIRPG,
respectively (FigurdB.32).

Observed

A=1.00986

T T T T T T T
0 1 2 3 4 5 3] 7

Expected (null)

Figure 3.31: Quantile-quantile plot of -logigy p-values observed in association analysis between
single-nucleotide polymorphisms, in the imputed dataset, and log;g transformed capsular group C
meningococci-specific (MenC)-IgG concentrations following childhood immunisation with MenC
vaccine. The red line represents the null distribution and the blue lines represent the upper and
lower 95% confidence intervals. A= inflation factor.

147



3.4 Genome-wide association study of the persistence of serological immunity to
capsular group C meningococcal vaccine following childhood immunisation
- Stage 1

—logio(p)

Chromosome

Figure 3.32: Manhattan plots showing p-values of regression analysis between single-nucleotide
polymorphisms, in the imputed dataset, and logig transformed capsular group C meningococci
(MenC)-specific IgG concentrations following childhood immunisation with MenC vaccine. The
horizontal blue line represents the level of suggestive statistical association (p<1x107°), and the
horizontal red line denotes the level of genome-wide statistical significance (p<5x1078).

3.4.5 Discussion

This section described a GWAS to assess the relationship between genetic variants and the per-
sistence of vaccine-specific serological immunity following childhood immunisation with MenC
conjugate vaccine. While no genetic markers were found to surpass the level of genome-wide
statistical significance (p < 5x1078), 24 and 74 SNPs displayed p-values suggestive of associa-
tion (p < 1x107°) with the persistence of MenC-specific IgG concentrations and MenC-specific
SBA titres, respectively. These associations highlighted a number of variants within genes,
including genes with annotated immunological function, such as SIRPG and GGT).
Twenty-four SNPs had regression p-values suggestive of association with the persistence of
MenC-specific IgG concentrations, of which thirteen resided within six genes: SENP2, NBEA,
LRFN5, MCTP2, GALR1 and GGT5. Of these genes, GGTS was the only for which the protein

product has been assigned an overtly immunological function, gamma-glutamyltransferase 5
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(GGT5) converts leukotriene C4 to leukotriene D4 and has an important role in the acute
inflammatory response (289).

Seventy-four SNPs had regression p-values suggestive of association with the persistence of
MenC-specific SBA titres, of which fifty resided within nine genes: ALK, CNTN6, FAM12/B,
LINC00265, NPAS3, PDLIM1, PTPRD, SIRPG and SLC1A3. Two loci, present on chro-
mosome 10 and 20, contained SNPs with the smallest p-values in regression analysis of the
persistence of MenC-specific SBA titres. The first of these was within PDLIM1, a gene that
encodes PDZ and LIM domain 1, a cytoplasmic protein associated with the cell cytoskeleton
(http://www.ncbi.nlm.nih.gov). The protein product of this gene is strongly stained in a
number of tissues, including lymphoid tissue (http://www.proteinatlas.org). The other lo-
cus was within SIRPG, which encodes signal-regulatory protein gamma a protein involved in T
cell activation and leukocyte migration. In addition, SIRPG contains variants associated with
susceptibility to type 1 diabetes, an immune-mediated disease (290)).

Interestingly, SNPs with regression p-values suggestive of association with MenC-specific
SBA titres were also demonstrated within PTPRD, a gene recently shown to harbour variants
associated with rubella specific IFN-7y responses following MMR vaccine (28). PTPRD encodes
for protein tyrosine phosphatase receptor type D, which is a signalling protein associated with
the regulation of cellular processes such as cell growth and differentiation. This gene has yet
to be assigned any immunological functions and the gene transcript appears to be expressed at
low levels in whole blood and lymphocytes (http://www.gtexportal.org). Nevertheless, the
protein product of this gene is stained in many tissues such as lymph nodes, bone marrow and
spleen (http://www.proteinatlas.org/).

Considerable disparity is seen in both the magnitude and the persistence of serological
immunity following infant or older childhood immunisation with MenC conjugate vaccine (3,
212, 213] 214]). A potential limitation introduced by the inclusion of infant and older childhood
vaccinees is the requirement for the effects of genetic variants to span the maturational changes
to the immune system occurring in early life (275). Heterogeneity analysis conducted in this

section described inconsistencies in SNP effect estimates between infants or older childhood
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vaccine recipients, for several of the SNPs with the greatest overall statistical associations.
While this heterogeneity may be a function of age of vaccination, they may also be chance
findings. Despite various age-related phenotypic differences in immune function, the paucity
of age stratified data on gene expression and regulation, makes the interpretation of these
findings challenging. On the contrary, associations with low levels of heterogeneity between age
subgroups may have generalisable effects on the persistence of serological immunity following
childhood immunisation with MenC conjugate vaccine.

There were a number of further potential limitations to this study. Firstly, this section
described the relationship between genetic variants and the persistence of MenC immunity 7
months to 12 years after vaccination; limiting the range of time since vaccination would likely
have increased power substantially. Secondly, participants received doses of one, or more, of
five MenC conjugate vaccine formulations. While these vaccines are broadly similar in terms
of polysaccharide content and adjuvantation, the use of two disparate carrier proteins could be
relevant. Conjugation of polysaccharides to carrier proteins results in vaccine formulations that
can induce affinity maturation and immunological memory, characteristics of T cell-dependent
immune responses. The precise mechanisms involved in immune responses to glygoconjugates
have not been fully elucidated, but the covalent linkage of polysaccharide to the protein carrier
has been shown to be essential (291)). Initially it was thought that the protein carrier resulted
in ‘bystander’ T cell help due to proximal recruitment of activated T cells, with data from both
animal and human studies correlating carrier and polysaccharide immune responses (292, 293)).
More recently, there are data showing carrier-mediated presentation of polysaccharide on MHC
class II and the induction of polysaccharide-specific T cells (294, 295). The genetic determi-
nants influencing interactions to different carrier proteins such as tetanus toxoid and CRM;jg;
may be disparate, introducing the possibility of conjugate-dependent genetic associations with
polysaccharide-specific immunity.

Thirdly, participants included in this study received one of five possible vaccine regimens;
two or three infant doses with or without a booster dose at 1 year of age, or a single dose of

MenC in older childhood (6-15 years of age). Given the variety of regimens and vaccine doses
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it is necessary to make the assumption that genetic determinants influencing the persistence of
immunity following the last dose are consistent regardless of the prior dosing regimen.

Hitherto, association studies of immune responses to conjugate vaccines have adopted can-
didate gene genotyping approaches, and few of the findings have been replicated. Recently,
genome-wide approaches have been used to assess immunity to three vaccines: HBV, smallpox
vaccine and MMR vaccine (22} 25, 26], 27, 28)). The aforementioned hepatitis B vaccine was a
recombinant vaccine containing hepatitis B surface antigen (HBsAg) adsorbed onto aluminium
hydroxide, administered intramuscularly. The MMR vaccine was a trivalent vaccine contain-
ing live-attenuated viruses administered subcutaneously and the smallpox vaccine was a live
vaccinia virus administered by puncturing the skin multiple times with a bifurcated needle
dipped into the vaccine solution. The contribution of common genetic variants and pathways
to responses to different classes of vaccines is unclear. However, GWASs of immune-related
diseases have shown a high degree of pleiotropy between seemingly disparate immunological
diseases (258)).

Studies following HBV have demonstrated genome-wide statistically significant associations
between polymorphisms in HLA loci and post-vaccination HBsAg-specific IgG concentrations in
two independent Asian populations (22 25)). In particular, these studies found significant asso-
ciations between alleles proximal to HLA-DRB1, which is consistent with twin data suggesting
that around 40% of the heritability of HBV IgG responses may be accounted for by variants
at this gene locus. However, these studies did not show any genome-wide associations outside
the HLA region, despite twin data suggesting that the majority of the genetic contribution to
post-vaccination HBsAg-specific IgG concentrations were non-HLA (6).

The GWAS of MMR vaccine responses assessed rubella-specific cellular immune responses (28)).
This study found genome-wide significant associations between variants in PTPRD and rubella
virus induced IFN-v release from PBMCs, derived from adolescents and young adults approxi-
mately six years after MMR (28). All the genome-wide significant findings in this study were
within PTPRD and were low-frequency variants, minor allelic frequency (MAF) of ~0.01 (28)).

Often GWAS data are filtered to remove variants of a MAF less than 1-2%, as low-frequency
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variants may inflate false-positive results; although there are some suggestions that the removal
of SNPs with low MAFs may not be appropriate (296). The paucity of variants with associ-
ations at the level of genome-wide significance in this study may be the result of the modest
number of individuals genotyped (n = 897).

The GWAS of immunity following smallpox vaccine was carried out in a mixed ethnic
population. In the Caucasian subgroup (n = 580), the largest single ethnic group, no SNPs were
associated with neutralising antibody titres at the level of genome-wide significance; however,
five SNPs did surpass this threshold in relation to smallpox-specific CD8" IFN-v ELISpots (26,
27). The genes closest to the significant SNPs were PSD3, RASA1, RGS6 and TRNAQS32.
Interestingly, the SNPs with the greatest statistical association with neutralising antibody and
cellular measures of immunity to vaccinia virus did not appear to be consistent (26, 27). While
this disparity may highlight genetic determinants with differing roles in humoral and cellular
responses to smallpox vaccine, a modest number of participants were analysed and only data on
the most statistically significant (p <5 x1077) SNPs were publicly available for comparison. In
contrast to the HBV GWAS no genome-wide statistically significant associations were observed
in the HLA region, for either smallpox-specific humoral or cellular immunity, despite previous
findings from candidate gene studies implicating HL A alleles in determining the magnitude of
immunity to smallpox vaccine (297).

Interestingly, variants in PTPRD were found to be associated with rubella specific IFN-vy
responses following MMR, (28)) and the persistence of MenC-specific SBA titres (this chapter).
While the most statistically significant variants identified in the MMR and MenC vaccine studies
did not overlap, the fact that variants within this gene have been highlighted in immunity to
two vaccines suggests some underlying role in vaccine immunity.

Hitherto, there are few data correlating immunological responses to different vaccines, cor-
relations that could indicate shared genetic determinants. Comparison of immune responses
to HBV and live oral polio vaccine in Gambian infants showed no correlation between post-
vaccination HBsAg-specific IgG concentrations and poliovirus neutralising antibody titres (7).

Conversely, the magnitude of IgG responses following two toxoid vaccines, tetanus (TT) and
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diphtheria (DT), showed a strong positive correlation in the same cohort (7). Furthermore, a
weak but statistically significant correlation was seen between anti- Haemophilus Influenzae type
b IgG and, anti-TT and anti-DT IgG concentrations post-vaccination (§)). Further GWASs are
needed to gain insight into common and vaccine-specific genetic variants involved in immunity

to vaccines.

3.4.6 Conclusion

Despite the effectiveness of the MenC conjugate vaccine, there is considerable variability in
childhood immune responses to this vaccine. Of particular importance vaccine-induced immu-
nity wanes rapidly in the young, and understanding the determinants of this decline could have
important implications. In this section a GWAS was conducted highlighting a number of ge-
netic variants that may influence the persistence of vaccine-induced MenC-specific serological
immunity. This section represents stage 1 of a two-stage genetic association study, and was

used to select a subset of genetic markers for genotyping in stage 2 (appendix 7.4)]

3.5 Chapter summary

Initially, this chapter described the relationship between genetic variants and the persistence of
MenC-specific serological immunity in a cohort of adolescents, vaccinated as old children. Two
genes, CNTN6 and ENKUR, contained SNPs associated at the level of genome-wide significance
with the persistence of MenC-specific SBA titres following older childhood immunisation with
MenC conjugate vaccine. Furthermore, a number of additional SNPs showed suggestion of
association with the persistence of MenC-specific SBA titres including SNPs within GCSAM,
a gene highly expressed in germinal centre lymphocytes, and product of which is involved in
B cell receptor signalling and lymphocyte migration. Analysis was then expanded to include
individuals vaccinated with MenC conjugate vaccine as young children, in a two-stage design.
In stage 1, vaccinees were densely genotyped; these data were then used to select a subset

of genetic markers for genotyping in stage 2. While stage 2 of the study has not yet been
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completed, a number of SNPs with p-values suggestive of association with the persistence of
MenC-specific immunity, following childhood vaccination, were highlighted in stage 1. These
included SNPs within genes with annotated immunological function such as SIRPG and GGT).
The completion of stage 2 of this study may provide the power to demonstrate statistical
associations at the level of genome-wide significance, and such findings would make excellent

candidates for functional evaluation.
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Chapter 4

Genome-wide association study
of Haemophilus influenza type
B and tetanus toxoid vaccine

immunity

4.1 Overview of chapter

Chapter B described a genome-wide association study of the persistence of MenC-specific sero-
logical immunity following childhood immunisation with MenC conjugate vaccine. In this chap-
ter, this approach was expanded to assess the genetic determinants of the persistence of sero-
logical immunity following two other vaccines routinely administered to children in the United
Kingdom, Haemophilus influenzae type b (Hib) and tetanus toxoid (TT). The participants de-
scribed in this section are a subset of those described in chapteq B, for whom relevant serology
was available. A two-stage GWAS design was adopted. Pleiotropy in serological responses to

disparate vaccine antigens was also explored.
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4.2 Chapter aims

i) Describe a two-stage genetic association study of the persistence of serological immunity

to Haemophilus influenza type b following childhood immunisation

ii) Describe a two-stage genetic association study of the persistence of serological immunity

to tetanus toxoid following childhood immunisation

iii) Describe pleiotropic loci involved in immunological responses to childhood immunisations

4.3 Genome-wide association study of the persistence
of serological immunity to Haemophilus influenzae

type b following immunisation - Stage 1

4.3.1 Background
4.3.1.1 Haemophilus influenzae

Haemophilus influenzae is a Gram-negative coccobacillus that can cause severe disease, partic-
ularly in young children (82],[184] 302)). Six serotypes, classified by their capsular polysaccharide
(a-f) cause the majority of disease, although non-typeable (non-encapsulated) strains occasion-
ally cause invasive disease (82], 303)). In the pre-vaccination era the majority of invasive strains
isolated from patients in the UK were type b, which are encapsulated with polyribosyl ribitol
phosphate (PRP) (184], 304). The most common clinical presentation of invasive Haemophilus
influenzae type b (Hib) is meningitis (>50%), often with bacteraemia (82) [304)). Other inva-
sive presentations include epiglottitis (15%), bacteraemia without other infection (10%), septic
arthritis, osteomyelitis, cellulitis, pneumonia and pericarditis. Hib meningitis case fatality is

4-5%, with 8-11% of survivors having permanent neurological sequelae (305, 306).
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4.3.1.2 Haemophilus influenzae type b disease epidemiology and vaccines

Prior to the introduction of the Hib vaccine the incidence of invasive Hib disease in those age
<5 years was 35.5 per 100,000 (307). Hib disease was rarely seen in those under 4 months of
age but increased thereafter with the peak incidence at 6-7 months coinciding with the low
levels of serum anti-PRP antibody, presumably due to the loss of maternal antibody (308, [309).
The first Hib vaccine was a plain PRP polysaccharide formation, which was not effective in
those under 18 months of age (310). Conjugation of PRP oligosaccharide to a protein carrier
resulted in an immunogenic vaccine that was efficacious in infants as young as 2 months (311]).
The Hib conjugate vaccine was introduced into the routine UK infant immunisation schedule,
as a three-dose regimen, in 1992 (82). Following the introduction of the Hib vaccine cases of
invasive disease in individuals under 5 months of age fell by over 95% (82)). From 1999, a gradual
increase in Hib disease was observed, which was attributed to the use of a less immunogenic
combination vaccine and waning population immunity (312} [313] [314)). Interestingly, carriage
rates remained low despite the increase in disease, with a cross-sectional study of 384 infants
attending day care nurseries, in 2002, not detecting a single Hib isolate (315)). A Hib vaccine
booster campaign was initiated in 2003 for children aged 6 months to 4 years, and a booster
dose of Hib vaccine was introduced into the routine UK immunisation schedule at 1 year of age

in 2006 to address concerns about waning immunity (82).

4.3.1.3 Genetic studies of Haemophilus influenzae type b vaccine immunity

Disparities in Hib vaccine efficacy estimates have been observed between ethnic populations,
and a twin study demonstrated serological responses to Hib vaccine to be heritable (8,316, 317).
Despite the apparent genetic contribution to Hib vaccine responses, there are few data describ-
ing the genetic determinants underlying these observations (318 [319] 1320} 321)). Hitherto, the
studies of genetic factors influencing serological immunity following Hib vaccine have focused on
immunoglobulin (Ig) GM and KM allotypes, which are determined by Ig v (heavy) and & (light)
chains, respectively (318, [319] 820). Several studies have associated immunoglobulin GM and

KM allotypes with immune responses to purified polysaccharide vaccines such as Hib polysac-
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charide (318, 319/ 320). The mechanisms underlying the association between Ig allotypes, which
are linked predominantly to variants in the constant regions of immunoglobulin, with immune
responsiveness to polysaccharides have not been clearly elucidated. It may be that these al-
lotypes are proxies for variable region variants, which primarily determine antigen-specificity
and affinity. Alternatively, variants in the constant regions may directly influence responses via
effector functions such as Fc binding, complement activation and serum half-life (322). More-
over, there are data suggesting that the constant region also influences immunoglobulin affinity
and specificity (323).

A study investigating the genetic factors influencing Hib vaccine failure investigated a small
number of candidate functional variants finding two variants, within MAL/TIRAP and IL-
10, to be associated with Hib vaccine failure (47). Hib vaccine failure, invasive Hib disease
despite vaccination, is extremely rare making replication of this study challenging. However, it
is conceivable that the genetic determinant influencing vaccine failure may overlap with those
determining the quantity of vaccine-induced immunological endpoints. The following section
describes stage 1 of a two-stage GWAS of the persistence of PRP-specific serological immunity

following childhood immunisation with Hib vaccine.

4.3.2 Aim

The aim of this section was to describe stage 1 of a two-stage genetic association study of
the persistence of serological immunity to Haemophilus influenza type b following childhood

Immunisation.

4.3.3 Materials and methods
4.3.3.1 Stage 1 participants

Participants included in this section were a subset of those described in chapter B, for whom
post-vaccination PRP-specific IgG concentrations, or sera, were available. This subset com-

prised of adolescents from cohort 2, as well as children from studies 1, 2 and 3, described in
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subsection ‘3.4.3.1Stage 1 participants’.

4.3.3.2 Vaccines

Participants described in this section received at least one dose of a vaccine containing Hib
capsular polysaccharide conjugated to a protein carrier, either in a clinical trial setting or as
part of their routine clinical care. The Hib tetanus toxoid conjugate vaccine (Hib-TT) was ini-
tially introduced into the UK immunisation schedule in 1992, administered concomitantly with
diphtheria-tetanus-whole cell pertussis (DTwP) vaccine and oral polio vaccine (OPV). In 1996,
this schedule was modified to include the combination DTwP /Hib vaccine. The diphtheria-
tetanus-acellular pertussis/Hib (DTaP/Hib) vaccine was increasingly used from 1999, account-
ing for ~50% of Hib combination vaccines administered between 2000 and 2002 (270)). Fur-
thermore, the combination diphtheria-tetanus-acellular pertussis/ inactivated poliovirus/Hib
(DTaP/IPV /Hib) vaccine became available in the UK in 2004.

The children described in this section received three doses of Hib capsular polysaccharide
conjugated to tetanus toxoid: at 2, 3 and 4 months of age in the form of Hib-T'T or combination
DTwP/Hib, DTaP/Hib or DTaP /IPV/Hib vaccines, depending on vaccine availability for their
respective birth cohort. A subset of these children also received a booster Hib conjugate vaccine
prior to serological assessment. This subset included participants who were 6 months to 4 years
of age in 2003 that received a booster dose DTwP-Hib or DTaP-Hib vaccine, as well as children
who were 12 months since 2006 that received a booster dose of Hib-MenC-TT (Menitorix).
The adolescent cohort received either a three dose infant Hib conjugate vaccine schedule at
2, 3 and 4 months of age or a single dose as toddlers during the catch-up campaign of 1992.
Hib immunisation information was obtained from clinical study data, or from the child health

computer department.

4.3.3.3 Immunological measurements

The VEU, Manchester, measured PRP-specific IgG concentrations for study 2 and study 3,

using a multiplexed bead assay in accordance with an internal protocol. This assay was based
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on a Triplex fluorescent bead assay designed to quantitatively measure serum IgG to PRP, TT
and diphtheria toxoid (DT). The lower limit of quantitation (LLQ) for this assay was 46 ng/ml,
with measures below this recorded as half the LLQ. GSK Biologicals, Belgium, measured PRP-
specific IgG concentrations for study 1, using a standardised ELISA based method to assess
serum IgG to PRP. The LLQ for this assay detection was 150 ng/ml with measures below
this recorded as half the LLQ. Serological assessment of PRP-specific IgG concentration was
completed in-house (Oxford Vaccine Group) for the adolescents (cohort 2), using a standardised
ELISA based assay (324). The LLQ for this assay was 100ng/ml, with measures below this
recorded as half the LLQ.

4.3.3.4 Genotyping and imputation
Genotyping was performed as described in subsection ‘3.4.3.5 [Genotyping’. Imputation was
completed as described in subsection ‘3.3.3.§ [lmputation’.

4.3.3.5 Quantitative trait loci analysis

A linear regression model was used to assess the relationship between SNP allele dosage and the
persistence of PRP-specific IgG concentrations, with age at vaccination, time since vaccination,
MDS components 1-3, and K —1 dummy variables coding for study cohort as covariates. Linear
regression analysis assessed directly typed and imputed SNPs, with posterior probability of each

genotype being used to incorporate uncertainly for the latter.

4.3.4 Results
4.3.4.1 Stage 1 demographics

An overview of stage 1 participant demography is displayed in Tabld}.1.
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Table 4.1: Demographics in stage 1 of the genome-wide association study of the persistence of
polyribosyl ribitol phosphate-specific IgG concentrations following childhood immunisation with
Haemophilus influenzae type b vaccine. Participants were previously described in subsection
‘3.4.3.1|:|Stage 1 participants’

Study Male/Female Time since vaccination days* (IQR)  Age at vaccination days* (IQR)  Reference
Cohort 2 221/197 4551 (4518 - 4607) 524.0 (165.5 - 1055.5) 212)
Study 1 37/24 275.5 (263.3 - 287.8) 123 (118 - 128) (145)
Study 2 141/109 763.0 (400.5 - 2562.5) 365 (120 - 365) (282))
Study 3 121/117 256 (248.5 - 264) 122 (118 - 127) (283)

*

IQR= interquartile range, * = median.

4.3.4.2 Serology

The distributions of logyg transformed PRP-specific IgG concentrations approached normality
(Figurd}l.l). Inter-study assay variability is an important factor in interpreting these data, in
particular the LLQ varied between studies. The LLQ was 150 ng/ml for the assay completed
in study 1, 100 ng/ml for the assays utilised for cohort 2 and 46 ng/ml for the assays conducted

in studies 2 and 3.
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Figure 4.1: Density plots of logyg transformed polyribosyl ribitol phosphate-specific IgG concen-
trations for stage 1 participants in the genome-wide association study of persistence of serological
immunity to Haemophilus influenzae type b following immunisation. The orange vertical dashed
line represents a lower limit of quantitation (LLQ) of 150 ng/ml used in study 1, and the red ver-
tical dashed line represent a LLQ of 46 ng/ml used in studies 2 and 3. The LLQ of 100 ng/ml for
the assays completed on the cohort 2 is not displayed as all these participants surpassed this value.
Density plots were created from a 1d kernel density estimate, using the R package ‘ggplot2’ (240).

4.3.4.3 Association analysis

The imputed data of 34,026,329 variants were filtered for SNPs with a MAF >0.02, HWE
>1x107Y and an information score >0.8, resulting in a set of 6,697,753 SNPs for regression
analysis. Of the 1683 participants passing QC (subsection ‘3.4.4.3]Quality control’), 967 had
PRP-specific IgG measures and were included in regression analysis.

The Q-Q plot of p-values resulting from the regression of the imputed SNP dataset and PRP-
specific IgG concentrations did not deviate considerably from the null distribution (Figure[|4.2).
However, there was notable excess in the tail (p< 1x107%) of the distribution, which may reflect

enrichment by loci with true relationships with this phenotype (Figurd}1.2).
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Figure 4.2: Quantile-quantile plot of -logiy p-values observed in association analysis between
single-nucleotide polymorphisms, in the imputed dataset, and log;y transformed polyribosyl ribitol
phosphate-specific IgG concentrations following immunisation with Haemophilus influenzae type
b vaccine. The red line represents the null distribution and the blue lines represent the upper and
lower 95% confidence intervals. A= inflation factor.

A Manhattan plot of association p-values between SNPs in the imputed dataset and the
persistence of PRP-specific IgG concentrations are shown in Figurd 4.3. None of the genetics
markers exceeded the level of genome-wide significance (< 5x107%). However, there was a note-
worthy locus on chromosome 13 that contained SNPs with the lowest p-values in the regression
model. These SNPs were not within an annotated gene but were <100kb from FRY, a gene

encoding the furry homolog protein involved in mitosis.
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Figure 4.3: Manhattan plot of p-values of regression analysis between single-nucleotide poly-
morphisms, in the imputed dataset, and logig transformed polyribosyl ribitol phosphate-specific
IgG concentrations following immunisation with Haemophilus influenzae type b vaccine. The
horizontal blue line represents the level of suggestive statistical association (p<1x107°), and the
horizontal red line denotes the level of genome-wide statistical significance (p<5x10~8).

One hundred and twenty-two SNPs had regression p-value suggestive of association (p<
1x107°) with the persistence of PRP-specific IgG concentrations. These SNPs were within
four annotated genes: FOXP1, PDSS2, MLXIPL, CSMD3, as well as the immunoglobulin
lambda locus (IGL) (Tabld}t.2). Of these, FOXPI and the IGL, have existing data supporting
a role in immune function. FOXP1 encodes for the transcription factor FOXP1 (forkhead box
P1), which is essential in B cell and thymocyte development, as well as monocyte function (325,
326, 327). IGL contains the germline gene segments encoding the lambda light chain portion
of immunoglobulin (328). The closest functional lambda segment to this association signal
was [GLV3-27. However, the repetitive structure of this locus results in a high frequency of
insertions and deletions over an evolutionary timeframe; consequently, the variation at this locus
is poorly covered by contemporary genotyping microarrays making fine-mapping of association
signals challenging.

The other genes containing SNPs with p-values suggestive of association with PRP-specific
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IgG concentrations have not yet been annotated with functions supporting involvement in
immunity. PDSS2 encodes prenyl (decaprenyl) diphosphate synthase subunit 2, an enzyme
that synthesises the prenyl side-chain of ubiquinone a key component of the respiratory chain.
MLX1PL encodes MLX interacting protein-like, a basic helix-loop-helix leucine zipper transcrip-
tion factor of the Myc/Max/Mad superfamily and CSMDS3 encodes CUB and Sushi multiple
domains 3, a potential transmembrane protein that is expressed in several tissues.

Table 4.2: Single-nucleotide polymorphisms (SNPs), in the imputed dataset, with p-values sug-

gestive (<1x1079) of association with logyo transformed polyribosyl ribitol phosphate-specific IgG

concentration following immunisation with Haemophilus influenzae type b vaccine. Gene infor-

mation was derived from a NCBI search of reference SNP (rs) numbers, using ‘GetSNPInfo’ and
‘AnnotateSNPList’ functions in the ‘NCBI2R’ R package on build 37 of the human genome (24T]).

Chr  Position SNP p-value Gene Neighbouring genes (<100kb) SNP Class

3 71589755 rs2036281 9.0416e-06 FOXP1 MIR1284,FOXP1 intron-variant
3 71594837 rs11719972 8.4518e-06 FOXP1 MIR1284,FOXP1 intron-variant
3 71595258 rs11720121 7.4775e-06 FOXP1 MIR1284,FOXP1 intron-variant
4 165848324  rs79424296 9.8987e-06 RPL21P51,LOC100420385,LOC100420386

APELA,LOC101059914,FAM218A,NACAS3P
LOC391710,LOC391711, TRIM61,LOC391713
RPL26P16, TRIM60P14

5 57608276 rs72755777 6.5293e-06

5 57611114 rs72755778 6.1312e-06

6 107648957  rs6935797 7.2328¢-06 PDSS2 RPS2/P12,PDSS2 intron-variant
6 107666030  rs8180652 4.6599¢-06 PDSS2 PDSS2 intron-variant
7 73019074 rs799158 9.2508¢-06 MLXIPL WBSCR22,VPS37D, TBL2, MLXIPL,STX1A intron-variant

DNAJC30,BAZ1B,BCL7B,

8 5590355 rs859822 3.5602e-06

8 96901876 rs920200 5.9992e-06 LOC100500773,C80rf37-AS1

8 113962029  rs78664784 2.0308e-06 CSMDS3 CSMD3 intron-variant
8 114051924 rs117039924  2.4204e-06 CSMD3 CSMD3 intron-variant
8 114117272 rs117665504  2.1503e-06 CSMD3 CSMD3 intron-variant
8 114120512  rs142042874  2.1475e-06 CSMD3 CSMD3 intron-variant
8 114204798 rs116957087  2.1855e-06 CSMD3 CSMD3 intron-variant
8 114215020 rs10955651 1.4619e-06 CSMD3 CSMD3 intron-variant
8 114215413  rs10955652 1.4607e-06 CSMD3 CSMD3 intron-variant
8 114217500 rs118032472  1.4537e-06 CSMDS3 CSMD3 intron-variant
8 114218985  rs117747966  1.449e-06 CSMD3 CSMD3 intron-variant
8 114222319  rs117575429  1.3809e-06 CSMDS3 CSMD3, intron-variant
8 114224402 rs118140786 1.2593e-06 CSMD3 CSMD3, intron-variant
8 114227683  rs117400618 1.1175e-06 CSMDS3 CSMD3 intron-variant
8 114231015 rs117609106 1.1817e-06 CSMDS3 CSMD3 intron-variant
8 114232302 rs118059686  1.0667e-06 CSMDS3 CSMD3 intron-variant
8 114232362  rs79564895 1.0713e-06 CSMD3 CSMD3 intron-variant
8 114232418  rs117180292 1.1665e-06 CSMD3 CSMD3 intron-variant
8 114233355  rs74337126 1.0611e-06 CSMDS3 CSMD3 intron-variant
8 114239131  rsl117771716  9.6814e-07 CSMDS3 CSMD3 intron-variant
8 114241285  rs74988398 9.6591e-07 CSMDS3 CSMD3 intron-variant
8 114245946  rs117363533  9.648e-07 CSMD3 CSMD3 intron-variant
8 114250490  rs79913445 9.637e-07 CSMD3 CSMD3 intron-variant
8 114251115  rs75701636 9.6314e-07 CSMD3 CSMD3 intron-variant
8 114252131  rs79624576 9.6314e-07 CSMD3 CSMD3 intron-variant
8 114253073  rs117328495  9.6259¢-07 CSMDS3 CSMD3 intron-variant
8 114256135 rs118123935  9.6204e-07 CSMDS3 CSMD3 intron-variant
8 114258129  rs116977460  9.6149e-07 CSMDS CSMD3 intron-variant
8 114265392  rs116902520  9.593e-07 CSMD3 CSMD3 intron-variant
8 114266286  rs75851420 9.593e-07 CSMD3 CSMD3 intron-variant
8 114266742  rs78407522 9.593e-07 CSMD3 CSMD3 intron-variant
8 114268090 rs117450413  9.5875e-07 CSMDS3 CSMD3 intron-variant

Continued on next page
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Chr  Position SNP p-value Gene Neighbouring genes (<100kb) SNP Class

8 114268944  rs118070483  9.5875e-07 CSMDS3 CSMD3 intron-variant
8 114272966  rs117860097 1.0127e-06 CSMDS3 CSMD3 intron-variant
8 114274722  rs74608707 1.0669e-06 CSMDS3 CSMD3 intron-variant
8 114276384  rs118159724  1.1894e-06 CSMDS3 CSMD3 intron-variant
8 114277203  rs118100628  1.2637¢-06 CSMDS3 CSMD3 intron-variant
8 114279220  rs79993933 1.2551e-06  CSMD3 CSMD3 intron-variant
8 114279801 rs118138964  1.2857e-06 CSMDS3 CSMD3 intron-variant
8 114282379  rs142738486  1.4417e-06 CSMDS3 CSMD3 intron-variant
8 114282814  rs145256102 1.4717e-06 CSMDS3 CSMD3 intron-variant
8 114285499  rs74659793 1.7224e-06 CSMDS3 CSMD3 intron-variant
8 114286854 rs118019897  1.6956e-06 CSMDS3 CSMD3 intron-variant
8 114295786  rs116865016  2.8864e-06 CSMDS3 RPL18P7,CSMDS3 intron-variant
8 114301540  rs78448726 1.6956e-06 CSMDS3 RPL18P7,CSMDS3 intron-variant
8 114301726  rs118045407 1.6956e-06 CSMDS3 RPL18P7,CSMD3 intron-variant
8 114302932  rs117665578  1.6951e-06 CSMDS3 RPL18P7,CSMD3 intron-variant
8 114303407 rs117458454  1.6952e-06 CSMDS3 RPL18P7,CSMD3 intron-variant
8 114306741  rs75216652 1.6877¢-06 CSMDS3 RPL18P7,CSMD3 intron-variant
8 114308432  rs189127506  1.6877e¢-06 CSMDS3 RPL18P7,CSMDS3 intron-variant
8 114313241  rs75574552 1.6877e-06 CSMDS3 RPL18P7,CSMDS3 intron-variant
8 114314803 rs150211122 1.6877e-06 CSMDS3 RPL18P7,CSMD3 intron-variant
8 114321334  rs142974216  1.6877e-06 CSMDS3 RPL18P7,CSMD3 intron-variant
8 114323236  rs117493493  1.6879e-06 CSMDS3 RPL18P7,CSMD3 intron-variant
8 114324350 rs117822339  1.6879e¢-06 CSMDS3 RPL18P7,CSMD3 intron-variant
8 114328193  rs117605863  1.6888e-06 CSMDS3 RPL18P7,CSMDS3 intron-variant
8 114329863 rs116897834  1.6888e-06 CSMDS3 RPL18P7,CSMDS3 intron-variant
8 114330504 rs12155675 1.6888e-06 CSMD3 RPL18P7,CSMD3 intron-variant
8 114333666  rs117988440 1.6888e-06 CSMDS3 RPL18P7,CSMD3 intron-variant
8 114335123  rs150037541  1.6888e-06 CSMDS3 RPL18P7,CSMD3 intron-variant
8 114344097  rs78480520 2.0602¢-06 CSMD3 RPL18P7,CSMD3 intron-variant
8 114347504  rs79988843 2.0602¢-06 CSMD3 RPL18P7,CSMDS3 intron-variant
8 114349292  rs79528563 2.0602e-06 CSMDS3 RPL18P7,CSMDS3 intron-variant
8 114356251  rs117025390 2.2277e-06 CSMDS3 RPL18P7,CSMDS3 intron-variant
8 114365068 rs117632465 2.1375e-06 CSMDS3 RPL18P7,CSMDS3 intron-variant
8 114365081 rs116981190 2.1387e-06 CSMDS3 RPL18P7,CSMD3 intron-variant
8 114366041 rs118045868  2.3658e-06 CSMDS3 RPL18P7,CSMD3 intron-variant
8 114366307 rs117790062  2.2429e¢-06 CSMDS3 RPL18P7,CSMD3 intron-variant
8 114377312  rsT7576975 2.258e-06 CSMD3 RPL18P7,CSMDS3 intron-variant
8 114378474  rsb9196916 2.261e-06 CSMD3 RPL18P7,CSMDS3 intron-variant
8 114380270 rs117874236  2.2618e-06 CSMDS3 RPL18P7,CSMD3 intron-variant
8 114393484  rs117237989  3.6181e-06 CSMDS3 RPL18P7,CSMD3 intron-variant
11 11044677 rs11043061 5.7681e-06

12 5233825 rs2159402 1.5317e-06 LOC100507560,KCNA5,LOC390282

13 32560995 rs1001852 1.4544e-07 FRY-AS1,FRY,EEF1DP3

13 32561254 rs1001853 8.4019e-08 FRY-AS1,FRY,EEF1DP3

13 32561356 rs1001854 1.8225e-06 FRY-AS1,FRY,EEF1DP3

13 32563266 rs2188631 3.4055e-07 FRY-AS1,FRY,EEF1DP3

13 32564226 rs9566944 1.0029e-07 FRY-AS1,FRY,EEF1DP3

13 32565152 rs9566947 2.0235e-07 FRY-AS1,FRY,EEF1DP3

13 32565369 rs9562389 1.9054e-07 FRY-AS1,FRY,EEF1DP3

13 32565539 rs9566949 1.9139e-07 FRY-AS1,FRY,EEF1DP3

13 32566897 rs35640732 1.8866e-07 FRY-AS1,FRY,EEF1DP3

13 32567495 rs4483729 1.9024e-07 FRY-AS1,FRY,EEF1DP3

13 32568452 rs35908390 6.1494e-07 FRY-AS1,FRY,EEF1DP3

13 32574229 rs7987752 1.5004¢e-06 FRY-AS1,FRY,EEF1DP3

13 32579551 rs7992130 2.503e-07 FRY-AS1,FRY,EEF1DP3

13 32580110 rs11617881 2.4993e-07 FRY-AS1,FRY,EEF1DP3

13 32582430 rs12585416 2.4842e-07 FRY-AS1,FRY,EEF1DP3

13 32582476 rs34609713 2.4842e-07 FRY-AS1,FRY,EEF1DP3

13 32586408 rs1411481 2.4199e-07 FRY-AS1,FRY,EEF1DP3

13 32587062 rs17591215 2.4186e-07 FRY-AS1,FRY,EEF1DP3

13 32589357 rs66609886 2.4122¢-07 FRY-AS1,FRY,EEF1DP3

13 32589361 rs67989666 2.4122e-07 FRY-AS1,FRY,EEF1DP3

13 32589490 rs12856583 2.1433e-06 FRY-AS1,FRY,EEF1DP3

13 32589677 rs68119519 2.4099e-07 FRY-AS1,FRY,EEF1DP3

13 32589954 rs34858589 2.3976e-07 FRY-AS1,FRY,EEF1DP3

13 39651501 rs9576725 8.5533e-06 NXT1P1,STOML3,NHLRC3,PROSER1

13 39678827 rs55713408 4.5636¢-06 NXTi1Pi,NHLRC3,PROSER1

13 39678987 rs7987816 1.4907¢-06 NXT1P1,NHLRC3,PROSER1

13 39721225 rs9548645 9.1452e-06 NXT1P1, NHLRC3

Continued on next page
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Chr  Position SNP p-value Gene Neighbouring genes (<100kb) SNP Class
16 29263902 rs2370287 9.9971e-06 LOC100996309,LOC101928188,LOC102723693
LOC102723708,SNX29P2
17 36766280 rs8068625 8.4223e-06 C170rf96, MIR4734,LOC101929513
LOC101929533, MLLT6,ARHGAP23,SRCIN1
17 36770130 rs9889300 7.394e-06 C170rf96, MIR4734,LOC101929513
LOC101929533, MLLT6,SRCIN1
20 16744979 rs17687121 2.7241e-06 RPL7AP13,0TOR,SNRPB2
22 22923333 rs5758812 7.7634e-06 ZNF280A,LOC129026,ZNF280B,PRAME

POM121L1P,IGLV3-32,IGLVS-81,IGLV3-30
IGLV3-29,IGLV3-27,IGLV3-26,IGLV2-3/
IGLV2-33,1GLV2-28,IGL, BCRP,LOC6/8691
IGLVVI-25-1,GGTLC2

22 22024377  rs61063966  7.4193¢-06 ZNF280A,L0C129026,ZNF280B, PRAME
POM121L1P,IGLV3-32,IGLV3-31,IGLV3-30
IGLVS-29,IGLV3-27,IGLV3-26,IGLV2-3/
IGLV2-83,1GLV2-28,IGL, BCRP4,L.OC648691
IGLVVI-25-1,GGTLC2

22 22024813 rs5758826 3.8732¢-06 ZNF280A,L0C129026,ZNF280B, PRAME
POM121L1P,IGLVS-82,IGLV3-31,IGLVS-30
IGLV3-29,IGLV3-27,IGLV3-26,IGLV2-3/
IGLV2-83,1GLV2-28,IGL, BCRP4,L.OC648691
IGLVVI-25-1,GGTLC2

22 22024995  rs5758828 4.3068¢-06 ZNF280A,L0C129026,ZNF280B, PRAME
POM121L1P,IGLVS-82,IGLV3-31,IGLVS-30
IGLVS-29,IGLV3-27,1GLV3-26,IGLV2-3/
IGLV2-33,IGLV2-28,IGL, BCRP,LOC6,8691
IGLVVI-25-1,GGTLC2

22 22025548  r1s5758831 3.9316¢-06 ZNF280A,L0C129026,ZNF280B, PRAME
POM121L1P,IGLV3-32,IGLVS-81,IGLV3-30
IGLVS-29,IGLV3-27,IGLV3-26,IGLV2-3/
IGLV2-33,IGLV2-28,IGL, BCRP,LOC6/8691
IGLVVI-25-1,GGTLC2

22 22025702  1s5758832 3.7685¢-06 ZNF280A,L0C129026,ZNF280B,PRAME
POM121L1P,IGLV3-32,IGLVS-81,IGLV3-30
IGLV3-29,IGLV3-27,IGLV3-26,IGLV2-3/
IGLV2-83,1GLV2-28,IGL, BCRP,LOC6/8691
IGLVVI-25-1,GGTLC2

22 22027301 185751324 4.0314e-06 ZNF280A,L0C129026,ZNF280B, PRAME
POM121L1P,IGLV3-32,IGLV3-31,IGLV3-30
IGLVS-29,IGLV3-27,IGLV3-26,IGLV2-3/
IGLV2-83,IGLV2-28,IGL, BCRP4,LOC648691
IGLVVI-25-1,GGTLC2

22 22028199  rs5758855 6.1311e-06 ZNF280A,L0C129026,ZNF280B, PRAME
POM121L1P,IGLVS-82,IGLV3-31,IGLVS-30
IGLV3-29,IGLV3-27,IGLV3-26,IGLV2-3/
IGLV2-83,1GLV2-28,IGL, BCRP4,LOC648691
IGLVVI-25-1,GGTLC2

Chr= Chromosome

4.3.5 Discussion

The previous section described a GWAS to assess the relationship between genetic variants
and the persistence of PRP-specific IgG, following childhood immunisation with Hib conju-
gate vaccine. While none of SNPs surpassed the level of genome-wide significance, 122 SNPs
had p-values suggestive of association with the persistence of PRP-specific IgG concentrations.

Furthermore, these included SNPs within loci that have previously been annotated with bio-
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logical functions that support the plausibility of these associations, such as FOXPI and the
immunoglobulin light chain lambda locus.

FOXP1 encodes a transcription factor that is essential in lymphocyte development, and
is also involved in regulating germinal centre B cell function (329). FOXP1 protein has been
histologically stained in a number of lymphoid and non-lymphoid tissues, and is a transcrip-
tion factor that is likely to have multiple roles (http://www.proteinatlas.org). Data from
tonsillar tissue have suggested a role for FOXP1 in regulating the transition of quiescent fol-
licular B cells to activated germinal centre B cells (329). Murine conditional knockouts of
FOXP1 show thymocyte dysfunction, premature acquirement of an activated phenotype by
CD4" and CD8*" T cells and preponderance for cytokine production and apoptosis upon T-cell
receptor ligation (327). Variants in FOXP1 have been associated at the level of genome-wide
significance with vitiligo, a condition believed to be immune-mediated (330). FOXP1 is highly
expressed in a subset of diffuse large B cell lymphoma patients and is frequently a target for
genomic aberrations in these individuals, and has also been identified as a translocation part-
ner for immunoglobulin heavy chain genes in a subset of mucosa-associated lymphoid tissue
lymphomas (331)).

In this section, a number SNPs with p-values suggestive of association with PRP-specific
IgG concentrations were seen within the immunoglobulin light chain lambda locus; of which
the most statistically associated resided between IGLV2-34 and IGLV2-33, with the closest
functional lambda segment being IGLV3-27. Furthermore, this signal was <200kb from the
IGLV2-14, a segment that has been cloned from heterohybridomas secreting human anti-PRP
antibodies (332). However, the genomic structure of the immunoglobulin loci are not well
characterised and variants within the immunoglobulin genes are poorly captured by standard
GWAS microarray platforms (56). For example, IGLV2-14 was not well tagged by any directly
genotyped or imputed markers within the SNP set evaluated in this section. Despite the associ-
ation signal seen in the IGL locus, no association signals were seen in either the immunoglobulin
heavy chain or s light chain loci. While this may highlight the importance of the A light chain

in PRP-specific responses, this may also reflect the poor coverage of genetic variants in the
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immunoglobulin loci.

A previous candidate gene study found two variants in MAL/TIRAP (rs1893352) and IL-
10 (rs1554286) to be associated with Hib vaccine failure in a recessive model (47). However,
these SNPs were not associated with the persistence of PRP-specific IgG concentration in
the study described in this section. There are a number of possible explanations for this
apparent disparity. Firstly, the associations found in the vaccine failure study were based upon
a recessive model, whereas the analysis conducted in this section used an additive allelic model.
Importantly, additive models assume the heterozygous genotype an intermediate of the two
homozygous genotypes, and may give disparate results to recessive or genotypic models when
this assumption is violated. Secondly, a large proportion of the individuals in the vaccine
failure study had underlying medical conditions that were associated with increased risk of low
post-vaccination anti-PRP IgG concentrations and Hib disease; therefore, the effect of genetic
variants identified in these participants may not be generalisable to a healthy cohort (47, 333)).

With the exception of the aforementioned candidate gene study, investigations of the genetic
determinants of Hib immunity have been limited to the immunoglobulin gene loci. Several stud-
ies have shown PRP-specific antibodies, following Hib disease or vaccination, to be oligoclonal
with highly restricted immunoglobulin gene usage and V(D)J combinations (332, 334}, 1335, 336]).
Furthermore, a large proportion of PRP-specific antibodies appear to use unmutated germline
sequence, which places more importance on the germline repertoire (332)). Variants in both the
light and heavy chain genes have been correlated with the PRP-specific antibody concentrations
following Hib vaccination (318, 319, [320).

While several SNPs in this section had p-values suggestive of association with the persistence
of PRP-specific IgG concentrations, none of these surpassed the statistical threshold of genome-
wide significance. There were a number of factors that may have limited the power to detect
genetic variants influencing serological immunity following Hib vaccination such as participant
heterogeneity: in terms of age at vaccination, Hib vaccine regimen and composition, as well as

time since vaccination.
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4.3.6 Conclusion

Maintaining serological immunity is crucial in preventing the Hib disease. In this section a
GWAS was conducted highlighting a number of genetic variants that may influence the per-
sistence of Hib-specific serological immunity following vaccination. Furthermore, this section
represents stage 1 of a two-stage GWAS, and the most promising genetic markers are further

evaluated in stage 2 (appendix 7.5

4.4 Genome-wide association study of persistence of sero-
logical immunity to tetanus toxoid following immu-

nisation - Stage 1

4.4.1 Background
4.4.1.1 Tetanus

Tetanus is an acute and life-threatening disease, characterised by skeletal muscle rigidity and
spasms, caused by tetanus toxin produced by the bacterium Clostridium tetani. C. tetani is
noncommunicable, but spores are commonly present in the environment and can be introduced
into the body via skin lesions. In the UK, tetanus became notifiable in 1968; data collected
in the ten years following showed the highest incidence in those over 65 years and in young
males aged 15-44 years (337). Data from 1930-1970 showed a decline in deaths due to tetanus,
which was attributed to a number of social developments as well as the infant and military
immunisation campaigns (337). Surveillance data from 1984-2000 showed a further decline in
tetanus cases, with the highest incidence occurring in the >65 years (338)). In this survey the
majority of cases were associated with recent injuries occurring in the garden or home (61%)
and were predominantly in unvaccinated (63%) individuals (338)). Globally, neonatal tetanus
has a significant health impact with the World Health Organisation estimating 50,000 newborn

deaths from neonatal tetanus in 2008 (339).
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4.4.1.2 Tetanus toxoid vaccine

C. tetani spores cannot be eradicated from environment making vaccine-mediated protection
essential in preventing disease. The tetanus vaccine was introduced as a routine childhood im-
munisation in 1961. The incubation of period of C. tetani is ~10 days meaning the tetanus vac-
cine can also be given as post-exposure prophylaxis for individuals with tetanus-prone wounds.
Tetanus vaccines contain tetanus toxoid (TT), a formaldehyde treated form of tetanus toxin,

adsorbed onto aluminium phosphate or aluminium hydroxide to improve immunogenicity.

4.4.1.3 Genetic studies of tetanus toxoid vaccine immunity

Twin data have shown antibody responses to tetanus toxoid to be heritable; however, there are
few data describing the determinants underlying the genetic component (7). To date, two pub-
lished studies have described genetic variants associated with the magnitude of tetanus-specific
antibody following DTaP vaccine, both of which were conducted on the same cohort (n=141)
of infant vaccinees (48] [340)). The first assessed 19 polymorphisms suspected to alter the func-
tion of 11, cytokine or cytokine receptor, genes (48)). This study found an association between
a missense variant (rs1805010) in /L4R and the magnitude of tetanus-specific IgG following
vaccination, at an uncorrected p=0.037 (48]). The second of these studies assessed variants
in the HLA region, assessing 1856 SNPs in 154 genes, finding a single variant (rs3130454) in
PSORS1C1 to be associated with tetanus-specific IgG responses at the authors’ statistical sig-
nificance threshold of p<0.001 (340). The study presented in this section describes a two-stage
genome-wide association study of the persistence of tetanus-specific IgG following immunisation

with tetanus toxoid containing vaccines.

4.4.2 Aim

The aim of this section was to describe stage 1 of a two-stage genetic association study of the

persistence of serological immunity to tetanus toxoid following childhood immunisation.
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4.4.3 Materials and methods
4.4.3.1 Stage 1 participants

Participants included in this section were a subset of those described in chapter B, for whom
post-vaccination TT-specific IgG concentrations, or sera, were available. This subset comprised

of children from studies 1, 2 and 3, described in subsection ‘3.4.3.1[Stage 1 participants’.

4.4.3.2 Vaccines

All participants described in this section received three infant doses of TT, in the form a
combination vaccine at 2, 3 and 4 months of age. This combination vaccine was either DTwP,
DTwP/Hib, DTaP/Hib or DTaP/Hib. In addition, TT is used as the protein carrier in the
Hib conjugate vaccine as well as some MenC conjugate vaccine formulations, administered
in the infant immunisation schedule. Children who were 12 months of age since 2006 would
have also received an additional dose of T'T in their Hib-MenC booster vaccine. Furthermore,
school aged participants would have received their preschool combination DTaP /IPV vaccine.
TT immunisation information was obtained from clinical study data, or from the child health

computer department.

4.4.3.3 Immunological measurements

The VEU, Manchester, measured T'T-specific I[gG concentrations for study 2 and study 3, using
a multiplexed bead assay, in accordance with an internal protocol. The LLQ for this assay
was 2 (IUx1000/ml), with measures below this recorded as half the LLQ. GSK Biologicals,
Belgium, measured TT-specific IgG concentrations for study 1, using a standardised ELISA
based method. The LLQ for this assay was 0.11U/ml, with measures below this recorded as
half the LLQ.

4.4.3.4 Genotyping and imputation

Genotyping was performed as described in subsection ‘3.4.3.5 Genotyping’. Imputation was

completed as described in subsection ‘3.3.3.§ [lmputation’.
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4.4.3.5 Quantitative trait loci analysis

A linear regression model was used to assess the relationship between SNP allele dosage and the
persistence of TT-specific IgG concentrations; with age at vaccination, time since vaccination

and MDS components 1-10, and K — 1 dummy variables coding for study cohort as covariates.

4.4.3.6 Imputation of classical human leukocyte antigen alleles

The HLA*IMP framework was used to impute classical HLA alleles from the genotype data (341,
342). This algorithm uses a probabilistic approach referred to as ‘LDMhc’ to assess the relat-
edness between a densely genotyped sample set chromosomes with unknown HLA alleles and a
reference set of HLA-typed chromosomes, based upon markers typed in both sets (342). The
reference dataset utilised by this algorithm included over 2500 samples from European ances-
try with dense SNP and classical HLA genotypes, and has purported imputation accuracy of
92-98% for alleles with call rates of 95-99% (342). HLA imputation was performed using the
HLA*IMP:01 Front-End program and the online Back-End software, as described by the soft-
ware manual (https://oxfordhla.well.ox.ac.uk/hla/tool/main). HLA alleles were called
if attributed a greater than 0.7 posterior probability. Linear regression analysis was then per-
formed using an additive allelic dose model with the covariates previously specified in subsection

‘4.4.3.5Quantitative trait loci analysis’.

4.4.4 Results
4.4.4.1 Stage 1 demographics
An overview of stage participant demography is displayed in Tabld}.3.

Table 4.3: Demographics in stage 1 of the genome-wide association study of the persistence
of tetanus toxoid (TT)-specific IgG concentrations following childhood immunisation with TT
containing vaccines.

Study Male/Female  Time since vaccination days* (IQR) Age at vaccination days* (IQR)  Reference

Study 1 36/25 275.5 (263.3 - 287.8) 123 (118 - 128) (I45)
Study 2 141/109 616.0 (299.0 - 1497.5) 1185 (365 -1185) (282)
Study 3 121/117 256 (248.5 - 264) 122 (118 - 127) ©83)

IQR= interquartile range, * = median
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4.4.4.2 Serology

The distributions of logyy transformed TT-specific IgG concentrations approached normality
(Figure[l4.4). All measurement made on sera from study 2 and study 3 surpassed their respective

assay LLQ, and 3/61 (5%) of sera assessed in study 1 were below the assay LLQ and were
reported as half the LLQ.
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Figure 4.4: Density plots of log; transformed tetanus toxoid (TT)-specific IgG concentrations for
stage 1 participants in the genome-wide association study of persistence of serological immunity to
TT following vaccination. The orange vertical dashed line represents a lower limit of quantitation

(LLQ) of 0.1IU/ml used in study 1, and the red vertical dashed line represent a LLQ of 0.002 IU /ml
used in Study 2 and Study 3.

4.4.4.3 Association analysis

The imputed data of 34,026,329 variants were filtered for SNPs with a MAF >0.02, HWE

>1x107? and an information score >0.8, resulting in a set of 6,706,188 SNPs for regression
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analysis. Of the 1683 participants passing QC (subsection ‘3.4.4.2{|Quality control’), 549 had
TT-specific IgG measures and were included in the regression analysis.

The Q-Q plot of p-values resulting from the regression of imputed allele doses and TT-
specific IgG concentrations did not deviate considerably from the null distribution, with modest
enrichment of p-values at the tail (p< 1x107*) of the distribution (Figurd i.5). However, it
was necessary to included PCs 1-10 in the regression model as genomic inflation was observed

when only the first three PCs were included (appendix Figureﬂ? 14).
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Figure 4.5: Quantile-quantile plot of -logiy p-values observed in association analysis between
imputed single-nucleotide polymorphisms in the imputed dataset and logig transformed tetanus
toxoid (TT)-specific IgG concentrations following immunisation with TT containing vaccines.
The red line represents the null distribution and the blue lines represent the upper and lower 95%
confidence intervals. A= inflation factor.

A Manhattan plot of association p-values between SNPs in the imputed dataset and the
persistence of TT-specific IgG concentrations is shown in Figurd}.6. Five SNPs in an intergenic
region of chromosome 10 surpassed the level of genome-wide significance (p< 5x107%); the
closest gene (<250kb) to these associations was TCERG1L. Furthermore, 111 SNPs in 10 genes

surpassed the level of suggestive association (p< 1x107°); the corresponding genes were CDH9,
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AC011343.1, MICB, HLA-DQA1, AC005062.2, DOCK}, DENND1A, LHPP, TMEM135 and
RBFOX3 (Tabld}t.4). Of these genes, MICB and HLA-DQA1 are annotated as having immune-
related functions. MICB encodes for the MHC class I polypeptide-related sequence B, a heavily
glycosylated protein ligand of NKG2D that is induced by stress and can activate natural killer
(NK) cells, CD8 a8 T cells and 7§ T cells in a peptide independent manner. Furthermore, the
most statistical significant SNP within MICB, rs2894221, is an eQTL for the expression of this
gene (http://www.gtexportal.org). HLA-DQA1 encodes HLA class II alpha chain and plays
a central role in the presentation of exogenous peptides by antigen presenting cells to T cells.
The most statistically significant SNP within HLA-DQA1, 1s9272374, is also an eQTL for the

expression of this gene (http://www.gtexportal.org).

—logio(p)

Chromosome

Figure 4.6: Manhattan plot of p-values from regression analysis between single-nucleotide poly-
morphisms, in the imputed dataset, and logj transformed tetanus toxoid (TT)-specific IgG con-
centrations in stage 1 of the genome-wide association study of the persistence of vaccine-induced
serological immunity to TT. The horizontal blue line represents the level of suggestive statistical
association (p<1x107%), and the horizontal red line denotes the level of genome-wide statistical
significance (p<5x107%).
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Table 4.4: Single-nucleotide polymorphisms (SNPs), in the imputed dataset, with p-values sug-
gestive (<1x1077) of association with logyg transformed tetanus toxoid (TT)-specific IgG concen-
tration in stage 1 of the genome-wide association study of persistence of serological immunity to
tetanus toxoid. Gene information was derived from a NCBI search of reference SNP (rs) numbers,
using ‘GetSNPInfo’ and ‘AnnotateSNPList’ functions in the ‘NCBI2R’ R package on build 37 of
the human genome (241)).

Chr Position SNP p-value Gene Neighbouring genes (<100kb) SNP Class

4 152783376 rs72732116  2.405e-06 LOC100505685,LOC102724700,

4 153626438 rs76463503 1.2327e-06 LOC100421721,LOC102724121,TIGD4, TMEM154
ARFIP1,RPS1/P6

5 26903163 rs138455466 2.2748e-06 CDHY CDH9 intron-variant

5 26914480 1rs186330563 2.7039e-06 CDH9 CDH9 intron-variant

5 159296102 rs7720980 7.5687e-07 AC011343.1 GAPDHP40,LOC101927766,LOC101927790 non-coding
ADRA1B

5 159305271 rs13169166  8.7188e-07 GAPDHP40,LOC101927766,LOC101927790
ADRA1B

5 159308795 rs891902 4.5402e-06 GAPDHP40,LOC101927766,LOC101927790
ADRAI1B

5 159317303 rs17674132 5.3631e-06 GAPDHP40,LOC101927766,LOC101927790
ADRA1B

5 159317416 rs6556460 1.1473e-06 GAPDHP40,LOC101927766,LOC101927790
ADRA1B

5 159320525 rs13179580 8.8237e-07 GAPDHP40,LOC101927766,LOC101927790
ADRAI1B

5 159323554 1rs11745333  6.254e-06 GAPDHP40,LOC101927766,LOC101927790
ADRAI1B

5 159325407 rs7729196 7.1797e-07 GAPDHP40,LOC101927766,LOC101927790
ADRAI1B

5 159326237 rs10072006 6.7538e-07 GAPDHP40,LOC101927766,LOC101927790
ADRAI1B

5 159326688 rs56084650  8.2835e-06 GAPDHP40,LOC101927766,LOC101927790
ADRAI1B

5 159327344 rs4921535 9.4582e-06 GAPDHP40,LOC101927766,LOC101927790
ADRAI1B

5 159328747 rsl11746691 9.3282e-06 GAPDHP40,LOC101927766,LOC101927790
ADRAI1B

5 159329910 rs891901 8.6355e-06 GAPDHP40,LOC101927766,LOC101927790
ADRAI1B

5 159336790 rs71603644 1.1906e-06 GAPDHP40,LOC101927766,LOC101927790
ADRA1B, TTC1

6 31461771  rs2894221 4.8705e-06 MICB RPL15P4,MICA,ATP6V1G2-DDX39B upstream-2KB
LOC101929072,LINC01149,HCP5,NCR3,HLA-X
HCG26,MCCD1,LTA,LTB, MICB, NFKBIL1
ATP6V1G2,PPIAP9,SNORDS8,,SNORD117, TNF
DDX39B,LST1

6 32392591 rs116587141 4.7884e-06 HNRNPA1P2,C6orfl10,HLA-DRA,HLA-DRB5
HLA-DRB9,HCG23,BTNL2

6 32394913 rs115365653 4.7873e-06 C6orfl10,HLA-DRA,HLA-DRB5,HLA-DRB9,HCG23
BTNL2

6 32435955 rs186229361 3.7376e-06 C6orf10,HLA-DRA,HLA-DRB5,HLA-DRB6
HLA-DRBY9,HCG23,BTNL2

6 32435983 rs192153994 8.0197e-06 C6orf10,HLA-DRA,HLA-DRB5,HLA-DRB6
HLA-DRBY9,HCG23,BTNL2

6 32436185 rs139370718 7.4672e-06 C6orf10,HLA-DRA,HLA-DRB5,HLA-DRB6
HLA-DRBY9,HCG23,BTNL2

6 32441679 rs147882356 3.9298e-06 HLA-DRA,HLA-DRB5,HLA-DRB6,HLA-DRB9
HCG23,BTNL2

6 32445270 rs145763900 7.4005e-06 HLA-DRA,HLA-DRB5,HLA-DRB6,HLA-DRB9
HCG23,BTNL2

6 32449523  rs149028172 5.3847e-06 HLA-DRA,HLA-DRB1,HLA-DRB5,HLA-DRB6
HLA-DRBY9,HCG23,BTNL2

6 32583831 rs114822165 8.9161e-06

6 32604669 rs9272374  2.4229¢-06 HLA-DQA1 HLA-DQA1,HLA-DQBI1,HLA-DRB1,HLA-DRB6  upstream-2KB
MTCOS3P1

6 114933532 1rs72943836 2.5197e-06

7 20132499 rsb9229257  6.6847e-06 AC005062.2 MACC1-AS1,LOC101927668, MACC1,RPL21P75 intron-variant

7 20142890 rs10259621 7.9131e-06 AC005062.2 MACCI1-AS1,LOC101927668, MACC1,RPL21P75 intron-variant

7 111748533 rs55894510 3.123e-06 DOCKY ZNF277,DOCKY4, intron-variant

9 1849530 rs7020165 4.1369e-06

9 1849664 rs7019385 1.1637e-06

9 1850244 rs6475215 4.6416e-06

9 1850836 rs7860262 1.2233e-06

9 1851231 rs10114691  4.932e-06

9 1852121 rs7025509 1.2865e-06

9 1852175 rs7028857 1.2909e-06

9 1852281 rs7040599 5.1158e-06

9 1853645 rs1117162 5.2988e-06

9 1858042 rs73638310  3.5599e-06

9 1867296 rs73389636 9.121e-06

Continued on next page
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Chr Position SNP p-value Gene Neighbouring SNP Class
9 126234674 rs113925093 1.3734e-06 DENND1A MIR7150,LOC102728374,CRB2,DENND1A intron-variant
MIR601
10 126198328 rs1869658 6.8427e-06 LHPP RPS10P18,NKX1-2,0AT,OATP1,LHPP intron-variant
10 126199289 rs3740542 6.5573e-06 LHPP RPS10P18,NKX1-2,0AT,OATP1,LHPP intron-variant
10 126199573 rs7082588 6.5672e-06 LHPP RPS10P18,NKX1-2,0AT,OATP1,LHPP intron-variant
10 126200421 rs9663728 6.6449¢-06 LHPP RPS10P18,NKX1-2,0AT,OATP1,LHPP intron-variant
10 126200427 rs9665724 7.2172e-06 LHPP RPS10P18,NKX1-2,0AT,OATP1,LHPP intron-variant
10 126200957 rs11245248 6.7218e-06 LHPP RPS10P18,NKX1-2,0AT,OATP1,LHPP intron-variant
10 126201047 rs73365885 9.2113e-06 LHPP RPS10P18,NKX1-2,0AT,OATP1,LHPP intron-variant
10 126201135 rs75612732 9.9434e-06 LHPP RPS10P18,NKX1-2,0AT,OATP1,LHPP intron-variant
10 126201926 rs12569933 7.3977e-06 LHPP RPS10P18,NKX1-2,0AT,OATP1,LHPP intron-variant
10 126202455 rs10901743 8.3687e-06 LHPP RPS10P18,NKX1-2,0AT,OATP1,LHPP intron-variant
10 126204194 rs11245251 8.2673e-06 LHPP RPS10P18, NKX1-2,0AT,OATP1,LHPP intron-variant
10 126204581 rs11245252  7.4949e-06 LHPP RPS10P18,NKX1-2,0AT,OATP1,LHPP intron-variant
10 126205537 rs11245253 6.695e-06 LHPP RPS10P18,NKX1-2,0AT,OATP1,LHPP intron-variant
10 126209578 rsl0794144 9.8783e-06 LHPP RPS10P18,NKX1-2,0ATP1,LHPP,FAM53B intron-variant
10 126210850 rs56681095 9.2225e-06 LHPP RPS10P18,NKX1-2,0ATP1,LHPP,FAM53B intron-variant
10 126211692 rs11245258 9.0857¢-06 LHPP RPS10P18,NKX1-2,0ATP1,LHPP,FAM53B intron-variant
10 126212220 rs66509841 9.423e-06 LHPP RPS10P18,NKX1-2,0ATP1,LHPP,FAM53B intron-variant
10 126212235 rs12219151 9.5926e-06 LHPP RPS10P18,NKX1-2,0ATP1,LHPP,FAM53B intron-variant
10 132633601 rs114783405 2.2392e-08
10 132633808 1rs115548138 2.2204e-08
10 132636305 rs79812992 2.367e-08
10 132642718 rs79697632 1.059e-06
10 132643632 rs75727401  1.5423e-08
10 132645646 rs77724803 1.5959e-08
11 86956746 rs193290451 4.6185e-07 TMEM135 PSMA2P1,LOC100420680,LOC101929104 intron-variant
TMEM135
11 86960870 rs145850522 3.3568e-07 TMEM135 PSMA2P1,LOC100420680,LOC101929104 intron-variant
TMEM135
12 105960157 rs1543280 2.0709e-06
12 105961001 rs2694402 2.0003e-06
12 105961210 rs2694403 1.7298e-06
12 105962957 rs10861460 2.0654e-06
12 105967003 rs1526856 1.5561e-06
12 105968328 rs1526855 2.1148e-06
12 105978253 rs2711740 7.5022e-08
12 105988797 rs12809123  4.9094e-06
13 24093467 rs9507111 7.3597e-06 SACS-AS1,LINC00327,LOC101928839,SACS
TNFRSF19
13 24097260 rs9510764 7.3597e-06 SACS-AS1,LINC00327,LOC101928839,SACS
TNFRSF19
13 24097919 rs9507112 7.3921e-06 SACS-AS1,LINC00327,LOC101928839,SACS
TNFRSF19
13 24104109 rs9510765 6.0502e-06 LINC003827,LOC101928839,SACS, TNFRSF19
13 24106628 rs56365165  7.3594e-06 LINC00827,LOC101928839,SACS, TNFRSF19
13 24107140 rs67515305 7.3505e-06 LINC00827,LOC101928839,SACS, TNFRSF19
13 24108342 rs34835073  7.3431e-06 LINC00827,LOC101928839, TNFRSF19
13 24108666 rs34858081 7.3415e-06 LINC00827,LOC101928839, TNFRSF19
13 24116122 rs9317815 7.3597e-06 LINC00827,LOC101928839, TNFRSF19
13 24116554 rs4414331 7.3605e-06 LINC00827,LOC101928839, TNFRSF19
13 24118105 rs35017503 7.5179e-06 LINC00827,LOC101928839, TNFRSF19
14 82758463 rs709915 8.6409e-06
14 82768157 rs709918 9.0227e-06
14 82768387 rsl068199 8.9662¢-06
14 82778603 rsl457990 6.4433e-06
14 82779730 rsl457991 6.6371e-06
14 82782068 rsl1379682 6.6735e-06
14 82783803 rs8022433 5.854e-06
14 82785464 rs2199009 6.5582e-06
14 82785587 rs2199010 6.6402e-06
14 82787076 rs12897855 3.9545e-06
14 82787254 rs8023135 6.6556e-06
14 82795671  rs1457983 6.689e-06
16 26986280 rs12149060 7.2247e-06 C160rf82
16 26986654 rs4494544 7.2061e-06 C160rf82
16 26987784 rs9746000 6.8217e-06 C160rf82
16 26987999 rs10775282  6.8725e-06 C160rf82
16 26992254 rs12935709  8.2389e¢-06 C160rf82
16 26993216 rs6497981 8.5802e-06 C160rf82
17 77135561 rs12944841 8.4734e-06 RBFOXS3 LOC102723900,C1QTNF1,RBFOX3,ENGASE intron-variant
17 77136112 1rs12952828 6.2842e-06 RBFOXS3 LOC102723900,C1QTNF1,RBFOX3,ENGASE intron-variant
17 77136597 rs7214274 4.6637e-06 RBFOX3 LOC102723900,C1QTNF1,RBFOX3,ENGASE intron-variant

Chr= Chromosome

178



4.4 Genome-wide association study of persistence of serological immunity to
tetanus toxoid following immunisation - Stage 1

4.4.4.4 Classical human leukocyte antigen alleles

One hundred and fifty-four classical HLA alleles were imputed at four-digit resolution. The
results of association analysis between imputed HLA alleles and TT-specific IgG concentra-
tions are displayed in appendix Tabld[7.26 and the top 10 HLA alleles based upon p-value are
presented in Tabld}.5. None of the imputed HLA alleles were associated with TT-specific IgG
concentrations at the level for genome-wide significance. However, two alleles, HLA-DQB*0201
and HLA-DRB*0301, surpassed the level of statistical correction when accounting only for HLA
alleles tested (i.e. p<0.05/154).

Table 4.5: Top ten imputed human leukocyte antigen (HLA) alleles, based upon p-values, as-
sociated with tetanus toxoid (TT)-specific IgG concentrations in stage 1 of the genome-wide
association study of the persistence of serological immunity to TT.

HLA allele Estimate p-value
HLA-DQB1*0201 -0.1741 0.000107
HLA-DRB1*0301 -0.1656 0.00021f

HLA-B*3906 1.8050 0.00046
HLA-DRB1*1501 0.1454 0.00103
HLA-B*0801 -0.1342 0.00210
HLA-DQB1*0602 0.1324 0.00276
HLA-C*0702 0.1340 0.00375

HLA-DRB1*1101 0.2917 0.00443
HLA-DQA1*0102 0.1073 0.00593
HLA-B*0702 0.1238 0.00837
= significant, Bonferroni corrected for number
of HLA alleles, Estimate = 3 coefficient

4.4.5 Discussion

This section describes a GWAS to assess the relationship between genetic variants and the
persistence of TT-specific IgG, following childhood immunisation with T'T containing vaccines.
Genome-wide significance was achieved by five intergenic SNPs on chromosome 10. Further-
more, 111 SNPs in 10 genes displayed p-values suggestive of statistical association including
SNPs within MICB and HLA-DQA 1, which are annotated as having immune-related functions.

Genome-wide significant associations were found between SNPs present in an intergenic
region of chromosome 10 and the persistence TT-specific IgG concentrations following childhood

immunisations with TT-containing vaccines. Currently, the closest annotated transcribed RNA
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to this association signal is miRNA378C (~115kb) and the closest protein-coding transcript is
TCERGI1L (<250kb). Intergenic regions are assumed to have the smallest ratio of functional to
total DNA sequence; nevertheless, they can contain important regulatory sequences and 43%
of trait-associated SNPs (TAS) discovered from GWASs have been intergenic (219). Recent
data have shown the human genome to be pervasively transcribed and an increasing number
of functional non-coding RNAs are being described (343 344, [345). Moreover, lincRNAs (long
intergenic non-coding RNAs) are enriched for TAS compared to non-transcribed intergenic
regions (345). It may be the case that an uncharacterised non-coding RNA(s) underlie this
association; alternatively, this signal may originate from DNA based regulatory elements or
represent a false positive.

One hundred and eleven SNPs in 10 genes surpassed a suggestive level of association, these
included SNPs within MICB and HLA-DQA1, which are genes with annotated putative in-
volvement in immunity. MICB encodes MICB a stress-induced molecule that interacts with
natural killer (NK) cells, CD8" a3 T cells and ¢ T cells in manner independent of antigen
processing (346). Variants in MICB have previously been associated with immune-related phe-
notypes, type I diabetes and Behget’s syndrome (290, [347). HLA-DQA1 encodes a HLA class
IT alpha chain. HLA molecules present peptide to T-cells, resulting in the clonal expansion of
antigen-specific T cells and the generation of stimulatory factors required for T cell-dependent
B cell activation (55, p. 369-370). The HLA region is highly polymorphic and several GWASs
have found variants within this locus to be associated with immune-related phenotypes includ-
ing vaccine immunity (http://www.genome.gov/gwastudies/)). The complex structure of the
HLA region can make unequivocal fine-mapping of causal variants challenging (348, 349). As-
sociation signals may be due to one or more HLA allelic variants; alternatively, variants within
regulatory elements influencing HLA expression may be causal. Moreover, the HLA region is
gene rich and variants in non-HLA genes may also underlie association signals (349).

Imputation of classical HLA alleles did not elucidate any associations at the level of genome-

wide significance. However, two HLA alleles surpassed locus-specific correction for multiple

testing, HLA-DQB1*0201 and HLA-DRB1*0301. HLA-DRB1*0301 is distinct from the other
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major HLA-DRBI1 alleles both genetically and immunologically. HLA-DRB*0301 is unusual
in that this allele appears to have arisen from a recombination event between the 1 and 33
DR loci, and the hypervariable region more closely resembles products of the latter (350). The
HLA molecule encoded by HLA-DRB1*0301 has been shown to recognise a peptide motif that
is distinct from that recognised by the other major HLA-DRB1 alleles, which was demonstrated
by disparate contact residues to HLA-DR restricted peptides such as tetanus toxoid epitope
830-843 (350).

A study conducted in a small cohort of T'T vaccinees, using tetramer-guided epitope mapping
of a panel of 106 overlapping T'T heavy-chain peptides, found heterogeneous T-cell responses
for different class II alleles, with HLA-DRB1*0301 presenting the fewest antigenic TT peptides
of the five DR alleles assessed (351)). While the aforementioned study did not claim HLA-
DRB1*0301 to be less effective at presenting T'T, the previous section described an association
between this allele and lower T'T-specific IgG that could be explained by this allele recruiting
less TT-specific T-cell help. The HLA-DRB1*0301 allele has also been associated with increased
susceptibility to several autoimmune and allergic phenotypes, as well as lower HBsAg-specific
IgG concentrations following hepatitis B vaccine, supporting a generalisable difference in the
peptide binding preferences (352] 353, [354)).

Within the HLA region, the SNP with the greatest statistical evidence for association with
persistence of TT-specific IgG concentrations was an eQTL for HLA-DQA 1. Furthermore, data
from a HBV GWAS associated an eQTL for HLA-DPB1 with the magnitude of HBV-specific
IgG concentrations following vaccination (22] [71). These data implicate regulatory elements
within the HLA region in determining immune responses to vaccines.

Previous published data have associated variants within IL4R (rs1805010) and PSORS1C1
(rs3130454) with the magnitude of TT-specific IgG concentrations following infant vaccina-
tion (48] B340). In the study presented in this section, neither rs1805010 nor rs3130454 had
regression p-values suggestive of association with TT-specific IgG concentrations. However, it
is was worth noting that the rs3130454 regression statistic was p=0.001, with concordant effect

directionality to the aforementioned study. The disparity between these studies may relate to
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lack of statistical power due to modest sample sizes, differences in genetic marker set evaluated
and/or differences in the ancestries of the populations evaluated.

Twin study data have implied that the majority of the genetic determinants of TT-specific
immunity are non-HLA (7). While none of the non-HLA genes that contained SNPs with
p-values suggestive of association with TT-specific IgG concentrations were annotated with
immunological functions, this does not preclude their involvement in TT vaccine-induced im-
munity. Furthermore, these genes are unlikely to be comprehensively annotated and will have
functions that have not yet to be experimentally demonstrated. Moreover, SNP associations
may not relate to proximal protein-coding gene but may influence distal genes or non-coding
RNAs.

There are a number of factors that may have limited the power of this study to describe
SNPs influencing the persistence of TT-specific IgG concentrations following vaccination. In
particular, participant heterogeneity in terms of age at vaccination, TT vaccine regimen and
composition, as well as time since vaccination is likely to have considerably reduced power.
Furthermore, only a modest number of participants were analysed in this section, given the

level of statistical correction needed to account for multiple testing.

4.4.6 Conclusion

This section demonstrated genome-wide significant associations between SNPs present in an
intergenic region of chromosome 10 and TT-specific IgG concentrations following childhood
immunisation with TT-containing vaccines. Furthermore, a number of SNPs were found to
have suggestive levels of association with TT-specific IgG concentrations, including eQTLs for
MICB and HLA-DQA1. Furthermore, this section represents stage 1 of a two-stage GWAS,

and the most promising genetic markers are further evaluated in stage 2 (appendix 7.@.
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4.5 Pleiotropic loci associated with immunity to child-

hood immunisations

4.5.1 Background

The determinants of immunological responses to vaccines are not well understood. However,
correlations between serological responses to certain vaccine antigens suggest some factors may
have relatively generic effects (7, 355]). Infant responses to antigens present in the combination
DTaP-Hib vaccine have been shown to positively correlate, an observation that was thought
to be due to age-dependent immunological maturation (355, 356]). However, disparities in the
correlations between antigens argued against a simple ‘responsiveness’ trait due to immunolog-
ical maturation. The aforementioned studies, found a particularly close relationship between
IgG concentrations to Hib and its protein carrier T'T, implicating T cell help related to T'T in
determining the magnitude of immune response to TT and Hib (8| 355] 350).

In a further study, a strong correlation between TT- and DT-specific IgG concentrations
was observed following infant immunisations (7). Moreover, TT- and DT-specific IgG con-
centrations were shown to have a similar degree of heritability, leading to speculation that
factors responsible for their heritabilities may be shared between these two toxoid vaccines.
Conversely, despite serological responses to both HBV and OPV being highly heritable (>60%)
these measures poorly correlated, which could be interpreted as differing genetic factors influ-
encing responses to these disparate vaccines (7). This section compares serological responses to
three routine immunisations, and explores potential pleiotropy in serological immunity to these

vaccines.

4.5.2 Aim

The aim of this section was to explore pleiotropic loci involved in immunological responses to

different childhood immunisations.
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4.5.3 Materials and methods
4.5.3.1 Partipants

The subsequent section includes participants described in chapterB. Participants were included
in vaccine-immunity correlation analysis if two or more of the following were available: MenC-
specific SBA titres, MenC-specific IgG concentration, Hib-specific IgG concentration and TT-

specific IgG concentrations.

4.5.3.2 Vaccine immunity correlations

Pearson product-moment correlation coefficients (PPMCC) were calculated on each paired com-
bination of log;q transformed serological measures of vaccine-induced immunity: MenC-specific
SBA titres, MenC-specific IgG concentration, Hib-specific IgG concentration and TT-specific
IgG concentrations. Association tests assessed the alternative hypothesis that the test statistic

(PPMCC) was not equal to zero.

4.5.3.3 Pleiotropic analysis

SNPs associated with the persistence of serological immunity to MenC, Hib or TT at a p<1x10~*
were collated (subsections ‘3.3.4.5 [lmputation’, ‘4.3.4.3]Association analysis’ and ‘4.4.4.3]As-
sociation analysis’). Genetic loci for comparative analysis were defined by gene boundaries;

therefore, analysis was restricted to coding loci.

4.5.4 Results
4.5.4.1 Serology correlations

The correlations between the four serological measures of vaccine-induced immunity assessed
in this section are displayed in Figurd {.7. Pairwise analysis of these serological measures
showed statistically significant, positive, correlations between all serological measures. The two

serological measures with the largest correlation coefficient were PRP- and TT-specific 1gG
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concentrations with r=0.59. The two measures of MenC-specific immunity, SBA and IgG, had

a correlation coefficient of r=0.57.
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Figure 4.7: Matrix of scatter diagrams of the four serological measures of vaccine-induced immu-
nity. On the upper-panel are the scatterplots and on the lower-panel are the respective correlation
coefficients and p-values.
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4.5.4.2 Pleiotropic loci

The 301 genes containing SNPs associated (p<1x10~*) with one or more vaccine-induced sero-
logical measure are shown in Figurd 4.8. Nine of these genes were associated with more than
one vaccine-induced immunological measure (Figurel:|4.8). MenC-specific SBA titres and MenC-
specific IgG concentrations had the most shared associated genes (n=3). The gene set associ-
ated with TT-specific IgG concentrations had the fewest number of links (n=2) with the other
vaccine-induced serological measures.

Of the genes associated with more than one vaccine-induced immunological measure only
two, SRSF7 and RP11-115H18.1, displayed the same associated SNPs between these serological
measures (appendix Tabld[7.28). The associated SNPs within, SRSF7 and RP11-115H18.1,
displayed the same regression coefficient directionality and can be considered ‘correlated and
concordant’. If the statistical threshold is relaxed, so that SNPs with a p <1x1073 in a second
serological measure are considered associated; two further genes, PIWIL1 and DENNDIA,
share SNPs in a correlated and concordant manner (appendix Tabld [7.28). The associated
SNPs within remaining five genes did not overlap between serological measures, even at a
lenient threshold of p <0.05 (appendix TableD? .28). Therefore, these genes appear to contain
SNPs that are ‘non-correlated’ between serological measures and implicate different haplotypes

with the corresponding association signals.
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Figure 4.8: Circos plot illustrating genes containing single-nucleotide polymorphisms associated
(p <1x10~%) with one or more of four vaccine-induced serological measures. Data are included
from the stage 1 genome-wide association studies of persistence of capsular group C meningococci
specific (MenC)-specific IgG concentration, MenC-specific serum bactericidal titres, polyribosyl
ribitol phosphate (PRP)-specific IgG concentrations and tetanus toxoid (TT)-specific IgG con-
centration. Genes that are associated with more than of the serological measures assessed are
highlighted with links. Gene information was derived from a NCBI search of reference SNP (rs)
numbers, using ‘GetSNPInfo’ function in the ‘NCBI2R’ R package on build 37 of the human
genome (241)). This diagram was generated using Circos (http://circos.ca/). Note: MenC
SBA and MenC IgG are two measures of serological immunity to capsular group C meningococci.
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4.5.5 Discussion

In this section, statistically significant correlations were observed between MenC-specific SBA
titres, MenC-specific IgG concentrations, PRP-specific IgG concentrations and TT-specific IgG
concentrations, following childhood immunisations. Particularly close correlations were ob-
served between PRP- and TT-specific IgG concentrations, as well as between the two measures
of MenC-specific serological immunity. Nine genes contained SNPs associated with two or more
vaccine-induced serological measures; however, for the majority of these genes the associated
SNPs did not correlate.

The GWASs of MenC-specific SBA titres and MenC-specific IgG concentrations displayed
the greatest number of shared associated genes; however, this was only a minority of genes
associated with each of these serological measures. This observation may be partly due to
heterogeneity introduced by the MenC-specific [gG GWAS data arising from a subset of the
participants included in the MenC-specific SBA GWAS. Furthermore, the correlation between
MenC-specific IgG concentrations and MenC-specific SBA titres was modest, an observation
that is consistent with previous studies (158, 357). These data highlight the differences between
these two measures of MenC-induced serological immunity, which may be reflected in their
genetic determinants.

Despite the close correlation between PRP- and TT-specific [gG concentrations only one
gene, DENND1A, contained SNPs associated with both these measures. SNPs within PTPRD
were associated with both MenC-specific SBA titres and PRP-specific IgG concentrations. Al-
though this gene has not been annotated as having immunological functions, SNPs within this
gene have also been associated with rubella specific IFN-~v responses following MMR, vaccina-
tion (28). Furthermore, the putative murine homolog of PTPRD is expressed in the thymic
medulla and by B cells (358).

The genes containing the most statistically significant associated (p <1x107°) SNPs within
each of the GWASs did not overlap between vaccine-induced serological measures. This finding
is consistent with data from a large study into pleiotropic loci among immune-related diseases,

which suggested SNPs with the largest effect sizes tended to be phenotype-specific (258)). The
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interpretation of potentially pleiotropic loci is complicated by whether the same SNPs are
responsible for the associations or whether independent haplotypes underlie associations. In-
terestingly, despite the positive correlation between vaccine-induced serological measures, the
majority of SNPs within shared associated genes did not overlap.

This section utilised a relatively liberal association p-value threshold (p <1x107%), for in-
clusion in this exploratory analysis. However, as study sample sizes were modest, and statistical
power is likely to have varied considerably between vaccine GWASs, it is not possible to say
with certainty that loci that were not shared are not pleiotropic. Conversely, the statistical
cut-off used was not stringent enough to say with a high degree of confidence that shared genes
were not chance findings. Furthermore, comparative analysis was limited to SNPs within gene
boundaries, potentially missing pleiotropic non-coding functional elements.

There are data suggesting interactions between coadministered vaccines, which result in
altered immunological responses to one of more the components (359). A seminal study in this
area, demonstrated lower PRP-specific IgG concentrations following Hib-TT when coadmin-
istered with a tetravalent pneumococcal polysaccharide vaccine also conjugated to TT (359).
This effect was shown to be T'T dose dependent, with increasing TT content in the pneumo-
coccal vaccine resulting in decreasing PRP-specific IgG concentrations (359). This observation
raised concerns about immune interference due to the use of a common protein carrier, poten-
tially in a manner analogous to the phenomenon of carrier-induced epitope suppression (CIES).
CIES is defined as interference in antibody responses to a hapten conjugated to a carrier pro-
tein due to pre-existing immunity to the carrier protein (360). There are several theories of
the mechanisms underlying CIES; however, most of these data have been generated in animal
models using peptide haptens. In addition to pre-existing immunity to the carrier proteins,
infant immunisations present a scenario where conjugate and unconjugated carrier proteins are
delivered simultaneously, and it is not known whether analogous processes to CIES occur in
this context (360)).

Paradoxically, enhancement due to the use of a common protein carrier has also been ob-

served (201, 361)). Concomitant use of MenC-TT conjugate vaccine with DTP-Hib vaccine
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has been associated with increased PRP-specific IgG concentrations, compared to MenC-CRM
coadministration (201], 361)). Coadministration of vaccines can result in unpredictable immuno-
logical interactions, even when given at separate sites (201)). Interactions between vaccines add
another level of complexity to the determinants influencing vaccine responses, and pleiotropic

genes may also be involved in the mechanisms underlying these immune interactions.

4.5.6 Conclusion

This section detailed correlations between four measures of serological immunity to three vac-
cine antigens. Comparisons of GWAS data assessing the genetic determinants of serological
immunity to these vaccines highlighted nine genes with potentially pleiotropic roles in vac-
cine immunity. Further studies are needed to elucidate pleiotropic and vaccine-specific genetic

factors influencing vaccine-induced immunity:.

4.6 Chapter summary

This chapter described two-stage GWASSs of the persistence of Hib- and TT-specific IgG concen-
trations following childhood immunisation. This section detailed SNPs that were associated at
the level of genome-wide significance with the persistence of vaccine-induced immunity following
childhood immunisation. Furthermore, while stage 2 of this study has not yet been completed,
SNPs with p-values suggestive of association with the persistence of vaccine-induced immunity
were also described in number of loci that have putative involvement in immunity: FOXPI,
MICB, HLA-DQA1 and the immunoglobulin light chain lambda locus. The completion of stage
2 of this study may provide the power to demonstrate further statistical associations at the level
of genome-wide significance, and such findings would make excellent candidates for functional
evaluation. This chapter also highlighted a number of genes that may have pleiotropic roles in

the persistence of immunity to childhood immunisations.

190



Chapter 5

Transcriptomic analysis
following childhood influenza

vaccination

5.1 Overview of chapter

Influenza is an acute infection of the respiratory tract caused by three distinct segmented RNA
viruses: influenza A, B and C. The clinical course of infection is usually self-limiting; however,
more serious manifestations include bronchitis, secondary bacterial pneumonia or otitis media
in children, and in rare cases meningitis, encephalitis or meningoencephalitis (82)). In the UK,
influenza vaccine is currently offered to those >65 years of age, aged 2 or 3 years, as well as
those >6 months of age in at risk groups (82). The aim of this programme is to protect those
at highest risk of serious illness directly by vaccination as well as indirectly by reducing viral
transmission. The efficacies of influenza vaccines differ considerable by population and between
influenza seasons (362, 363). Current influenza vaccine recommendations vary by population
characteristics, e.g. the live attenuated vaccine is advocated for children aged 2 or 3 years,
and the inactivated vaccine is prescribed for those >65 years (82)). Enhanced understanding of

the determinants of influenza vaccine immunogenicity in both ‘risk” and ‘transmitting’ popula-
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tions may aid in development of improved vaccination strategies to reduce influenza associated
morbidity and mortality.

During the initial wave of the 2009 pandemic influenza A (HIN1) virus, up to 1 in 3 children
were infected in some regions (364). In addition to having the highest household transmission
rates, children were four times as likely to be admitted to hospital with suspected pandemic
influenza (365, 366, [367). The UK Department of Health purchased two monovalent pandemic
influenza vaccines for a national immunisation campaign, an AS03B adjuvanted split virion
vaccine and a non-adjuvanted whole virion vaccine. Early clinical trial data found the AS03B
adjuvanted influenza vaccine to be more immunogenic, but also more reactogenic, than the
non-adjuvanted vaccine in healthy children aged 6 months to 12 years (282). The pandemic
influenza vaccine was initially recommended as a two-dose regimen for children at high risk but
was subsequently reduced to a single-dose for all children aged 6 months to 5 years, following
review of early reactogenicity data (282).

In August 2010, anxieties were raised in Finland and Sweden regarding a possible link
between the AS03B adjuvanted pandemic influenza vaccine and narcolepsy among children and
adolescents (368, 369). Retrospective analysis of sleep centres and paediatric neurology centres
in England supported an association between the AS03B adjuvanted vaccine and an increased
risk of narcolepsy in childhood (370). While there remains a risk of confounders such as more
rapid referral of vaccinated individuals, these data suggest the AS03B adjuvanted pandemic
influenza vaccine was associated with an increased incidence of narcolepsy (369, 370} 37T]).

Contemporary transcriptomic approaches have transformed the way in which complex bio-
logical systems can be interrogated. The transcriptome contains the intermediary information
between protein coding DNA and protein, as well as a multitude of transcribed regulators.
Transcriptomic analysis has the potential to dissect the mechanisms of complex biological sys-
tems, as well as identify biomarkers of physiological or disease states. This chapter explores
coding and non-coding RNA profiles following childhood immunisation with influenza vaccine,
and attempts to relate these to vaccine immunogenicity and the mode of action of vaccine

adjuvants.
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5.1.1 Chapter aims

i) Characterise gene expression profiles in peripheral blood from children prior to and 21 days

after a single dose of trivalent inactivated influenza vaccine.

ii) Relate gene expression profiles following trivalent inactivated influenza vaccine to immuno-

genicity.

iii) Compare expression profiles following trivalent inactivated influenza vaccine in those who

previously received the ASO3B adjuvanted and non-adjuvanted pandemic influenza vaccine.

iv) Characterise microRNA profiles in sera of healthy children prior to and 21 days following

immunisation with pandemic influenza vaccine.

v) Assess microRNA profiles as a biomarker of immunogenicity following immunisation with

pandemic influenza vaccine.

vi) Compare microRNA profiles following AS03B adjuvanted and non-adjuvanted pandemic

influenza vaccines.

5.2 Gene expression following a single dose of seasonal

trivalent inactivated influenza vaccine

5.2.1 Background

A number of studies have investigated gene transcript profiles following influenza vaccination,
primarily focusing on the early gene signature evoked in peripheral blood following adult immu-
nisation with either LAIV (live attenuated influenza vaccine) or trivalent inactivated influenza
vaccine (TIV) (85, 87, 88, 197, [99). These studies have demonstrated a core set of differentially
expressed genes (DEGs) involved in inflammatory and antimicrobial responses that are altered
by both LAIV and TIV, as well as a number of genes that are specifically affected by one of
these vaccines (85, (87, 88| 99)).
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To date, gene expression studies have focused on the first few days after immunisation with
influenza vaccine, corresponding to innate immune responses; however, transcriptional events
occurring at later time points, coinciding with the induction of adaptive immunity, have not
been characterised (85, 87, [88], [99)). Additional studies are needed to describe genes involved
in these adaptive immune responses. This section describes a study assessing gene expression
profiles 21 days after a single dose of TIV in a cohort of healthy children, who had received a

2009 pandemic influenza vaccine the previous year.

5.2.2 Aim

The aim of this section was assess gene expression profiles in peripheral blood following TIV,

and to relate these to measures of vaccine immunogenicity.

5.2.3 Materials and methods
5.2.3.1 Participants

This study included healthy children (17 months and 13 years of age) enrolled in a clinical
trial to assess antibody persistence 1 year after receiving either the ASO3B adjuvanted or non-
adjuvanted pandemic influenza (HIN1) vaccine, as well the immunogenicity and reactogenicity
of a subsequent dose of seasonal TIV vaccine (372). Peripheral blood was collected into PAX-
gene™ RNA tubes pre-vaccination and 21 days following TIV (FigureﬂS.l). Thirty of the 323
children recruited into this clinical trial were selected for gene expression analysis (subsection

‘5.2.4.[Power calculations’).
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Figure 5.1: Study design for the assessment of differential gene expression following immunisation
with seasonal trivalent inactivated influenza vaccine (TIV). Participants had received two doses
of either AS03B adjuvanted or non-adjuvanted pandemic influenza (HIN1) vaccine the previous
year. Gene expression profiles were assessed pre-vaccination and 21 days after TIV.

5.2.3.2 Vaccine

Participants received a 0.5ml dose of Fluarix™ (GlaxoSmithKline Biologicals, UK), containing
inactivated split virion influenza virus propagated in fertilised hens’ eggs. This vaccine contained
15 pg of haemagglutinin antigen for each of the three seasonal influenza strains recommended by
the World Heath Organisation: A/California/7/2009 (H1N1)-derived strain, A /Perth/16/2009
(H3N2)-like strain, and B/Brisbane/60/2008.

5.2.3.3 Haemagglutination inhibition assay

Haemagglutination inhibition (HAI) assays were performed by the Centre for Infections Virus
Reference Department, Public Health England (London, UK), according to a standardised
method, using the NIBRG121 (NIBSC, UK) a reassortant vaccine strain from an A Califor-
nia/7/2009 virus (372, 373, 374)). Sera were pretreated with receptor destroying enzyme for
18 hours at 36 °C, followed by heat-inactivation for 1 hour at 56 °C. Sera were diluted in eight
twofold dilutions starting from 1:8, and incubated with haemagglutinin (HA) antigen suspen-

sion (4 haemagglutination units/25 pl) for 1 hour at room temperature. Then 25 ul of 0.5%
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turkey red blood cell suspension was added and further incubated for half an hour at room
temperature. Titres were assigned as the highest reciprocal dilution that induced complete
inhibition of haemagglutination. Samples that did not inhibit haemagglutination were assigned

titres of 4. Sera were tested in duplicate and the geometric mean value for each pair reported.

5.2.3.4 T cell assays

Ex vivo interferon-gamma (IFN-v) enzyme-linked immunosorbent spot (ELISpot) were per-
formed using fresh PBMCs, by Professor Sarah C. Gilbert’s laboratory, University of Oxford.
The methods and results of these ELISpots are described by Lambe et al 2012 (375)). In brief,
15 to 20-mer peptides pools, spanning the whole of pandemic 2009 HIN1 nucleoprotein (NP),
matrix protein 1 (M1) and nonstructural protein 1 (NS1) proteins, were used to stimulate
PBMCs. R10 was used as a negative control, and phytohemagglutinin (PHA) and staphylococ-
cal enterotoxin B (SEB) were used as positive controls. IFN-7y spot-forming cells were counted
after incubation at 37°C for 18-20 hours. Spot-forming units (SFUs) per million PBMCs were
calculated by subtracting the mean R10 negative control SFUs, and plates with fewer than

1000 SFUs in the positive control wells were excluded.

5.2.3.5 Whole blood RNA processing

Venepuncture was performed to collect 2.5 ml of peripheral blood into a PAXgene™ vacutainer,
and this was gently inverted several times. PAXgene™ tubes were left for a minimum of 2
hours at room temperature for RNA stabilisation, and then frozen within 24 hours at —20°C
to —=70°C. Total RNA was extracted from using the PAXgene™ Blood miRNA and total RNA
Kit (preanalytix, Switzerland), according to the kit handbook (May 2009 manual). Total RNA
concentrations were measured using a Nanodrop® (Thermo Fisher scientific, Massachusetts),
and diluted to between 25-100ng/ul. RNA QC was performed using a Bioanalyser® (Agilent,
Berkshire UK); the criteria for sample inclusion were RNA Integrity Number (RIN) >7, 285/18S
ribosomal RNA (rRNA) ratio >1.6 and an absorbance 260/280 nm ratio of 1.8-2.0.
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5.2.3.6 Microarray analysis

RNA samples were randomly allocated to a microarray on an IHlumina® Human HT12v4.0
Expression BeadChip, each of which contains 12 microarrays. RNA was converted into bi-
otin labelled cRNA and hybridised to a BeadChip microarray. Hybridised microarrays were
scanned using an Ilumina® iScan scanner. A gene expression project was created using the
Mlumina® GenomeStudio software, for further quality control. Microarray hybridisation and
scanning was conducted by the Wellcome Trust Centre for Human Genetics core facility (Ox-
ford, UK). Sample probe profile raw data were extracted from Mlumina® GenomeStudio ver-
sion 1.9.0. Negative background intensities for each array were subtracted from their respective

probe intensities prior to normalisation.

5.2.3.7 Normalisation

RNA microarrays simultaneously measure thousands of transcripts by quantifying the fluores-
cent intensity of hybridised dye-labelled transcripts and assume these to be proportional to the
abundance of gene transcripts. However, due to differences in sample handling, quantities of
starting RNAs and labelling efficiency, microarrays are not directly comparable. Therefore, it is
standard procedure to normalise microarray data to minimise the variance introduced by factors
that are not under investigation. Numerous microarray normalisation methods have been devel-
oped and the optimal normalisation method is highly dependent on experiment conditions (376]).
Four established normalisation methodologies were assessed in this section: Variance Stabili-
sation and Normalisation (VSN), Robust spline normalisation (RSN), median normalisation
and quantile normalisation. Microarray normalisation is described in more detail in appendix

subsection ‘7.7.1.2]Gene expression microarray normalisation’.

5.2.3.8 Probe filtering

The variability of measured intensity values increases as the fluorescent intensity decreases and
approaches background. Therefore, it is necessary to assess only probes that are confidently

above background. Microarray data were filtered to return probes that were significantly dif-
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ferent from their local background (detection p-value of less than 0.05) in at least 65% of all

the samples assessed, and only these probes were included in statistical analysis.

5.2.4 Statistical analysis
5.2.4.1 Power calculations

The power of a gene expression study is influenced by a number of factors including sample size,
distribution of effect sizes, study group variance, proportion of differentially expressed genes and
the acceptable error rate. Contemporary cDNA microarrays assess thousands of transcripts;
therefore, stringent correction for multiple testing needs to be undertaken. Typically the error
rate in microarray experiments is corrected by using a family-wise error rate (FWER) or a
false-discovery rate (FDR) approach. The FWER is the probability of making one or more
false positive errors, rejecting the null where an individual test has a type I error of o divided
by the number of tests, as proposed by Bonferroni. While this approach controls for type I
error at level a in a strong sense, it can be overly conservative and results in loss of power (377]).
FDR, proposed by Benjamini and Hochberg, is the expected proportion of false positives among
the tests that rejected the null hypothesis and it is argued to be a more sensible and powerful
approach in high-throughput data analysis (377). Consequently, the FDR approach is more
commonly used in gene expression studies than the FWER method.

In this report a procedure described by Liu et al 2007 was used to calculate required study
sample size (378)). In brief, estimates of the proportion of non-differentially expressed genes
and FDR are used to determine the ‘critical value’ with varying sample size. For a desired
power a required sample size can be calculated. Sample size calculations were computed in the
‘ssize.fdr’ R package (Figurdp.2) (379). A sample size of 30, paired pre- and post-vaccination
samples, was calculated to have >90% power to detect a 1.25 fold-change in gene expression
following vaccination with a false discovery rate of 0.05 (380). The variance value used in
this power analysis was calculated from a publicly available childhood gene expression dataset
downloaded from the Gene Expression Omnibus, further details are presented in appendix sub-

section ‘7.7.1.1[[Power calculations’. The 75™ percentile of the standard deviation of transcripts
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detected in this dataset was used as the generalisable standard deviation estimate, as suggested

by Wei et al 2004 (381).
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Figure 5.2: Effect of varying sample size and fold-change on the statistical power to detect
differentially expressed genes following trivalent inactivated influenza vaccine.

5.2.4.2 Linear regression analysis

A linear model was fitted with normalised expression of each probe as the response variable,
and each paired sample and vaccination status as predictors (Equation 5.1). The empirical
Bayes method was then used to generate moderated t-statistics, moderated F-statistics, and

log-odds of differential expression using the ‘eBayes’ function in the Limma R Package (382).

ImFit(expression of probe ~ sample pair + vaccination status) (5.1)

5.2.4.3 Significance Analysis of Microarrays

Significance Analysis of Microarrays (SAM) is a method of identifying differentially expressed
genes, proposed by Tusher et al 2001 (383)). Essentially this method assigns a score to each

probe based upon the differential expression relative to the standard deviation of the repeated
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measurements. Permuting the repeated measurements of each gene enables estimates of the
FDR. Analysis was completed within the ‘siggenes’ R package (384). The threshold for statis-

tical significance was set as a FDR <0.05.

5.2.4.4 Gene Set Enrichment Analysis

The results of microarray data can easily be ordered by statistical evidence. However, interpret-
ing this ranked list can be challenging; particularly if none of the genes surpass the statistical
significance threshold, or if there is a long list of statistically significant genes that embody
no obvious biological theme. Furthermore, single-gene analysis is unlikely to detect changes
in gene expression <20%, in the sample sizes typically investigated. Nevertheless, modest in-
dividual gene expression changes may amount to considerable changes at the gene set level if
several of these genes are within a particular pathway. In addition, it may be more informative
to compare gene sets between studies than individual genes as these may be more resistant to
methodological and analytical differences than single-gene analysis (385).

Gene Set Enrichment Analysis (GSEA) focuses on gene sets that share biological func-
tion or regulation (385, [386). The aim of this analysis is to aid interpretation of microarray
results by taking into consideration existing biological knowledge. GSEA uses published bio-
logical data collated from pathway and co-expression experiments to form an inventory of gene
sets (Molecular Signature Database, MSigDB). GSEA assesses whether genes within gene sets
show a relationship with the list of differentially expressed genes, ranked by differential expres-
sion (385). GSEA was carried out on the list of probes ranked by differential expression, from
most upregulated to most downregulated, using the Java based desktop application of GSEA
v2.0.14 (385, 380).

5.2.4.5 Ingenuity Pathway Analysis

Ingenuity® Pathway Analysis (IPA) is a commercially available software package (Ingenuity®
Systems, California) designed to aid interpretation of transcriptomics data. This pathway

and network analysis uses the Ingenuity® Knowledge Base, which is a large manually curated

200



5.2 Gene expression following a single dose of seasonal trivalent inactivated
influenza vaccine

collection of data from various experimental contexts (387). IPA was conducted to assess
potential biological relevance of gene expression data, using the web-based software package

(http://www.ingenuity.com).

5.2.4.6 Relationship between differential gene expression following trivalent inac-

tivated influenza vaccine and previous pandemic influenza vaccine

To assess whether differential gene expression following TIV was influenced by which of the
pandemic influenza vaccines was administered the previous year, a linear model was fitted
with logs fold-changes of each probe as the response variable and the previous years pandemic
influenza vaccine as a predictor variable (Equatio. The empirical Bayes method was used

to generate moderated t-statistics using the ‘eBayes’ function in the Limma R Package (382).

ImFit (logg(Transcript fold-change) ~ pandemic vaccine type) (5.2)

5.2.4.7 Relationship between differential gene expression following trivalent inac-

tivated influenza vaccine and immunological responses to TIV

The relationship between differential gene expression following TIV and the level of immuno-
logical response was interrogated using linear regression. A linear model was fitted with logs
fold-changes of each probe as the response variable and the post-vaccination log; transformed
immunogenicity measures, baseline log;y transformed immunogenicity measures, and the pre-

vious years 2009 pandemic influenza vaccine, as predictor variables. These linear models are

summarised in Equationd 5.3|[ 5.4l 5.5 and 5.6, The empirical Bayes method was used to

generate moderated t-statistics using the ‘eBayes’ function in the Limma R Package (382).

ImFit (logg (T'ranscript fold-change) ~ logio(post vaccination Haemagglutination Inhibition titres)

+ logio(baseline Haemagglutination Inhibition titres) + pandemic vaccz’ne)

(5.3)
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ImFit (logg (T'ranscript fold-change) ~ logio(post vaccination nucleoprotein ELISpots)
(5.4)

+ logip(baseline nucleoprotein ELISpots) + pandemic vaccine)

ImFit (logg (T'ranscript fold-change) ~ logio(post vaccination matrix protein 1 ELISpots)
(5.5)

+ logip(baseline matrix protein 1 ELISpots) + pandemic vaccine)

ImFit <logg (Transcript fold-change) ~ logip(post vaccination nonstructural protein 1 ELISpots)

+ logio(baseline nonstructural protein 1 ELISpots) + pandemic vaccine)

(5.6)
5.2.5 Results
5.2.5.1 Participant demographics

Three hundred and two participants were vaccinated as part of a multi-centre study to assess
antibody persistence 1 year after receiving either the AS03B adjuvanted or non-adjuvanted
pandemic influenza (HIN1) vaccine, as well the immunogenicity and reactogenicity of a sub-
sequent dose of seasonal TIV vaccine (372)). Ninety-nine participants were recruited by the
Oxford Vaccine Group. Participants were grouped into those aged 6 months to less than 3
years (younger group) and 3 to 12 years (older group) at the time they received the pandemic
influenza vaccine, as differences in immunogenicity and reactogenicity were observed between
these age-stratified groups (282)). Paired pre- and post-vaccination RNA PAXgene™ tubes were
available for 17 of the younger cohort and 40 of the older cohort. Therefore, microarray analysis
was restricted to the older cohort as this was a larger group and mixing the two groups may have
introduced greater heterogeneity. Of the 40 paired RNA PAXgene™ samples 23 had received
the adjuvanted vaccine and 17 the non-adjuvanted vaccine. Nine samples failed RNA QC met-
rics, five from the adjuvanted and four from the non-adjuvanted group. Thirty of the remaining
participants were randomly chosen for microarray analysis, composed of 18 participants who

had received the adjuvanted vaccine and 12 participants who had received the non-adjuvanted

vaccine. Study demographics are displayed in and appendix
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Table 5.1: Participant demographics in the study of peripheral blood gene expression profiles
following immunisation with seasonal trivalent inactivated influenza vaccine.

Demographic Details Value”
Ethnicity

Caucasian (%) 30(100)
Sex

Male (%) 14 (47)

Female (%) 16 (53)

Previous pandemic
influenza vaccine Adjuvanted (%) 18 (60)
Non-adjuvanted (%) 12 (40)
Age
Months (IQR) 122* (94-151)
Time since vaccination
Days (IQR) 21* (20-21)

# = number of children unless specified,” = median, IQR= interquartile range

5.2.5.2 Gene transcript microarray quality control

Rigorous QC protocols are needed to ensure the quality and reproducibility of microarray data.
As these experiments represent many thousands of data points, assessing the quality of each
datum individually is impractical. Therefore, several analytical methods are used to assess
performance and identify possible outliers. The QC described in this section were based on
variance-based statistical methods, whereby each datum is compared to the distribution of the
larger population.

Of the 47231 probes on the RNA microarray 16298 were detected in 65% of the whole blood
samples assessed and were included in statistical analysis. Box and whisker plots can be used
to visualise probe intensity distributions on a per microarray basis, and are useful in assessing
microarray normalisation. Box and whisker plots following each of the normalisation methods
evaluated are displayed in appendix subsection ‘7.7.1.2|Gene expression microarray normalisa-
tion’. It is a prerequisite for many statistical techniques, such as linear modelling, that probe

variance is stable over different expression values (376). Therefore, an optimally normalised
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microarray experiment should show little or no variance to mean expression dependence. Plots
of probe standard deviations versus ranked probe means following each of the normalisation
methods are presented in appendix subsection ‘7.7.1.9]Gene expression microarray normalisa-
tion’. Following review of box and whisker and standard deviations plots using four different
normalisation methods, robust spline normalisation (RSN) was selected as the method of choice.
The box and whisker, and standard deviations plots for RSN normalised probe intensities are

shown in Figurdp.3 and Figurdp.4, respectively.
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Figure 5.3: Box and whisker plots showing the distribution of robust spline normalised RNA
feature intensities, from the study of gene expression profiles following immunisation with trivalent
inactivated influenza vaccine. This plot summarises data from all 47231 probes. The boxes
represent the first, second (median) and third quartiles. The whiskers represent the rest of the
distribution, terminating at the maximum and minimum intensity values. V1= pre-vaccination;
V2= 21 days post-vaccination. (Note sample numbers have been anonymised 1 — 30)
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Figure 5.4: Standard deviations against the ranked mean probe intensities for robust spline
normalised RNA data, from the study of gene expression profiles following immunisation with
trivalent inactivated influenza vaccine. The red dots show the running median estimator, which
is approximately horizontal as there is little evident of standard deviation-mean dependence.

In addition to giving a broad view of sample normalisation, Figurdp.3 shows that two
of the post-vaccination samples (5_V2 and 11_V2) have a wider interquartile range of probe
intensities. Furthermore, while the density plots displayed in Figurd .5 shows most of the
samples follow a similar distribution, the two samples highlighted as having disparate box and

whisker plots display a relative abundance of lower intensity probes.
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Figure 5.5: Density of transcripts with varying robust spline normalised expression values for
each sample from the study of gene expression profiles following immunisation with trivalent
inactivated influenza vaccine. Pre-vaccination samples are coloured black and post-vaccination
are coloured red. These data have been filtered as described in subsection ‘5.2.3.8[|Pr0be filtering’

Hierarchical clustering analysis was conducted by the complete-linkage method using the
‘helust” function of the R ‘stats’ package (Figureﬂ5.6) (I53). This agglomerative clustering
approach assigns each sample to its own cluster and then iteratively joins the two most similar
clusters until there is only one cluster remaining. The tighter cluster is ordered to be on the
left of the subtree. A noteworthy feature of Figurd .6 is that for only six of the participants
did the pre- and post-vaccination samples cluster together. This is somewhat surprising as

samples from the same individual might be expected to display greater similarity than samples
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from other individuals. There was little evidence of samples clustering by treatment group,
so vaccination does not appear to explain this observation. Furthermore, there was no sign
of clustering by BeadChip (data not shown). The two samples (11-V2 and 5_V2) previously
identified as possible outliers again showed the greatest degree of dissimilarities, relative to the

rest of the samples.
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Figure 5.6: Hierarchical clustering of samples by robust spline normalised gene expression data,
in the study of gene expression profiles following trivalent inactivated influenza vaccine. These
data have been filtered as described in subsection ‘5.2.3.§Probe filtering’. V1= pre-vaccination;
V2= 21 days post-vaccination. (Note sample numbers have been anonymised 1 — 30)

The first and second principal components of RSN normalised gene expression data are plot-
ted in FigureDS.?. These were derived from principal components analysis (PCA) conducted

using the ‘prcomp’ function in the R ‘stats’ package (153). PCA is a method of finding pro-
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jections of maximum variability. The first PC accounts for the most variance followed by the

second PC and so on, with each subsequent PC being uncorrelated with previous PCs (388,

p. 304-305). Figureﬂ5.7 shows that the post-vaccination sample 11 lies some distance from the

other samples based on both the first and second principle component. The post-vaccination

sample 5 seems to be an outlier only on PC1 and clusters with the rest of the samples in PC2.

There is no clear separation of samples based up vaccination status.

PC2

B0

60

40

20

-20

1.v2
1.v2
10_V1
111
14 VA1
12 y2 18_VZ V1
2.1 151 21 V2
12V 2 V2 9 V1 52
28 V2 10 vz

27 V3 14 v2 A V2

M‘J?}@’? 7V2

28 V1 19 724"z
9
25 W1 B48lvs 1Bve OARWN 20 V2
- 303¥ig.va0 v3-V2 22 V2
211 43 @52\?1292\”
26282/
3 VB
42
22 V1
T T T T T T
40 20 0 20 40 50

PC1

Figure 5.7: The first two principal components of robust spline normalised gene expression data
in the study of gene expression profiles following immunisation with trivalent inactivated influenza
vaccine. These data have been filtered as described in subsection ‘5.2.3.§Probe filtering’. V1=
pre-vaccination; V2= 21 days post-vaccination. (Note sample numbers have been anonymised
1 —30).
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A heat map of between sample correlation coefficients is shown in Figurd .8, using the
‘heatmap.2’ function of ‘gplots’ R package (389). While the expression values of all samples are
highly correlated, the post-vaccination sample 11 is noticeably less well correlated with the rest
of the samples. As the QC procedure described in this section are derived solely from these data,
it is not easy to discern a cut-off where ‘outlier’ samples merit exclusion. Therefore, rather than
excluding samples, sensitivity analysis was conducted with and without the potential outlier

samples 5 and 11.
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Figure 5.8: Heat map of correlation coefficients between robust spline normalised gene expression
data for all of the samples assessed in the study of gene expression profiles following immunisation
with trivalent inactivated influenza vaccine. These data were filtered as described in subsection
‘5.2.3.@robe filtering’. V1= pre-vaccination; V2= 21 days post-vaccination. (Note sample
numbers have been anonymised 1 — 30).
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5.2.5.3 Linear regression analysis

A linear model was used to test for differential expression between participant paired pre- and
post-vaccination samples. A model matrix was created with contrasts coded using ‘dummy’
variables for each pair of samples and for vaccination status. A linear model was fitted to the
expression data for each probe with the design matrix variables as predictors by generalised
least squares, using the ‘lmFit’ function of the ‘limma’ R Package (382)). The empirical Bayes
method was then used to generate moderated t-statistics, moderated F-statistic, and log-odds
of differential expression using the ‘limma’ R package (382). The top 25 transcripts, ranked in
order of evidence of differential expression are shown in Tabldp.2. For sensitivity analysis, the
linear model was retested with the two possible outlier samples excluded, the top 25 transcripts
following this analysis are shown in appendix Tabld]7.29 and were similar to the results from

the total dataset, with nine of the top 25 transcripts being shared.

Table 5.2: The top 25 transcripts, ranked in order of statistical evidence for differential expres-
sion, 21 days following immunisation with trivalent inactivated influenza vaccine.

Gene ID LogoFC FC p-value FDR  Definition

GAPT -0.35 0.79 0.000019 0.31 GRB2-binding adaptor protein

GAPT -0.26 0.83 0.000312 0.67 GRB2-binding adaptor protein

SIT1 0.21 1.16  0.000345 0.67  signaling threshold regulating transmembrane adaptor 1
C140ORF/ 0.25 1.19 0.000368 0.67  chromosome 14 open reading frame 4

PGRMC1 -0.27 0.83 0.000474 0.67  progesterone receptor membrane component 1
XK -0.37 0.77  0.000522  0.67 X-linked Kx blood group (McLeod syndrome)
HS.282800 -0.28 0.82 0.000551 0.67 cDNA clone GLCBPHO07 3

TOR2A 0.19 1.14 0.000668  0.67  torsin family 2, member A

ARRDCS3 -0.23 0.85 0.000679  0.67  arrestin domain containing 3

WDR74 0.21 1.15 0.000710 0.67 PREDICTED: WD repeat domain 74

TLE/ -0.23 0.85 0.000749  0.67  transducin-like enhancer of split 4

MRPS5 0.18 1.13 0.000784  0.67 mitochondrial ribosomal protein S5

TSPAN2 -0.25 0.84 0.000836  0.67  tetraspanin 2

LOCS387882 -0.23 0.85 0.001130 0.67 hypothetical protein

NBN -0.21 0.86 0.001131 0.67 nibrin

LOC100132317 0.30 1.23  0.001150 0.67 PREDICTED similar to C200rf69 protein
RPL23AP13 0.26 1.20 0.001156 0.67 ribosomal protein L23a pseudogene 13
TMEMI173 0.19 1.14 0.001203 0.67  transmembrane protein 173

P2RY10 -0.23 0.85 0.001268 0.67  purinergic receptor P2Y, G-protein coupled, 10
RGS18 -0.35 0.78 0.001445 0.67 regulator of G-protein signaling 18

TRIP) -0.17 0.89 0.001516  0.67  thyroid hormone receptor interactor 4

TXN2 -0.17 0.89  0.001521 0.67 thioredoxin 2

FCER1A -0.45 0.73 0.001527 0.67  Fc fragment of IgE, high affinity I, receptor for; alpha polypeptide
PPM1A -0.28 0.82 0.001570 0.67  protein phosphatase magnesium-dependent 1A
LOC7T29580 0.22 1.16 0.001570 0.67 PREDICTED: hypothetical LOC729580 mRNA.

FC= Fold change, FDR= False discovery rate, ORF= open reading frame
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The results of linear regression analysis show that none of the probes surpassed the level of
statistical significance (FDR <0.05) when corrected for multiple testing (Tabldp.2). However,
the number of transcripts with a p-value <0.05 was 1198, which is 7.3% of the 16298 tests

conducted showing a small enrichment of smaller p-values. Thirteen probes had a p-values

<0.001 and 30 had a fold-change >1.25 (Figure[p.9).

-log10 p-value

log2 fold change

Figure 5.9: Volcano plot of fold-change and p-value of gene expression changes from baseline to
21 days post-vaccination with trivalent inactivated influenza vaccine. The violet lines show probes
with a fold-change of greater than 1.25 and the green dots indicate differentially expressed genes

a p-value <0.001
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5.2.5.4 Significance Analysis of Microarrays

Significance Analysis of Microarrays (SAM) is an alternative method for accounting for the
multiple corrections in microarray data analysis (383). SAM analysis was completed on paired
pre- versus post-vaccination samples, using the ‘sam’ function in the ‘siggenes’ R Package (384]).
The results of this analysis are displayed in Figurd .10, a single probe surpassed the level
of statistical significance (FDR <0.05) following corrections for multiple testing. This probe
corresponded to the GAPT gene, which was also the gene with the greatest statistical evidence

of differential expression from the linear regression analysis conducted using limma.
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Figure 5.10: Identification of differentially expressed genes in peripheral blood expression 21 days
after immunisation with trivalent influenza vaccine using the Significance Analysis of Microarrays
method (383). Displayed is the distribution of expected d(i) versus observed d(i), where d(i) =
relative differences. The hashed lines mark the delta (distance between observed and expected
test scores) corresponding to a FDR of 0.042. Probes with a FDR of <0.05 are highlighted in
green
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5.2.5.5 Gene Set Enrichment Analysis

GSEA was undertaken on the entire list of filtered probes, ranked by their log, fold-change
values. This analysis was carried out using ‘GseaPreranked’ tool in the Java based desktop
application of GSEA v2.0.14 (385 386). Analysis was completed using the 1910 gene sets
in the ‘c7:Immunological signature’ database identified from microarray experiments of gene
expression in immunological studies (http://www.broadinstitute.org/gsea/msigdb/index.
jsp).

GSEA found 12/1910 and 148/1910 gene sets were upregulated and downregulated 21 days
post-vaccination (FDR <0.05), respectively. The top 25 upregulated and downregulated gene
sets from this GSEA are displayed in Tabldp.3 and Tabld.4. The top 4 enrichment plots for
differentially upregulated and downregulated gene sets are presented in appendix Figurd]7.21
and appendix Figurd[7.22, respectively.

The gene sets included in GSEA were derived from a variety of immunological experiments
and not all members may be involved in a particular biological process. Genes shared between
many of the high-scoring gene sets may be the most informative. Leading-edge analysis extracts
the genes in each of the gene sets that contribute to its enrichment score (385)). Leading-edge
genes shared between four or more of the top 25 upregulated and downregulated genes sets
(ranked by their enrichment score) following TIV are shown in FigureﬂS.ll and Figur(ﬂ5.12,
respectively. Eighty-six leading edge genes were present in four or more of the upregulated gene

sets (Figure[b.ll), only 18 genes were shared to this degree in the downregulated gene sets

(Figurd p.12).
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Table 5.3: Top 25 upregulated gene sets 21 days post-vaccination with trivalent inactivated in-
fluenza vaccine, generated using Gene Set Enrichment Analysis. False discovery rates and p-values
were deduced by comparing the enrichment score of each gene set on the ranked experimental data

set to 1000 permutations of the unranked experimental data set.

Gene set name Size  FDR g-value FWER p-value
GSE22886: TCELL VS BCELL NAIVE UP 182 0.052 0.086
GSE9006: TYPE 1 VS TYPE 2 DIABETES PBMC AT DX UP 172 0.038 0.123
GSE13485: DAY1 VS DAY3 YF17D VACCINE PBMC UP 20 0.053 0.239
GSE18791: UNSTIM VS NEWCATSLE VIRUS DC 1H UP 37 0.042 0.246
GSE17974: CTRL VS ACT IL4 AND ANTI IL12 0.5H CD4 TCELL UP 62 0.037 0.266
GSE6269: FLU VS E COLI INF PBMC UP 138 0.036 0.298
GSE6269: HEALTHY VS FLU INF PBMC DN 134 0.032 0.307
GSE29618 LAIV VS TIV FLU VACCINE DAY7 MONOCYTE DN 117 0.030 0.328
GSE360: L DONOVANI VS B MALAYI HIGH DOSE MAC DN 157 0.031 0.372
GSE6269: E COLI VS STREP AUREUS INF PBMC DN 148 0.034 0.433
GSE22886: NAIVE CD4 TCELL VS MEMORY TCELL UP 98 0.033 0.461
GSE13485: DAY1 VS DAY7 YF17D VACCINE PBMC UP 26 0.043 0.569
GSE22886: CD4 TCELL VS BCELL NAIVE UP 182 0.045 0.615
GSE37416: CTRL VS 0OH F TULARENSIS LVS NEUTROPHIL UP 74 0.047 0.666
GSE2706: LPS VS R848 AND LPS 2H STIM DC UP 70 0.061 0.784
GSE3982: DC VS NEUTROPHIL LPS STIM DN 114 0.067 0.834
GSE24634: TEFF VS TCONV DAY5 IN CULTURE DN 166 0.072 0.875
GSE1341:1 IGM VS SWITCHED MEMORY BCELL UP 64 0.069 0.882
GSE9006: HEALTHY VS TYPE 2 DIABETES PBMC AT DX UP 172 0.067 0.884
GSE20715: WT VS TLR4 KO 24H OZONE LUNG DN 127 0.064 0.885
GSE13306: RA VS UNTREATED TCONV UP 117 0.062 0.890
GSE26495: NAIVE VS PD1LOW CD8 TCELL UP 118 0.060 0.892
GSE3982: BCELL VS BASOPHIL UP 129 0.061 0.907
GSE22886: CD8 TCELL VS BCELL NAIVE UP 186 0.060 0.908
GSE17974: CTRL VS ACT IL4 AND ANTI IL12 1H CD4 TCELL UP 117 0.065 0.934

Gene sets are detailed in the Molecular Signatures Database (http://www.broadinstitute.org/gsea/msigdb/genesets.jsp?collection=C7)

FDR= false discovery rate, FWER= family wise-error rate
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Table 5.4: Top 25 downregulated gene sets 21 days post-vaccination with trivalent inactivated in-
fluenza vaccine, generated using Gene Set Enrichment Analysis. False discovery rate and p-values
were deduced by comparing the enrichment score of each gene set on the ranked experimental
data set to 1000 permutations of the unranked experimental data set.

Gene set name Size  FDR g-value FWER p value
GSE13485: DAY1 VS DAY21 YF17D VACCINE PBMC DN 138 0.001 0.001
GSE34205: RSV VS FLU INF INFANT PBMC UP 93 0.048 0.067
GSE13485: CTRL VS DAY1 YF17D VACCINE PBMC UP 142 0.053 0.110
GSE26928: EFF MEM VS CENTR MEM CD4 TCELL DN 87 0.043 0.119
GSE2706: R848 VS R848 AND LPS 8H STIM DC DN 103 0.071 0.234
GSE15750: DAY6 VS DAY10 EFF CD8 TCELL UP 94 0.064 0.252
GSE3982: NEUTROPHIL VS BASOPHIL DN 159 0.057 0.260
GSE339: EX VIVO VS IN CULTURE CD4POS DC DN 135 0.050 0.261
GSE9037: WT VS IRAK4 KO BMDM UP 125 0.048 0.275
GSE1460: CD4 THYMOCYTE VS NAIVE CD4 TCELL ADULT BLOOD UP 151 0.049 0.304
GSE22886: NAIVE CD4 TCELL VS MEMORY TCELL DN 159 0.047 0.319
GSE3982: BASOPHIL VS EFF MEMORY CD4 TCELL UP 163 0.043 0.321
GSE17721: POLYIC VS CPG 0.5H BMDM DN 132 0.048 0.377
GSE29617: CTRL VS DAY7 TIV FLU VACCINE PBMC 2008 UP 122 0.045 0.379
GSE1460: NAIVE CD4 TCELL CORD BLOOD VS THYMIC STROMAL CELL DN 141 0.043 0.383
GSE1460: CD4 THYMOCYTE VS NAIVE CD4 TCELL CORD BLOOD UP 163 0.040 0.383
GSE3982: MAST CELL VS NKCELL UP 133 0.039 0.388
GSE10239: NAIVE VS DAY4.5 EFF CD8 TCELL DN 133 0.037 0.393
GSE26928: CENTR MEMORY VS CXCR5 POS CD4 TCELL DN 113 0.036 0.398
GSE29615: DAY3 VS DAY7 LAIV FLU VACCINE PBMC DN 86 0.034 0.398
GSE39820: CTRL VS TGFBETAI1 IL6 IL23A CD4 TCELL UP 143 0.032 0.400
GSE8515: CTRL VS IL6 4H STIM MAC UP 115 0.031 0.400
GSE14000: TRANSLATED RNA VS MRNA 4H LPS DC UP 154 0.030 0.407
GSE17974: CTRL VS ACT IL4 AND ANTI IL12 0.5H CD4 TCELL DN 112 0.030 0.412
GSE20366: TREG VS NAIVE CD4 TCELL DEC205 CONVERSION DN 97 0.029 0.418

Gene sets are detailed in the Molecular Signatures Database (http://www.broadinstitute.org/gsea/msigdb/genesets.jsp?collection=C7)

FDR= false discovery rate, FWER= family wise-error rate

The results of the leading-edge analysis of genes upregulated following TIV vaccination
highlighted a high degree of overlapping genes in a group of experiments classifying genes that
were upregulated in T cells compared to myeloid cells, monocytes, NK cells and naive B cells
(Figure|]5.11). Analysis of genes downregulated following TIV showed sharing of leading-edge
genes between gene sets downregulated in naive T cells compared to CD4" T cells and CD8*
effector T cells. Furthermore, another cluster of leading-edge genes were shared between a

number of gene sets catalogued by human vaccine studies (Figureﬂ5.12).
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gene sets 21 days after immunisation with trivalent inactivated influenza vaccine. Red squares are

used to denote relationship between leading edge gene and gene set.
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5.2.5.6 Ingenuity Pathway Analysis

The results of the linear regression analysis were filtered for probes with p-value <0.015, a

threshold selected to result in a suitable number of genes for the IPA (n=286). This probe list

was loaded into the IPA (Ingenuity® Systems, California) software package, mapped to the

IPA Knowledge Base® and used to form de novo networks and assess for overrepresentation of

members of canonical pathways. Networks were formed from the uploaded ‘seed’ genes using

interconnected molecules assembled by the IPA network algorithm. The most highly connected

molecules were consolidated into networks, the details of which are found in Tabldp.5. Several

of these networks contained overlapping genes and the relatedness of these networks is shown

in appendix Figurd[7.23. The top three networks are related to cellular development and

proliferation, haematological development and function, and the humoral immune response.

Table 5.5: Top networks identified using Ingenuity® Pathway Analysis on a list of probes with
p-values <0.015 for differential expression 21 days after immunisation with trivalent inactivated

influenza vaccine.

Rank Score Molecules Description

1

© 00 N O U WN

e e el e
N O Ut W N = O

38
36
32
31
27
27
25
25
24
23
23
21
21
20
19
14
9

23
22
20
20
18
18
17
17
17
16
16
15
15
15
16
11
8

Cellular Development, Cellular Growth and Proliferation, Cell Cycle

Haematological System Development and Function, Haematopoiesis, Tissue Morphology

Humoral Immune Response, Protein Synthesis, Cellular Function and Maintenance

Cancer, Haematological Disease, Organ Development

Cell-To-Cell Signalling and Interaction, Haematological System Development and Function, Haematopoiesis
Lipid Metabolism, Small Molecule Biochemistry, Vitamin and Mineral Metabolism

Dermatological Diseases and Conditions, Endocrine System Disorders, Haematological Disease

Cell Cycle, Visual System Development and Function, Cell Death and Survival

Carbohydrate Metabolism, Lipid Metabolism, Small Molecule Biochemistry

Hereditary Disorder, Neurological Disease, Psychological Disorders

Connective Tissue Disorders, Developmental Disorder, Gastrointestinal Disease

Metabolic Disease, Neurological Disease, Organismal Injury and Abnormalities

Cellular Development, Cellular Growth and Proliferation, Haematological System Development and Function
Nervous System Development and Function, Organ Morphology, Developmental Disorder

Embryonic Development, Organ Development, Organismal Development

Cell Morphology, Cell-mediated Immune Response, Cellular Movement

Cellular Movement, Immune Cell Trafficking, Haematological System Development and Function

The top three networks were merged and the IPA Molecule Activity Predictor (MAP) tool

was used to predict potential downstream effects using the changes in expression seen in the

‘seed’ genes (FigureﬂB.lB). This merged network contained a number of immunological genes and

the IPA MAP tool predicted effects on various downstream immunological complexes including

the CD8 receptor, B cell receptor (BCR) complex, IgM, IgA, IgG3 and IgE (Figurdp.13).
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Figure 5.13: Composite network created by merging the top three networks following Ingenuity®
Pathway Analysis (IPA) of peripheral blood gene expression profiles 21 days after immunisation
with trivalent inactivated influenza vaccine. The Molecule Activity Predictor tool of the TPA
package was used to predict downstream effects. The relationships between components have
been removed for ease of viewing.
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Fisher’s exact test was used to assess the relationship between DEGs (p-value <0.015)
following TIV and gene pathways annotated in the Ingenuity® Knowledge Base (Tableﬂ5.12).
Generally the theme of functional annotations associated with these data relate to the quantity
of haematopoietic progenitors, as well as leukocytes and lymphocytes trafficking and apoptosis

(Tabldp.6).

Table 5.6: The 25 Ingenuity® Knowledge Base functional pathways with the greatest enrichment
scores in the list of genes differentially expressed following immunisation with trivalent inactivate
influenza vaccine at p <0.015.

Category Disease or functional annotation p-value z-score Molecules
Cancer precursor T-cell lymphoblastic leukemia-lymphoma 0.00004 7
Haematological Disease precursor T-cell lymphoblastic leukemia-lymphoma 0.00004 7
Immunological Disease precursor T-cell lymphoblastic leukemia-lymphoma 0.00004 7
Haematological Development and Function quantity of haematopoietic progenitor cells 0.00005 0.731 20
Haematopoiesis quantity of haematopoietic progenitor cells 0.00005 0.731 20
Tissue Morphology quantity of haematopoietic progenitor cells 0.00005 0.731 20
Cell Death and Survival apoptosis of blood cells 0.00006 0.287 21
Cancer tumourigenesis of thyroid gland tumour 0.00010 3
Endocrine System Disorders tumourigenesis of thyroid gland tumour 0.00010 3
Cell Death and Survival apoptosis of fibroblast cell lines 0.00011 -0.893 16
Cell Morphology cell spreading of lymphocytes 0.00018 -0.152 4
Cell Death and Survival apoptosis of leukocytes 0.00018 0.753 19
Cell Death and Survival apoptosis of mononuclear leukocytes 0.00018 0.792 16
Cell Death and Survival cell death of blood cells 0.00020 0.311 25
Haematological Development and Function quantity of mononuclear leukocytes 0.00023 1.073 26
Tissue Morphology quantity of mononuclear leukocytes 0.00023 1.073 26
Cell Death and Survival cell death of mononuclear leukocytes 0.00027 0.398 17
Cellular Assembly and Organisation fusion of vesicles 0.00029 6
Haematological Development and Function quantity of lymphocytes 0.00029 0.930 25
Tissue Morphology quantity of lymphocytes 0.00029 0.930 25
Cancer incidence of adenoma 0.00031 1.741 6
Cancer tumourigenesis of liver tumour 0.00031 0.816 6
Gastrointestinal Disease tumourigenesis of liver tumour 0.00031 0.816 6
Hepatic System Disease tumourigenesis of liver tumour 0.00031 0.816 6
Cancer arrest in G1 phase of tumour cells 0.00034 3

5.2.5.7 Relationship between differential gene expression following trivalent inac-

tivated influenza vaccine and previous pandemic influenza vaccine

A linear model was used to assess the relationship between the fold-change in gene expression
following TIV and the pandemic influenza vaccine received the previous year. There were
no statistically significant relationships between differential gene expression following TIV and

which of the pandemic vaccines was administered the previous year, when corrected for multiple

testing (Tabld p.7).
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The TPA networks analysis generated using genes with p-values less than <0.015 in the
linear regression model between gene fold-change following TIV and the pandemic influenza
vaccine received are shown in appendix Tabld[7.38, none the IPA canonical pathways showed

statistically significant enrichment.

Table 5.7: The 25 transcripts with the most statistical evidence of a relationship between fold-
change following immunisation with trivalent inactivated influenza vaccine and which of the pan-
demic vaccines was administered the previous year (adjuvanted versus non-adjuvanted).

Gene t-value p-value

OPNS3 3.84 0.000507
TNFRSF12A -3.78 0.000593
IFT88 3.64 0.000894
HS.583888 3.49 0.001358
FLJ45032 -3.28 0.002377
ZNF839 -3.23 0.002731
RAD50 -3.18 0.003071
N6AMT1 3.12 0.003683
HIST3H2A 3.10 0.003808
DSCAM -3.10 0.003882
LOC729798 3.09 0.003969
SCNN1D -3.08 0.004055
MANEA 3.07 0.004129
UBTD2 3.02 0.004733
ANTXR2 -3.01 0.004925
HS.572538 2.99 0.005076
TUFT1 -2.97 0.005359
TP53BP1 -2.92 0.006119
LRRC57 -2.91 0.006302
NFATC3 -2.89 0.006634
LOC649169 2.89 0.006665
PHF20 -2.87 0.006924
LOC653344 2.87 0.006935
HS. 156773 2.87 0.006971
HLA-C -2.85 0.007260

5.2.5.8 Relationship between differential gene expression following trivalent inac-

tivated influenza vaccine and immunological responses to TIV

A linear model was used to assess for a relationship between fold-changes in gene expression
following TIV and post-vaccination HAI titres. The 25 genes with the most statistical evidence
for a relationship with post-vaccination HAT titres are shown in Tabldp.8. TPA networks were
generated using genes with fold-changes that associated (p <0.015) with post-vaccination HAI
titres are shown in appendix Tabld]7.31 and the enriched canonical pathways are shown in Fig-

urdp.14. The most statistically associated IPA canonical pathway was the antigen presentation
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pathway; within this pathway the downregulation of HLA-DRB4, HLA-DQBI1, HLA-DRBS,
HLA-DRB1, HLA-F and PSMBY9 were associated with greater post-vaccination HAI titres.

Table 5.8: The 25 genes with the most statistical evidence of a relationship between fold-change
21 days following immunisation with trivalent inactivated influenza vaccine and haemagglutination
inhibition assay titres.

Gene t-value p-value Description

HSP90AA1 3.89 0.000464  heat shock protein 90kDa alpha (cytosolic), class A member 1
SCAND1 -3.70 0.000794  similar to basic-leucine zipper transcription factor MafG
CY9ORF718 3.44 0.001597  chromosome 9 open reading frame 78

SLC35B4 3.44 0.001598  solute carrier family 35 (UDP-xylose/UDP-N-acetylglucosamine transporter), member B4
C9ORF85 3.40 0.001799  chromosome 9 open reading frame 85

HLA-DRB3 -3.40 0.001800 major histocompatibility complex, class II, DR beta 3
CETN3 3.39 0.001837  centrin, EF-hand protein, 3

TAX1BP1 3.36 0.001990  Taxl (human T-cell leukemia virus type I) binding protein 1
TNFSF15 -3.32 0.002260  tumor necrosis factor (ligand) superfamily, member 15
ACSF2 -3.30 0.002379  acyl-CoA synthetase family member 2

TDRD1 -3.28 0.002473  tudor domain containing 1

LOC644132 -3.26 0.002628  similar to basic-leucine zipper transcription factor MafG
RGS18 3.25 0.002701  regulator of G-protein signaling 18

C9ORF89 -3.22 0.002889  chromosome 9 open reading frame 89

HS.576633 -3.21 0.002999

GIYD1 -3.20 0.003064  SLX1 structure-specific endonuclease subunit homolog A
ZNF577 -3.17 0.003334  zinc finger protein 577

LOC100181644 -3.15 0.003490

PPMI1K -3.15 0.003492  protein phosphatase, Mg2+/Mn2+ dependent, 1K
TAX1BP1 3.14 0.003581  Taxl (human T-cell leukemia virus type I) binding protein 1
USP16 3.14 0.003581  ubiquitin specific peptidase 16

LOC653079 3.12 0.003792 RPL21P98 ribosomal protein L21 pseudogene 98

DHRS9 -3.11 0.003834  dehydrogenase/reductase (SDR family) member 9

DLEU7 3.11 0.003855  deleted in lymphocytic leukemia, 7

HLA-DRB1 -3.09 0.004120  major histocompatibility complex, class II, DR beta 1
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Figure 5.14: The most enriched canonical pathways following Ingenuity Pathway Analysis (IPA)
of genes fold-changes 21 days following trivalent inactivated influenza vaccine associated (p<0.015)
with haemagglutinin assay inhibition titres following immunisation. The threshold displayed is
based upon a false-discovery rate of <0.05. B-H p-value = Benjamini-Hochberg p-value, ratio=
ratio IPA entry list genes in canonical pathway compared to the full list of genes annotated within
the canonical pathway.

A linear model was used to assess for a relationship between changes in gene expression
following TIV and post-vaccination T cell responses. The 25 genes with the most statistical
evidence of a relationship with T cell responses to each of the three influenza protein assessed
are shown in appendix Tabled[7.32, [[7.34 and [[7.36. IPA networks generated using genes with

fold-changes that associated (p<0.015) with post-TIV T cell responses are shown in appendix
Tableq[7.33,[[7.35 and[]7.37.
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5.2.6 Discussion

This section assessed whole blood RNA profiles pre- and post-vaccination with TIV, in a co-
hort of healthy children who received either the AS03B adjuvanted or non-adjuvanted 2009
pandemic influenza (HIN1) vaccine the previous year. Individual gene based analysis displayed
little evidence of DEGs 21 days after TIV, with only one gene surpassing the level of statistical
significance. On the other hand, gene set and pathway based analysis implied considerable
differences between pre- and post-vaccination gene regulation. No statistically significant rela-
tionships were demonstrated between gene profiles 21 days after TIV and which of the pandemic
influenza vaccines were administered the previous year.

There were two particular limitations to this study that may explain the paucity of statisti-
cally significant DEGs observed in the single-gene analysis. Firstly, while T cell data from these
children showed significant increases in influenza-specific T cell responses 21 days following vac-
cination and previous studies have shown increases in influenza-specific memory B cells 3 weeks
post-TIV, the transcriptional changes associated with these adaptive immune responses may
be relatively subtle in unstimulated whole blood samples (375 390). Secondly, transcriptional
changes in whole blood samples may be masked by the noise associated with this complex fluid.
While assessing whole blood may be beneficial to minimise sample handling artefact caused
by processing steps such as gradient or magnetic separation, amplified RNA extracted from
whole blood contains a high proportion of globin messenger RNA that can reduce the efficiency
of microarrays by interfering with the detection of less abundant transcripts (391, 392). For
example TNFRSF17, the expression of which in PBMC has previously been shown to correlate
with TIV and YF-17D responses, was not detectable in whole blood in this study (84 [85]).
There are some data suggesting that reduction of globin mRNA levels prior to microarray hy-
bridisation improves the sensitivity of microarray expression profiling assays using whole blood
samples (393)).

To date, the majority of vaccine transcriptomic studies have focused on early transcriptional
profiles associated with innate immunity, and few have assessed later onset transcriptional

responses coinciding with adaptive immunity (84 [85] 87, [88], 90} 01}, 97, 99, 104, 394)). However,
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a study evaluating peripheral whole blood 1, 3 and 14 days after TIV found the greatest number
of DEGs at day 14 (88)). Furthermore, another study described a differentially regulated gene
module in whole blood 21 days after TIV (87)).

In the study detailed in this section, GAPT was the only DEG (FDR < 0.05) in single-
probe analysis. This gene encodes GRB2-binding adaptor protein transmembrane (GAPT),
which is expressed by B cells and myeloid cells (395). This adapter protein binds growth factor
receptor-bound protein 2 (GRB2), which links surface growth factor receptors and the RAS
signalling pathway (396). GRB2 has been shown to be involved in a number of biological pro-
cesses including T and B cell receptor signalling (395, 396 [397). GAPT is not phosphorylated
upon BCR ligation, but constitutively binds GRB2 via a proline-rich region on its cytoplas-
mic tail (395). In mice, deletion of the GAPT does not affect RAS/MAPK activation upon
BCR stimulation; however, B cells from GAPT~/~ mice show hyperresponsiveness following
BCR stimulation (395). GAPT is believed to negatively regulate B cell proliferation following
stimulation via the BCR and might also have a role in the maintenance of marginal zone B
cells (395)). Interestingly, GAPT has also been shown to be differentially expressed in peripheral
whole blood following adult immunisation with TTV (88).

The results of the individual probe based analysis showed little evidence of DEGs, suggesting
differences between baseline and day 21 post-vaccination may be modest relative to experimen-
tal noise. GSEA is an alternative to individual gene based approaches, looking for non-random
relationships between gene set membership, determined by common biological function, and
the ranked statistical distribution (385). This approach may be advantageous if changes at the
single-gene level are subtle but many genes within a gene set show changes in expression. Un-
like single-gene based analysis, GSEA suggested considerable transcriptional changes in whole
blood 21 days after vaccination with TIV. GSEA found more downregulated than upregulated
gene sets following vaccination, 148 and 12 respectively. Leading-edge analysis identified a core
set of upregulated genes associated with T cells compared to myeloid cells, NK cells and naive
B cells. Furthermore, leading-edge analysis found a core set of downregulated genes that have

previously been shown to be downregulated in PBMCs taken from human volunteers within a
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week of immunisation with TIV, LAIV or YF-17D (84, [85]).

Pathway analysis is another way of incorporating existing biological knowledge of gene-gene
interactions and molecular pathways to increase power of transcriptomic studies. The de novo
pathways formed using the IPA MAP tool suggested the gene expression changes induced by
TIV could have downstream effects on the CDS8 receptor, BCR complex, IgM, IgA, IgG3 and
IgE formation. The list of genes with most evidence of differential expression were enriched
for genes with functional annotations related to the quantity of haematopoietic progenitors,
leukocytes and lymphocytes, as well as their trafficking and apoptosis.

There were no genes with fold-changes that had statistically significant associations with
HAT titres post-vaccination with TIV. However, IPA suggested a relationship between fold-
changes in genes involved in several immunological canonical pathways including antigen presen-
tation pathway, communication between innate and adaptive immune cells and OX40 signalling
pathway, with post-TIV HAI titres. The most significant IPA canonical pathway highlighted
was the antigen presentation pathway, with the downregulation of HLA-DRB/, HLA-DQB1,
HLA-DRB3, HLA-DRB1, HLA-F and PSMB9 21 days after TIV being associated with greater
HAIT titres. Interestingly, early upregulation of the antigen presentation pathway has previously

been associated with greater HAIT titres following TIV (88)).

5.2.7 Conclusion

While this section only demonstrated one gene that was statistically differentially expressed
21 days after immunisation with TIV, gene set and pathway based analysis alluded to more
substantial transcriptional changes at this time point. These data suggest differential gene
expression in whole blood 21 days after childhood immunisation with TIV is subtle at the
individual gene level, compared to previous studies assessing earlier time points in adults.
Research with greater power to detect changes at later time points associated with adaptive
immune responses to vaccines may require larger numbers of participants, recall stimulus or the

characterisation of enriched cell subsets.
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5.3 Assessment of serum microRNA following childhood

immunisation with pandemic influenza vaccine

5.3.1 Background

MicroRNAs (miRNAs) are a family endogenous 21-25 nucleotide non-coding RNAs that bind
the 3’ untranslated region (UTR) of mRNA and have been shown to regulate gene expression
in a sequence specific manner (398, [399). The current model of miRNAs synthesis includes two
processing events: 1) nascent pri-miRNA transcripts are processed into ~70-nucleotide pre-
miRNA by Drosha and DiGeorge syndrome critical region 8 (DGCRS) within the nucleus, 2)
pre-miRNA is transported to the cytoplasm and cleaved by Dicer to generate ~21-25 nucleotide
miRNA:miRNA* duplexes, one of which is preferentially assembled (denoted by *) into the
RNA-induced silencing complex (RISC). MiRNAs functions by guiding RISC to the 3' UTR of
the target mRNAs, decreasing mRNA stability and/or inhibiting translation (400, 401)).

Hundreds of highly conserved miRNAs have been identified in the human genome, each of
which may suppress hundreds of target mRNAs such that most mRNAs are targets of miR-
NAs (401, 402, [403). The expression of miRNA is highly regulated at three levels: transcription,
processing and subcellular localisation (401). There are data showing these regulatory pro-
cesses are perturbed by immunological challenge and inflammation (401, 402)). For example,
the transcription of several miRNAs expressed by immune cells, such as miR-155 and miR-
146a, have been shown to be differentially expressed following stimulation with TLR ligands
or pro-inflammatory cytokines (402), 404, [405). The expression of miRNAs is dynamic, and
important in innate and adaptive immunity (401). An interesting feature of miRNA biology
is their stability, such that they can be isolated from serum and other bodily fluids, making
miRNAs particularly appealing candidates in clinical biomarker discovery (406).

There are data suggesting three origins of circulating miRNAs: 1) passive leakage due to
cellular injury or cell turnover, 2) active secretion via microvesicles or 3) active microvesicle-
free secretion associated with RNA-binding proteins (407)). Furthermore, there are some data

suggesting circulating miRNAs may function as intercellular communicators (408, [409], 410]).
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Circulating miRNAs have been shown to be altered by a number of pathological conditions, but
serum miRNA profiles in immunological responses to antigenic stimuli have not been thoroughly
explored in humans (407, [41T]). This section will assess levels of miRNAs in sera from children
prior to and following a two-dose regimen of the 2009 pandemic HIN1 influenza vaccine, using

a high-throughput miRNA microarray.

5.3.2 Aim

The aim of this section was assess serum miRNA profiles following pandemic influenza vaccine,

and to relate these to vaccine adjuvantation and immunogenicity.

5.3.3 Participants

This study included healthy children (6 months to 12 years) enrolled in a study to compare
the safety and immunogenicity of an ASO03B adjuvanted split virion versus a non-adjuvanted
whole virion pandemic influenza (HIN1) vaccine (282). Sera were separated from peripheral
blood samples pre-vaccination and 21 days following the second of a two-dose schedule of
pandemic influenza vaccine (Figurd p.15). A subset of 22 children were selected for serum

miRNA expression analysis (subsection ‘5.3.7.1[Power calculations’).
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Figure 5.15: Schematic of study profiling serum microRNA following immunisation with HIN1
pandemic influenza vaccine. Serum was collected before and 21 days after a two-dose regiment
of, either adjuvanted (ASO3B) split virion vaccine or non-adjuvanted whole virion, 2009 HIN1
pandemic influenza vaccine.

5.3.4 Vaccine

Participants were randomised to receive two doses of either 0.25ml ASO3B adjuvanted split
virion vaccine Pandemrix™, containing 1.875ug of haemagglutinin antigen from HINI in-
fluenza A /California/07/2009 (GlaxoSmithKline Vaccines, Rixensart, Belgium) or 0.5 ml non-
adjuvanted whole virion vaccine Celvapan™, containing 7.5 ug of haemagglutinin from H1N1

influenza A /California/07/2009 (Baxter Vaccines, Vienna)

5.3.5 Immunological measures

Haemagglutination inhibition assays were performed at the Centre for Infections Virus Refer-

ence Department, Public Health England (London, UK), according to standardised methods,
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as described in subsection ‘5.2.3.3[Haemagglutination inhibition assay’.

5.3.6 MicroRNA assessment
5.3.6.1 Serum microRNA isolation

RNAs were extracted from serum using a total RNA extraction kit (Norgen Biotek, Thorold,
Ontario, Canada; Cat: 17200). In brief, 600 pl lysis buffer (containing 1% fS-mercaptoethanol)
was added to 200 ul of serum. After vortexing, 800 ul 100% (molecular-grade) ethanol was
added and samples were vortexed. The samples were then processed as per Norgen Biotek
protocol (https://norgenbiotek.com/product_resources/total_rna_purification_kit_
total_rna_purification_kit__protocol_17200_1503.pdf) with centrifugation at 14,000 go,

unless otherwise stated.

5.3.6.2 Microarray analysis

The concentration of the RNA was measured using a NanoDrop® ND-8000 UV-Vis spec-
trophotometer (Thermo Scientific, Massachusetts, USA). For each sample 100 ng total RNA
(at 50ng/ul) was taken and used in the miRNA microarray labelling procedure (Agilent Tech-
nologies, Santa Clara, USA; Cat: 5190-0456). This procedure followed the Agilent miRNA pro-
tocol (Version 2.4 September 2011, http://www.chem.agilent.com/library/usermanuals/
public/g4170-90011_mirna_complete_2.4.pdf)); with the exception that after the labelling
with Cy3-pCp molecule samples were dried and ‘Step 2’ was omitted. Serum miRNA levels
were assessed using the Human miRNA Microarray 60k (Agilent® Technologies). Samples were
hybridised for 40 hours to increase specific signal against background. MiRNA extraction and

microarray hybridisation was carried out by Oxford Gene Technology (Oxford, UK).

5.3.6.3 MicroRNA microarray normalisation

MiRNA microarray data normalisation remains a challenge, unlike mRNA the assumption that
the majority of transcripts will be constant may not be valid, as few miRNAs may be expressed

in a particular sample and the proportion of these that are differentially expressed following
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an intervention may be relatively large (412, 413|, [414). RNAs such as U6 and SNORD have
been used to normalise miRNA data; however, these RNAs are highly variable in sera (414]).
Acknowledging these caveats miRNA data were normalised using methods analogous to those
used in mRNA microarray normalisation. Four different types of normalisation methods were

assessed, as detailed in appendix subsection ‘7.7.2.1[MicroRNA microarray normalisation’.

5.3.6.4 Probe filtering

Sample probe profile raw data were extracted using Agilent Feature Extraction Software Version
10.7.3.1. Expression values were ‘patched’ such that undetected probes were set to half the
minimum value detected for that probe. A filter was imposed to return probes that were

detected (Agilent feature extraction metric) in at least 65% of all the samples assessed.

5.3.7 Statistical analyses
5.3.7.1 Power calculation

At the time this study was initiated there were few publicly available data on serum miRNA
profiles in humans to base a formal power calculation. A sample size of 22 participants was
selected following discussions with Oxford Gene Technology, who provided insight from their
ongoing unpublished work. This sample size was felt to be suitable to enable the generation of
important data on the variance of childhood serum miRNAs facilitating formal power calcula-

tions of future studies, as well as having reasonable power to address the study objectives.

5.3.7.2 Linear regression analysis

A linear model was fitted with normalised expression of each miRNA as the response variable,
and each paired sample and vaccination status as predictor variables (Equation 5.7). The
empirical Bayes method was used to generate moderated t-statistics, moderated F-statistic,

and log-odds of differential expression using the ‘limma’ R Package (382).

ImFit(expression of miRN A ~ sample pair + vaccination status) (5.7)
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5.3.7.3 Ingenuity Pathway Analysis

The Ingenuity® Knowledge Base has a curated collection of data experimentally demonstrated
and predicted miRNA targets. IPA (Ingenuity® Systems, California) was conducted to assess
potential biological relevance of the serum miRNA results using the web-based IPA software

package ((http://www.ingenuity.com).

5.3.7.4 Comparison of differential miRNA expression following either AS03B ad-

juvanted or non-adjuvanted 2009 pandemic influenza vaccine

To compare differential serum miRNA levels following either ASO3B adjuvanted or non-adjuvanted
pandemic influenza vaccine a linear model was fitted with logs fold-changes of each probe as
the response variable and the pandemic influenza vaccine administered as a predictor variable
(Equation[5.2). The empirical Bayes method was then used to generate moderated t-statistics

using the ‘eBayes’ function in the ‘limma’ R Package (382).

ImFit (logg (miRN A fold-change) ~ pandemic vaccine) (5.8)

5.3.7.5 Relationship between differential miRNA expression and immunological

responses to 2009 pandemic influenza vaccine

The relationship between differential serum miRNA expression following pandemic influenza
vaccine and the level of immunological response was interrogated using linear regression analysis.
A linear model was fitted with log, fold-changes of each probe as the response variable and the
baseline logyg transformed H1N1 HAI titres, post-vaccination log;y transformed HIN1 HAI

titres and the pandemic influenza vaccine received, as predictor variables (Equation| 5.9)).

ImFit (logg (miRN A fold-change) ~ logio(post vaccination Haemagglutination Inhibition titres)

+ logip(baseline Haemagglutination Inhibition titres) 4+ pandemic Uaccine)

(5.9)
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5.3.8 Results
5.3.8.1 Participant demographics

Of the 937 participants who received two-doses of pandemic influenza vaccine as part of the par-
ent study, 274 were recruited by the Oxford recruitment site (Oxford Vaccine Group, UK) (282]).
Two hundred and thirty-one of these participants had available paired pre- and post-vaccination
serum samples. Twenty-two participants were selected at random and their stored pre- and post-
vaccination samples were assessed for serum miRNAs. Participant demographics are displayed

in [Table 5.9 and appendix [Table [7.39

Table 5.9: Participant demographics in the study of serum microRNA profiles following immu-
nisation with pandemic influenza vaccine.

Demographic Details Value#
Ethnicity
Caucasian(%) 20(91)
Mixed, Asian-Caucasian (%)  2(9)
Sex
Male (%) 10(45)
Female (%) 12(55)
Pandemic influenza vaccine
Adjuvanted (%) 9(41)
Non-adjuvanted (%) 13(59)
Age
Months (IQR) 68.3*(38.4.0-112.6)
Time since vaccination
Days (IQR) 25*(21-25.8)
Serum processing time
Minutes (IQR) 85*(125-154)

# = number of children unless specified,” = median, IQR= interquartile range

5.3.8.2 MicroRNA microarray quality control

QC protocols used to assess the miRNA microarray data were analogous to those described
in subsection ‘5.2.5.4|Gene transcript microarray quality control’. Of the 1368 probes on the
microarray 167 miRNAs were detected in at least 65% of the serum samples assessed and were
included in statistical analysis, a list of these miRNA is displayed in appendix Tabld [7.40.
Box and whisker plots and standard deviations versus ranked probe means plots were used
to compare four normalisation methods, appendix subsection ‘7.7.2.1 [MicroRNA Microarray
normalisation’. Following review of these plots the VSN was selected as the normalisation

method of choice. The box and whisker plot for VSN normalised data does not show any
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Figure 5.16: Box and whisker plot of variance stabilising normalised microRNA feature inten-
sities, in the study of serum microRNA following immunisation with pandemic influenza vaccine.

The boxes represent the first, second (median) and third quartiles. The whiskers represent the rest

of the distribution, terminating at the maximum and minimum intensity values. V1= baseline;

3 weeks post-vaccination. (Note sample numbers have been anonymised 1 — 22).

V2=
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Figure 5.17: Standard deviations against the ranked mean probe intensities for variance sta-
bilising normalised microRNA data, in the study of serum microRNA following immunisation
with pandemic influenza vaccine. The red dots show the running median estimator, which is
approximately horizontal as there is little evidence of standard deviation-mean dependence.

Hierarchical clustering shows that while participant samples do not cluster together, there
is suggestion of clustering by vaccination status (FigureDS.lS). PCA did not show any clear

underlying data structure or sample outliers (Figurdp.19).
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Figure 5.18: Hierarchical clustering of samples by variance stabilising normalised microRNA
data in the study of serum microRNA following immunisation with pandemic influenza vaccine.
V1= pre-vaccination; V2= 3 weeks post-vaccination. (Note sample numbers have been anonymised

1—22)
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Figure 5.19: The first two principal components of the microRNA microarray data in the study

of serum microRNA following pandemic influenza vaccine. V1= baseline; V2= 3 weeks post-
vaccination. (Note sample numbers have been anonymised 1 — 22).

A heat map representation of the matrix of the between sample correlations is shown in Fig-
urd 5.20. While the expression values of all samples are highly correlated, the expression values
from the pre-vaccination sample from participant 19 and both the pre and post-vaccination

samples from participant 2 were noticeably less correlated with the rest of the samples (Fig-

urd p.20).
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Figure 5.20: Heat map of correlation coefficients between variance stabilising normalised mi-
croRNA microarray expression data for all of the samples assessed in the study of serum mi-
croRNA profiles following immunisation with pandemic influenza vaccine. V1= baseline; V2= 3
weeks post-vaccination. (Note sample numbers have been anonymised 1 — 22).

5.3.8.3 Statistical sensitivity analysis

As there were no suitable data available on the variance of miRNAs within childhood serum
samples prior to the initiation of this study a formal power calculation was not conducted. How-
ever, a retrospective sensitivity analysis was conducted to assess the power given the variance
observed in these empirical data. Based upon the empirical 75" percentile of probe intensity

standard deviations a sample size of 19 gives >80% power to detected a 1.5 fold-change in paired
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miRNA samples at a FDR of 0.05, under the assumption that 95% of miRNAs will be non-
differentially expressed (FigureﬂS.Ql). As the proportion of differentially expressed miRNAs was
found to be higher than 0.05%, which is an estimate originating from mRNA expression studies,

power was simulated with a varying non-differentially expressed value (7)) (Figurdp.21).

Power vs. sample size with fdr=0.05 and /o = 1.0074

3 T _e—a——" - 1 "! ’-l e
— ._._.- 4 -
.- -
‘ & H
ow -
O P e s st i e it - e s e .
-]
[=]
:
o
=
[=]
(3]
Al
Ty
—o— (.75
-e- 09
o 095
o _|
(=]
T T T T T
0 10 20 30 40

Sample size (n)

Figure 5.21: Retrospective power calculations to detect a 1.5 fold-change (A, logs change of 0.58)
in miRNA expression at day 21 following pandemic influenza vaccination at a false-discovery rate
of 0.05, given the empirical 75" percentile of probe intensity standard deviations. o= 0.575. my =
percentage of non-differentially expressed miRNAs.
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5.3.8.4 Linear regression analysis

A linear model was used to test for differential expression of miRNAs in paired serum samples,
prior to and 21 days after immunisation with pandemic HIN1 influenza vaccine, using the
‘lmFit’ function of the ‘limma’ R Package (382)). The top 25 miRNAs in order of statistical
evidence of differential expression are shown in Tabldp.10. Twenty-two miRNAs, 13.2% of the
miRNAs detected in serum, were differentially expressed (FDR <0.05) following vaccination.
MiRNA fold-changes and associated false-discovery rates are displayed in Figurdp.22. Of the
22 differentially expressed miRNAs 18 were upregulated following immunisation with pandemic
HIN1 influenza vaccine.

Table 5.10: Top 25 differential expressed microRNAs in serum 21 days following immunisation
with pandemic influenza vaccine.

MicroRNA identification = Normalised expression = Logs Fold-change  Fold-change p-value False discovery rate

hsa-miR-575 5.27 0.64 1.55 5.00E-08 8.00E-06
hsa-miR-1207-5p 7.48 0.40 1.32 8.33E-06 4.50E-04
hsa-miR-1202 7.91 0.40 1.32 1.02E-05 4.50E-04
hsa-miR-4270 7.06 0.50 1.41 1.08E-05 4.50E-04
hsa-miR-638 8.52 0.36 1.28 5.71E-05 1.88E-03
hsa-miR-483-5p 4.98 0.46 1.37 7.47E-05 1.88E-03
hsa-miR-2861 8.87 0.34 1.27 8.19E-05 1.88E-03
hsa-miR-3679-5p 5.96 0.43 1.34 9.83E-05 1.88E-03
kshv-miR-K12-3 5.76 0.32 1.25 1.01E-04 1.88E-03
hsa-miR-3141 4.86 0.35 1.27 4.15E-04 6.93E-03
hsa-miR-3196 4.33 0.32 1.25 5.31E-04 8.00E-03
hsvl-miR-H17 5.04 0.26 1.20 5.75E-04 8.00E-03
hsa-miR-30b 3.34 -0.32 0.80 6.67E-04 8.57E-03
hsa-miR-3656 8.17 0.27 1.20 9.63E-04 1.15E-02
hemv-miR-UL70-3p 3.99 0.35 1.27 1.62E-03 1.71E-02
hsa-miR-1915 7.54 0.23 1.17 1.64E-03 1.71E-02
hsv2-miR-H25 3.70 0.33 1.26 4.17E-03 3.73E-02
hsa-miR-642b 5.11 0.26 1.20 4.35E-03 3.73E-02
hsa-miR-142-3p 5.92 -0.37 0.77 4.38E-03 3.73E-02
hsv2-miR-H10 8.77 0.21 1.15 4.55E-03 3.73E-02
hsa-miR-671-5p 6.01 -0.36 0.78 4.69E-03 3.73E-02
hsa-miR-129-3p 2.80 -0.26 0.84 5.01E-03 3.81E-02
hsa-miR-634 2.29 -0.26 0.84 7.11E-03 5.16E-02
hsa-miR-3648 5.32 0.31 1.24 7.85E-03 5.22E-02
hsa-miR-1225-5p 7.30 0.26 1.19 7.88E-03 5.22E-02

hcmv =human cytomegalovirus, hsv= herpes simplex virus, kshv= karposi sarcoma-associated herpesvirus, hsa= homo sapien

miR= mature microRNA sequence, 5p= 5, 3p= 3’
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Figure 5.22: Volcano plot of -logg false discovery rate and logs fold-change in serum microRNAs
21 days following immunisation with pandemic influenza vaccine. The violet lines show probes
with a fold-change of greater than 1.25 and the green line indicates differentially expression a
false-discovery rate <0.05.

The 22 differentially expressed serum miRNAs (FDR <0.05) following pandemic influenza
vaccination are graphically illustrated as a heat map in Figurd.23. The top four differentially
expressed miRNAs are shown as line graphs of pre- and post-vaccination normalised expression

levels in Figurd p.24.
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Figure 5.23: Heat map representation of z-scores of the 22 differentially expressed serum mi-
croRNA 21 days following immunisation with pandemic influenza vaccine. Hierarchical clustering
was carried out on the column data (samples), as displayed in the dendrogram.
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non-adjuvanted influenza vaccine.
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5.3.8.5 Ingenuity Pathway Analysis

A particular miRNA may target hundreds of messenger RNAs and potentially have pleiotropic
biological effects. TPA was conducted to assess whether the 22 differential expressed miRNAs
were indicative of any particular biological pathways. The top networks from the IPA are
shown in Tabld5.11. The Molecule Activity Predictor tool was used to incorporate predicted
downstream effects into the top network and is illustrated in Figurdp.25. Furthermore, using
the IPA miRNA target filter four of the differentially expressed miRNAs, miR-3670-5p, miR-
142-3p, miR-30b and miR-642, were found to have experimental data suggesting regulation of

mRNAs involved in cellular and/or humoral immune response pathways (appendix Tabld[7.41).

Table 5.11: The top networks identified using Ingenuity® Pathway Analysis on the list of 22
differentially expressed serum microRNAs (FDR <0.5) following immunisation with pandemic
influenza vaccine.

Rank Score Focus molecules Diseases or functions (if annotated)

1 22 9  Cellular Development, Cellular Growth and Proliferation, Cell-To-Cell Signaling and Interaction
2 3 1  Cancer, Endocrine System Disorders, Organismal Injury and Abnormalities

3 3 1

4 3 1  Cancer, Organismal Injury and Abnormalities, Reproductive System Disease

5 3 1  Cancer, Organismal Injury and Abnormalities, Reproductive System Disease

6 3 1 Cancer, Organismal Injury and Abnormalities, Reproductive System Disease

7 3 1  Hematological Disease, Immunological Disease

8 3 1

9 3 1
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Figure 5.25: The top network from Ingenuity® Pathway Analysis conducted on the 22 serum
microRNAs that were differentially expressed (FDR <0.5) following immunisation with pandemic
influenza vaccine. The Molecule Activity Predictor tool was used to predict the downstream
effector molecules that are included in this network.

5.3.8.6 Comparison of differential miRNA expression following either AS03B ad-

juvanted or non-adjuvanted 2009 pandemic influenza vaccine

A linear model was used to compare differential expression of serum miRNAs following either
AS03B adjuvanted split virion or non-adjuvanted whole virion 2009 pandemic influenza vaccine.
The 25 miRNAs with the most statistical evidence of being differentially regulated by these

vaccines are shown in Tabld5.12; however, none of these surpass the threshold for statistical

significance (FDR <0.5).
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Table 5.12: The 25 microRNA with the most statistical evidence (false discovery rate) of be-
ing differentially regulated in serum 21 days following AS03B adjuvanted compared to the non-
adjuvanted pandemic influenza vaccine.

MicroRNA identification  t-value  p-value False discovery rate
hsa-miR-4313 3.33 0.0027 0.29
hsa-miR-550a 3.22 0.0035 0.29
hsa-miR-4257 2.55 0.0171 0.48
hsa-miR-574-3p -2.51 0.0187 0.48
hsa-miR-4259 2.49 0.0198 0.48
hsa-miR-574-5p -2.45 0.0213 0.48
ebv-miR-BART12 -2.42 0.0231 0.48
hsa-miR-197 -2.41 0.0236 0.48
hsa-miR-1260 -2.36 0.0261 0.48
hsa-miR-634 2.32 0.0287 0.48
hsa-miR-30d 2.24 0.0338 0.48
hsa-miR-595 -2.24 0.0344 0.48
ebv-miR-BART16 -2.17 0.0393 0.50
hsa-miR-498 2.06 0.0497 0.59
hsa-miR-466 -1.95 0.0620 0.69
hsa-miR-3149 -1.87 0.0726 0.75
hsa-miR-933 1.78 0.0866 0.75
hsa-miR-32* -1.78 0.0867 0.75
hsa-miR-494 1.72 0.0985 0.75
hsa-miR-296-5p 1.66 0.1084 0.75
hsa-miR-3679-5p -1.64 0.1135 0.75
hsa-miR-146a 1.63 0.1158 0.75
hsa-miR-3610 -1.62 0.1174 0.75
hsa-miR-1274b_v16.0 1.59 0.1233 0.75
hsa-miR-572 1.59 0.1238 0.75

miR= mature microRNA sequence, *= the minor product of the miRNA hairpin

ebv= Epstein-Barr virus, hsa= homo sapien, 5p= 5’, 3p= 3’

5.3.8.7 Relationship between differential miRNA expression and immunological

responses to pandemic H1IN1 influenza vaccine

A linear model was used to test for a relationship between changes in serum miRNA expression
following pandemic influenza vaccine and post-vaccination HAI titres. The 25 miRNAs with
the most statistical evidence for a relationship with post-vaccination HAI titres are shown in

Tablqp.13; however, none of these surpass the threshold for statistical significance (FDR <0.5).
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Table 5.13: The 25 serum microRNAs with the most statistical evidence of a relationship between
fold-change and haemagglutination inhibition assay titres following immunisation with pandemic
influenza vaccine.

MicroRNA identification  t-value p-value False discovery rate

kshv-miR-K12-8* -2.12 0.0444 0.91
hsa-miR-3180-5p -1.88 0.0716 0.91
hsa-miR-3195 1.88 0.0720 0.91
hsa-miR-634 -1.85 0.0761 0.91
hsvl-miR-H8 -1.84 0.0786 0.91
hsa-miR-1225-3p -1.83 0.0800 0.91
hsa-miR-342-3p 1.81 0.0830 0.91
hsvl-miR-HT* -1.81 0.0834 0.91
hsa-miR-575 1.74 0.0941 0.91
hsa-miR-3676 -1.73 0.0963 0.91
hsvl-miR-H1* 1.73 0.0968 0.91
hsa-miR-328 1.68 0.1061 0.91
hsa-miR-129* -1.67 0.1073 0.91
hsa-miR-1275 1.64 0.1137 0.91
hsa-miR-129-3p -1.60 0.1221 0.91
hsa-miR-1246 -1.57 0.1297 0.91
hsa-miR-572 1.56 0.1325 0.91
hsa-miR-466 1.52 0.1425 0.91
hsa-miR-638 1.47 0.1540 0.91
hsa-miR-1260 1.46 0.1580 0.91
hsa-miR-630 1.45 0.1593 0.91
hsa-miR-1914* -1.43 0.1646 0.91
hsa-miR-4259 -1.39 0.1773 0.91
hsa-miR-32* 1.38 0.1795 0.91
hsvl-miR-H6-5p 1.36 0.1874 0.91

hsv= herpes simplex virus, kshv= karposi sarcoma-associated herpesvirus
hsa= homo sapien, miR= mature microRNA sequence, 5p= 5’, 3p= 3’

*= the minor product of the miRNA hairpin

5.3.9 Discussion

In this section miRNAs were assessed in serum from healthy children pre- and post-vaccination
with a two-dose regimen of either adjuvanted or non-adjuvanted pandemic influenza (H1N1)
vaccine. One hundred and sixty-seven miRNAs were detected in at least 65% of the serum
samples, and of these 22 were differentially expressed 21 days post-vaccination. Eighteen of
these differential expressed miRNAs were upregulated 21 days after vaccination. As miRNAs
can bind to several mRNA targets, their differential expression may affect a multitude of dif-
ferent biological pathways. The top de novo network formed by IPA of differentially expressed
miRNAs was annotated as involved in cellular development, proliferation and signalling. There
were no statistically significant differences in post-vaccination serum miRNA expression be-

tween individuals who received the ASO3B adjuvanted vaccine compared to the non-adjuvanted
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pandemic influenza vaccine.

There were a number of limitation to this study. Firstly, while miRNAs are relatively stable
molecules compared to other RNA species, their expression may be influenced by differences
in serum processing such as time taken before centrifugation (415). Nevertheless, there was
no evidence of systematic differences in processing times between pre- and post-vaccination
samples, and the majority of the serum samples were processed within 2.5 hours.

Secondly, normalisation of miRNA microarray data is problematic, the assumption that the
majority of transcripts will be constant may not be valid, as few miRNAs may be expressed in
a particular sample and the proportion of these that are differentially expressed following an
intervention may be relatively large (412, [413],[414]). There are several normalisation and quality
control protocols that use spike-in controls but these were not included in the microarrays
performed in this study (412, [414)).

Finally, while miRNAs are detectable and stable in serum, the role of these circulating nu-
cleic acids remains unclear. There are some data suggesting that miRNAs are actively secreted
but their downstream effects are unclear (408, 409, 410). MiRNA levels in cellular compart-
ments are far higher than in the extracellular compartment and more detailed characterisation
of both these compartments may be biological informative. Nevertheless, there are several
reasons why serum miRNAs may make useful clinical biomarkers, including their stability in
various bodily fluids and their relatively low level of complexity (414). To date, there are few
high-throughput data characterising serum miRNAs in human health and disease (414). A
recent study assessed the expression of miR-155 in serum 4 to 6 weeks after three doses of
hepatitis B vaccination using quantitative real-time PCR, finding this miRNA to be expressed
at higher levels in non-responders (anti-HBs antibody levels < 10 mIU/ml) than responders
(anti-HBs antibody levels >10 mIU/ml) (411)). However, there are currently no published data
using high-throughput approaches to assess miRNAs expression following vaccination.

A single miRNA may have hundreds of mRNA targets making biological interpretations
of the differentially expression of these molecules following vaccination challenging. Several

of the miRNAs shown to be differentially expressed in this study have previously been shown
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to be differentially expressed in other clinical contexts; for example, hsa-miR-575 and hsa-
miR~638 have been shown to be upregulated in lupus nephritis patients, and hsa-miR-1207-5p
and hsa-miR-4270 were found to be down regulated in T cells from individuals with immune
thrombocytopenia (416, [417). Furthermore, using the IPA miRNA target filter four of the 22
differentially expressed miRNAs had experimental data showing regulation of mRNAs involved
in cellular and/or humoral immune response pathways.

The AS03B adjuvanted vaccine has been shown to be more immunogenic and reactogenic
than the non-adjuvanted pandemic (HIN1) vaccine in this cohort of children (282)). However,
in the subset that were analysed for serum miRNA expression no statistically significant differ-
ences were seen in miRNAs levels following immunisation with the adjuvanted compared to the
non-adjuvanted vaccine. Furthermore, while a number of miRNAs were differentially expressed
following immunisation with pandemic influenza vaccine, no statistically significant relation-
ships were observed between their regulation and post-vaccination HAI titres. It may be the
case that this subset lacked power to detect such differences and more research is needed to

assess the biological significance of differential serum miRNA expression following vaccination.

5.3.10 Conclusion

One hundred and sixty-seven miRNAs were detected in sera from children enrolled in a pan-
demic HIN1 influenza vaccine study; 22 miRNAs were differentially expressed 21 days after
immunisation. Several of the differentially expressed miRNAs have previously been shown to
regulate mRNAs involved in cellular and humoral immunity. However, as miRNAs may target
hundreds of different mRNAs there are many biological pathways that these miRNAs may be
affecting. Further research is needed to describe the origin of serum miRNAs and the biological

significance of their differential expression following vaccination.
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5.4 Chapter summary

5.4 Chapter summary

Transcriptomic approaches have transformed the way in which complex biological systems can
be interrogated and it is hoped that these approaches may soon directly contribute to vaccine
development and evaluation. In this chapter high-throughput transcriptomic approaches were
used to assess both mRNA and miRNA following childhood influenza vaccination. A number
of miRNAs were differentially expressed in serum 21 days after immunisation with pandemic
influenza vaccine. Furthermore, a number of gene pathways were seen to be differentially regu-
lated in whole blood following seasonal TIV, some of which were associated with the magnitude

of post-vaccination HAT titres.
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Chapter 6

Discussion

Vaccines have had a profound influence on human health; however, the mechanisms involved
in the generation and persistence of vaccine-induced immunity are not well understood. There
are now substantial data supporting the contribution of human genetic variation in determin-
ing the heterogeneity seen in several clinical phenotypes, including vaccine-induced immunity.
Recent technological advances have afforded unprecedented resolution and throughput to study
genetic variation. This thesis used contemporary methodologies to describe the relationship be-
tween genomic and transcriptomic variation, and vaccine-induced immunity following childhood
immunisations.

Hitherto, the majority of studies assessing the genetic factors influencing vaccine-induced
immunity have adopted a candidate gene approach. While these studies have purported a num-
ber of associations between SNPs and vaccine-induced immunity, they have typically employed
liberal statistical corrections for multiple testing and few associations have been replicated in
independent populations. In this work, associations between variants in TLR3 and CD/4, and
MenC-specific serological immunity following childhood immunisation were replicated in an in-
dependent population of infant vaccinees (38]). These data implicated exonic variants, and a
particular TLR3 haplotype, with the magnitude of MenC-specific immune responses.

This thesis described the first GWASs assessing the genetic contribution to three routine

childhood immunisations: MenC conjugate vaccine, Hib conjugate vaccine and T'T vaccines.
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Initially, SNPs in two loci were shown to be associated, at the level of genome-wide significance,
with the persistence of MenC-specific SBA titres following a single-dose of MenC conjugate vac-
cine administered to children aged 6-15 years. These loci were in two annotated genes, CNTN6
and ENKUR, suggesting a novel biological role for these genes in immunity. Furthermore, a
number of variants showed suggestive statistical associations with the persistence of MenC-
specific SBA titres; such as variants within GCSAM a gene highly expressed in human lymph
node, which encodes a protein involved in the regulation of B cell receptor signalling and lym-
phocyte migration (260, 262).

The study of persistence of MenC-specific serological immunity following childhood immu-
nisation was then expanded to include individuals vaccinated as young children, in a two-stage
design. In stage 1, participants were densely genotyped and these data were used to select a
subset of markers for genotyping in an independent stage 2 cohort. A number of SNPs with
p-values suggestive of association with the persistence of MenC-specific immunity following
childhood vaccination were highlighted in stage 1, including SNPs within genes with annotated
immunological function such as SIRPG and GGT5. SIRPG encodes signal-regulatory protein
gamma, a protein involved in T cell activation and leukocyte migration (287). GGTS encodes
gamma-glutamyltransferase 5, a protein that converts leukotriene C4 to leukotriene D4 and
has a role in the acute inflammatory response (289). In addition, SNPs with p-values sugges-
tive of association with MenC-specific SBA titres were demonstrated within PTPRD, a gene
recently shown to harbour variants associated with rubella specific IFN-v responses following
immunisation with MMR vaccine (28)).

This thesis then described two-stage GWASs assessing the genetic determinants of the per-
sistence of immunity to two other routine childhood immunisations, Hib and TT vaccine. A
number of SNPs with p-values suggestive of association with the persistence of PRP-specific
IgG concentrations following childhood Hib vaccination were highlighted, including SNPs within
loci with annotated immunological function such as FOXP1 and IGL. FOXP1 is a transcrip-
tion factor involved in the regulation of germinal centre B cells and the IGL locus contains the

germline gene segments encoding the lambda light chain portion of immunoglobulin (328, [329)).
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Genome-wide significant associations were found between SNPs present in an intergenic
region of chromosome 10 and the persistence TT-specific IgG concentrations following child-
hood immunisations with TT-containing vaccines. The closest annotated transcribed RNA
to this association was miRNA378C (~115kb) and the closest protein-coding transcript was
TCERGI1L (<250kb). The human genome has been shown to pervasively transcribed and this
association signal may represent a functional non-coding RNA; alternatively, it may tag a DNA
based regulatory element (343, [344, 345). While the genome-wide significant SNPs at this
locus have not been annotated as eQTLs on GTExPortal (http://www.gtexportal.org), a
recent study showed a significant proportion of variants associated with complex phenotypes
display context-specific eQTL activity that may only be identifiable upon triggering of immune
responses (265). A number of SNPs displayed p-values suggestive of association with the per-
sistence of TT-specific IgG concentrations; these included SNPs within genes with annotated
roles in immunity such as MICB and HLA-DQA1. The lead SNPs in both MICB and HLA-
DQA1 have been annotated as eQTLs, potentially alluding to the mechanism by which these
associations have arisen. Furthermore, classical HLA allele imputation associated two alleles,
HLA-DQB1*0201 and HLA-DRB1*0301, with the persistence of TT-specific IgG concentra-
tions. Interestingly, HLA-DRB1*0301 has an unusual hypervariable region and is distinct,
both genetically and immunologically, from other HLA-DRBI alleles (350)). The HLA molecule
encoded by HLA-DRB1*0301 presents a peptide motif that is distinct from that recognised by
the other major HLA-DRB1 alleles (350). Furthermore, HLA-DRB1*0301 has been associated
with susceptibility to several autoimmune and allergic phenotypes, as well as lower HBsAg-
specific IgG responses following HBV (352, [353)). These data suggest differences in peptide
binding preferences for this allele; however, the mechanisms underlying these observations and
their relevance to vaccine-induced immunity need to be further evaluated.

Statistically significant correlations were observed between the persistence of MenC-specific
SBA titres, MenC-specific IgG concentrations, PRP-specific [gG concentrations and TT-specific
IgG concentrations, following childhood immunisations. Nevertheless, comparisons of the GWASs

conducted on each of these vaccines described only nine genes that contained variants that
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were associated with immunity to more than one of these vaccine antigens. Interestingly, SNPs
within PTPRD were highlighted as being associated with both MenC-specific SBA titres and
PRP-specific IgG concentrations, this gene has also been associated with rubella-specific IFN-~
responses following MMR vaccination (28). These data suggest a novel role for PTPRD in
vaccine-induced immunity and highlight the potential of assumption-free GWASs to elucidate
novel immunobiology.

Transcriptomic analysis have transformed the way complex biological systems can be inter-
rogated. In this thesis, coding and non-coding transcriptional profiles were assessed following
childhood influenza vaccination. A single gene, GAPT, was found to be differentially expressed
in peripheral whole blood 21 days after immunisation with TIV. The protein product of GAPT
is thought to regulate B cells following stimulation via the BCR and may also have a role in the
maintenance of marginal zone B cells (395). While single-gene analysis highlighted only one
DEG, gene set and pathway analysis implied more substantial alterations to gene regulation
in peripheral blood 21 days after childhood immunisation with TIV. GSEA found a number
of gene sets that were differentially regulated 21 days after TIV; identifying a core set of up-
regulated genes associated with T cells as well as a core set of downregulated genes associated
with early (<7 days) responses to TIV, LAIV and YF-17D. IPA suggested transcriptional pro-
files 21 days after TIV were associated with downstream effects on the formation of the CD8
receptor, BCR complex, IgM, IgA, IgG3 and IgE. Furthermore, IPA suggested a relationship
between fold-changes in genes involved in antigen presentation and the HAI titres following
TIV. Previous data have shown the antigen presenting pathway to be enriched for genes with
differential expression associated with HAI titre following adult immunisation with TIV (8§]).
Interestingly, the aforementioned study associated early upregulation of genes involved in anti-
gen presentation with greater HAI titres, whereas the data presented in this thesis associated
late downregulation of these genes with greater post-vaccination HAI titres (88). These data
highlight the importance of understanding the kinetics of gene expression in describing the
mechanisms involved in determining the magnitude of vaccine-induced immunity.

This thesis also described a novel study using microarray technology to assess serum miRNAs
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following childhood immunisation with pandemic influenza vaccine. This study described 22
miRNAs that were differentially expressed in serum 21 days after childhood immunisation with
pandemic influenza vaccine. IPA of these differentially expressed miRNAs highlighted their
involvement in cellular development, proliferation and signalling. Furthermore, four of these
miRNAs have previously been shown to be involved in cellular and/or humoral immunity.

Technological and analytical advances mean that complex systems, such as the immune
system, can be evaluated in a more comprehensive manner than ever before. This thesis de-
scribed the use of contemporary microarray platforms to assess the genome and transcriptome
in a broad and high-throughput manner. These represent just two of an increasing number
of ‘omic’ approaches that are now available for utilisation in clinical research; others include
epigenomics, proteomics, metabolomics and microbiomics. Indeed, the determinants of vac-
cine immunity represent interactions between the variables captured in ‘omics’ data, and other
physiological and environmental variables such as age, nutritional status and chronic disease.
Therefore, in addition to using more ‘omic’ approaches there may be considerable benefit from
integrative analysis of systems data. The integration of genomic and transcriptomic analysis
has been used to suggest the function of numerous genetic variants associated with complex
phenotypes (264, 265). Furthermore, recent data have suggested many of these interactions
are context-specific and may only be identifiable upon triggering of immune responses (265]).
Given these data, future studies may choose to map eQTLs associated with differential gene
expression following human vaccinations; in an analogous manner to that described by Fairfax
et al 2014, where context-specific eQTLs were identified using innate stimuli (265). The use
and integration of system biology techniques hold promise for the deconvolution of complex
biological systems such as vaccine immunity (418, 419).

This thesis applied systems biology analyses to dissect the mechanisms involved in vaccine-
induced immunity. This work yielded novel insights into genetic determinants involved in
vaccine-induced immunity. While these findings require further work to refine the mechanisms
underlying these observations, they provide important data to aid the design of pragmatic

functional experiments.
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Chapter 7
Appendix

7.1 Appendix: Introduction

Figure 7.1: Parameterisation of the ACE genetic model (reproduced from Neale et al 1997) for
twin data (12). A = additive genetic, C= common environment, E= specific environment, P=
phenotype, T1= twin 1 and T2 =twin 2. The parameter « is fixed at 1 for monozygotic and 0.5
for dizygotic twins, latent variables have variance of 1.
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7.2 Appendix: Candidate gene studies of immunological

responses to childhood vaccines

7.2.1 The relationship between CD/4 and TLR3 polymorphisms,

and infant immune responses to capsular group C meningo-

coccal conjugate vaccine

Table 7.1: Primers and PCR settings for the amplification-refractory mutation system PCR
genotyping of TLR3 single-nucleotide polymorphisms, in the candidate gene study of the mag-
nitude of capsular group C meningococci (MenC)-specific serological immunity following infant
immunisation with MenC conjugate vaccine.

SNP Inner primer forward Inner reverse Outer primer forward Outer primer reverse
rs3775292  1.75ul ‘C’ allele 1.75u1 ‘G’ allele 0.5u1 0.5ul1

Sequence CCATGGGCAGAGCAT- GAACCGAGTAAGGAA- GATGCAGTTCTTTACTC- CCAGGAGTGACTTCAC-
(5'-3") -TTCTCCCCCTTCCGC -GGACTCGTGCATTCC -CATCTCCGCTCAC -GAGCAGTTTATTCA
rs11732384 1.75ul ‘A’ allele 1.75ul ‘G’ allele 0.5ul 0.5ul

Sequence  GAGAACTAAATTAGA- TAGAATTGTTCTAATA- TACAATGATTAGTGCCA- CATTGTCACACTTTAT-
(5'-3") -ATATTAGTAAAATAA -TACTTAAAAATACC -GAGTTGTAAAGGC -TTTGGTGGGATGTG
rsb743312  0.5ul ‘C’ allele 0.5ul ‘T allele 0.5u1 0.5ul

Sequence GTGGATAGTCCCTAT- AGGCAGAGGCTAGAGA- CTCAGGTTCAGCTGGAA- TTGTTAAAAGACAAAG-
(5'-3) -CTGTGTCACATACTC -GCATTACATTCCGA -AATCTCCAAGAGC -CCCAGAGACCAAGC

SNP, Single nucleotide polymorphism
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Table 7.3: PCR and sequencing primers used for TLRS exon sequencing in the candidate gene
study of capsular group C meningococci (MenC)-specific immunity following infant immunisation
with MenC conjugate vaccine.

Exon PCR primers PCR setting  Sequencing primers
1 5-GTTTTCTCCCTTTGCCCTTC-3/ 1 5-GTTTTCTCCCTTTGCCCTTC-3'
5-GAGACCCTGCCCAGTAAGAA-3’ 5-GAGACCCTGCCCAGTAAGAA-3/
5-GCATTTGAAAGCCATCTGCT-3’ 5-GCATTTGAAAGCCATCTGCT-3’
2 5-GAGAAAGCGAGAGAGGCAAA-3 ! 5-GAGAAAGCGAGAGAGGCAAA-3/
5-AGAGGTGTTGATTTTGCTGTTG-3’ 5-AGAGGTGTTGATTTTGCTGTTG-3’
3 5-GGAAGGATTGCTGGAAGACA-3” 1 5-GAAGGATTGCTGGAAGACA-3/
4 5-GAAAGTGTGCCGTCACCG-3' 5-GAAAGTGTGCCGTCACCG-3"
5-CCTGTGAGTTCTTGCCCAAT-3’ 5-GGCGGATCATGAGGTCAG-3/
(Part1) 2 5-GTTGTATTGCTGGTGGTGGA-3’
5/-TCCACCACCAGCAATACAAC-3’
5-CCTGTGAGTTCTTGCCCAAT-3'
4 5'-GCTCATTCTCCCTTACACAT-3' 5-GCTCATTCTCCCTTACACAT-3’
5-GGTTTTTAACAGCCAGAAGCA-3’ 5- ACCCTGGTGGTCCCATTTAT-3’
(Part2) 2 5-AAGAGTTCAAAGGGGGCACT-3’

5

5'-CTGGCCTCAGGTGAGCTTC-3'
5-CAAATGTTTTCTGCCCTTGG-3'

2

5-AGTGCCCCCTTTGAACTCTT-3'
5-GGTTTTTAACAGCCAGAAGCA-3/

5-CTGGCCTCAGGTGAGCTTC-3’
5-CAAATGTTTTCTGCCCTTGG-3

PCR settingl: Stepl = 1X Denature 95 °C 5mins, Step2 = 29X (95°C 30s , 58 °C 30s, 60 °C 1min) Step3= 1X 60 °C 10mins
PCR setting2: Stepl = 1X Denature 95 °C 5mins, Step2 = 29X (95°C 30s , 57 °C 30s, 59 °C 3min) Step3= 1X 60 °C 10mins
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Figure 7.2: A representative agarose gel used for amplification-refractory mutation system
PCR genotype calling, in the study assessing the relationship between TLRS3 and CD/4 single-
nucleotide polymorphisms, and the magnitude of capsular group C meningococci (MenC)-specific
serological immunity following infant immunisation with MenC conjugate vaccine. bp = base
pairs, L1 & L2 = DNA ladder, lanes A-E & H are homozygous and lanes F & G are heterozygous
at this locus.

Table 7.4: Results of genotypic and allelic association analysis between CD/4 single-nucleotide
polymorphisms (SNPs) and specific-IgG concentrations to capsular group C meningococcal
(MenC) polysaccharide 1 month after infant immunisation with MenC conjugate vaccine.

SNP Allele n GMC  CI(95%) p-value
rs10734436 A/A 15 2.09 0.89-4.89 0.2102
G/A 59 4.31 3.1-6 0.8424
G/G 51 3.68 2.48-5.47 -
Allele ‘A’ 0.2970
rs11033008 C/C 8 3.25 0.67-15.6 0.2308
C/T 38 2.78 1.78-4.34 0.9524
T/T 83 4.05 3.03-5.41 -
Allele ‘C’ 0.3461
rs11033010 A/A 17 2.97 1.34-6.55 0.4964
G/A 50 3.49 2.38-5.11 0.3239
G/G 62 3.84 2.71-5.43 -
Allele ‘A’ 0.8734
rs11033021 T/T 18 3.08 1.69-5.63 0.5674
T/C 55 3.71 2.48-5.56 0.5763
C/C 56 361 2.54-5.14 -
Allele ‘T” 0.4997
rs112762 c/C 32 3.75 2.34-6.01 0.5523
T/C 51 3.12 2.13-4.57 0.2945
T/T 43 4.33 2.76-6.8 -
Allele ‘C’ 0.5007
rs12419062 G/G 14 1.81 0.73-4.49 0.3110

Continued on mext page
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SNP Allele n GMC  CI(95%) p-value
G/A 59 4.41 3.12-6.23 0.2205
A/A 56 3.4 2.384.86 -
Allele ‘G’ 0.8793
rs2785172 G/G 22 2.63 1.5-4.6 0.0945
G/A 45 3.05 2.01-4.61 0.5642
A/A 62 4.47 3.14-6.38 -
Allele ‘G’ 0.1084
rs353615 T/T 20 3.43 1.75-6.72 0.8753
T/C 45 4.36 2.82-6.74 0.3157
C/C 64 315 2.27-4.36 -
Allele ‘T” 0.8188
rs353619 A/A 6 2.07 0.28-15.2 0.1205
G/A 42 3.23 2.09-5 0.8854
G/G 81 3.92 2.92-5.26 -
Allele ‘A’ 0.3972
rs353626 c/C 8 4.25 1.62-11.2 0.9403
C/T 47 3.64 2.34-5.64 0.7940
T/T 74 3.47 2.55-4.72 -
Allele ‘C’ 0.9039
rs353639 G/G 12 3.82 1.4-10.4 0.8064
G/T 48 4.47 2.97-6.7 0.0594
T/T 69 3.03 2.2-4.15 -
Allele ‘G’ 0.2382
rs7105890 A/A 4 0.774 0.09-6.6 0.3826
G/A 47 4.4 3.02-6.41 0.5869
G/G 75 3.55 2.61-4.84 -
Allele ‘A’ 0.9865
rs7945310 T/T 17 4.93 2.23-10.9 0.1975
C/T 60 3.31 2.28-4.79 0.6377
c/C 52 3.52 2.48-4.99 -
Allele ‘T’ 0.2291
rs7947433 G/G 31 3.04 1.76-5.25 0.8138
G/A 66 3.35 2.39-4.7 0.3314
A/A 32 4TS 3.0475 -
Allele ‘G’ 0.8049
rs996076 A/A 31 3.27 2.1-5.11 0.5225
A/G 59 4.39 2.99-6.44 0.6751
G/G 38 2.96 1.93-4.54 -
Allele ‘A’ 0.5712
All 135 3.46 2.75-4.37

GMC= geometric mean concentration; CI = confidence interval
* = significant, with a P-value less than 0.05
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Table 7.5: Results of genotypic and allelic association analysis between TLRS3 exonic variants
and serum bactericidal titres against capsular group C meningococci (MenC) 1 month after infant
immunisation with MenC conjugate vaccine.

Exonic variant  Allele n GMT CI (95%) P-value

rs3775290 Cc/C 149 135 103 -176 -
c/T 126 127 96.2-169 0.929
T/T 32 115 71.3-186 0.421
Allelic ’C’ 0.582

rs3775291 c/C 162 131 103-168 -
c/T 119 115 86.6-153 0.562
T/T 23 211 92.6-480 0.153

Allelic ‘G’ 0.533

rs37752961 c/C 101 246 172-352 -
c/T 25 243 135-438 0.9022
T/T 2 89.3 2.32-3433  0.4861
Allelic ’C’ 0.8106

rs738737107 c/C 125 237 174-322 -
C/T 3 567 126-2547 0.3886
Allelic ’C’ 0.3886

rs1167298951 c/C 125 237 174-322 -
c/T 3 567 126-2547 0.3886
Allelic ’C’ 0.3886
All 318 133 111-159

GMT= geometric mean titre; CI = confidence interval
t= Sequenced in subset

Table 7.6: The most statistically significant TLRS& haplotypes associated with serum bactericidal
titres against capsular group C meningococci (MenC) 1 month after infant immunisation with
MenC conjugate vaccine.

SNPs  Haplotypes First haplotype SNP  Last haplotype SNP  Most significant haplotype Beta p-value

1 2 rs11732384 rs11732384 A -0.029 0.712
1 2 rs7657186 rs7657186 G -0.007 0.919
1 2 rs13126816 rs13126816 G 0.003 0.968
1 2 rs5743312 rs5743312 C -0.054 0.499
1 2 rs7668666 rs7668666 A -0.034 0.606
1 2 rs3775292 rs3775292 G -0.058 0.407
1 2 rs3775291 rs3775291 C -0.031 0.624
1 2 rs3775290 rs3775290 C 0.039 0.517
2 3 rs11732384 rs7657186 AG -0.029 0.720
2 3 rs7657186 rs13126816 AG 0.007 0.919
2 3 rs13126816 rs5743312 GT 0.078 0.356
2 4 rs5743312 rs7668666 CA -0.104 0.206
2 4 rs7668666 rs3775292 CC 0.067 0.385
2 4 rs3775292 rs3775291 CT 0.258 0.230
2 3 rs3775291 rs3775290 CT -0.045 0.463
3 4 rs11732384 rs13126816 AGG -0.031 0.700
3 4 rs7657186 rs5743312 GGT 0.084 0.311
3 5 rs13126816 rs7668666 GCA -0.100 0.217
3 6 rs5743312 rs3775292 CAG -0.109 0.188
3 6 rs7668666 rs3775291 CCT 0.239 0.262
3 6 rs3775292 rs3775290 CTC 0.154 0.450
4 5 rs11732384 rs5743312 GGGT 0.081 0.335
4 6 rs7657186 rs7668666 GGCA -0.104 0.197
4 8 rs13126816 rs3775292 GCAG -0.105 0.203
4 8 rs5743312 rs3775291 CAGC -0.105 0.215
4 7 rs7668666 rs3775290 AGCT -0.054 0.442
5 7 rs11732384 rs7668666 GGGCA -0.101 0.213
5 11 rs7657186 rs3775292 GGCAG -0.097 0.252
5 11 rs13126816 rs3775291 GCCCT 0.674  0.040%*
5 9 rs5743312 rs3775290 CAGCT -0.131 0.118

SNP= Single-nucleotide polymorphism, Beta= beta coefficient
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7.2.2 Functional assessment of exonic TLR3 polymorphisms

Table 7.7: Quantitative PCR primer sets used in the functional evaluation of TLRS3.

Gene primer Sequence Reference

RN18S1 RNA forward TCAAGAACGAAAGTCGGAGG
GGACATCTAAGGGATCACA

Designed using Primer3 (http://primer3.ut.ee
RN18S1 RNA reverse

ACTB forward
ACTRB reverse

CCACGAAACTACCTTCAACTCC

TCATACTCCTGCTGCTTGCTGATCC

)
Designed using Primer3 (http://primer3.ut.ee)
Designed using Primer3 (http://primer3.ut.ee)

)

Designed using Primer3 (http://primer3.ut.

IL6 forward GGTACATCCTCGACGGCATCT @20)
IL6 reverse GCCTCTTTGCTGCTTTCAC (420)
CXCL10 forwards GGCATTCAAGGAGTACCTCTCTC (@20)
CXCL10 reverse GACAAAATTGGCTTGCAGGA (@20)
TNF forward CGAGTGACAAGCCTGTAGC @x21)
TNF reverse GGTGTGGGTGAGGAGCACAT (421)
CD86 forward TATGGGCCGCACAAGTTTT (420)
CD86 reverse TCCTGTGGGCTTTTTGTGAT (@20)
CD83 forward CCCCAATGAAAGGCCCTATT @20)
CD83 reverse TTAGGTTCTCTGCCCATCCG (420)

IFNA1 forward
IFNA1 reverse
IFNB1 forward
IFNBI1 reverse

GTGAGGAAATACTTCCAAAGAATCAC
TCTCATGATTTCTGCTCTGACAA

AGCTGCAGCAGTTCCAGAAG
AGTCTCATTCCAGCCAGTGC

Designed using Primer 3 (http://primer3.ut.
Designed using Primer3 (http://primer3.ut.
Designed using Primer 3 (http://primer3.ut.

Designed using Primer3 (http://primer3.ut.

TLR3 forward ACAACTTAGCACGGCTCTGGA (@20)
TLRS3 reverse ACCTCAACTGGGATCTCGTCA (420)
TRIF forward AGCGCCTTCGACATTCTAGGT (420)
TRIF reverse AGAACCATGGCATGCAGGA (420)

ee)
ee)

ee)
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Figure 7.3: Amplification plots for the 11 quantitative PCR (QPCR) primer sets used in the
functional evaluation of exonic TLRS3 polymorphisms. This graphic displays the 11 QPCR primer
sets assessed on four samples performed in duplicate. Fluorescence intensity increases with the
incorporation of SYBR® green with number of PCR cycles, read using an iQ5 real-time PCR
machine (Bio—Rad®). The colours of the curves were randomly assigned, from those available in
the 1Q5 software palette, such that shared colours do not necessarily represent duplicates. The
non-amplifying curves are cDNA-less controls.
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Figure 7.4: Melting curve plots for the 11 quantitative PCR (QPCR) primer sets used in the
functional evaluation of exonic TLRS3 polymorphisms. This graphic displays the 11 QPCR primer
sets assessed on four samples performed in duplicate, read using an iQ5 real-time PCR machine
(Bio—Rad®). The colours of the curves were randomly assigned, from those available in the
iQb software palette, such that shared colours do not necessarily represent duplicates. The non-
amplifying curves are cDNA-less controls.
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Figure 7.5: Heat map of gene expression following 6 hours of stimulation with Poly(I:C) com-
pared to media alone, normalised by ACTB (beta-actin rRNA). Each column is a participant
and each row is a gene. Columns are arranged to separate samples based upon the rs3775291-
rs3775290 haplotype. The yellow columns refer to the C-C haplotype group (n==8) and the green
columns to the non C-C haplotype group (n=8). The coloured boxes refer to the logs normalised
AACt values, scaled from blue for downregulated genes, through white for no change, to red for
upregulated genes.
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Table 7.8: The relative fold-change in gene expression determined using AACt method (equa-
tionDZ.Q) for each of the nine immune genes assessed following 6 hours poly(I:C) treatment, nor-
malised by RN1851 expression.

Gene 1CC 2CC 3CC 4CC 5CC 6CC 7CC 8CC 1INCC 2NCC 3NCC 4NCC 5NCC 6NCC 7TNCC 8NCC AmedianAACt p-value

IL6 123 40 96 11 1.0 10 16 14 17.3 4.8 4.4 0.8 2.4 1.6 2.3 1.2 -2.874 0.889
CXCL10 39 40 53 07 08 19 19 14 485 13.2 8.2 5.6 3.4 1.4 3.0 1.2 -8.615 0.194
TNF 27 93 55 05 1.8 14 14 21 299 3.4 19.7 8.1 2.1 1.3 1.8 2.9 -6.685 0.188
CD86 0.8 05 15 02 07 05 09 0.8 1.9 1.8 1.3 1.4 0.5 0.5 0.7 0.7 -0.376 0.158
CD83 1.2 09 22 12 1.2 08 09 1.2 29 2.5 3.6 1.1 1.2 0.9 1.2 0.9 -0.620 0.165
IFNB1 1.6 04 57 02 06 06 08 1.0 4.3 1.9 5.4 0.9 0.7 0.9 1.5 0.8 -1.371 0.437
TLR3 0.7 07 193 06 0.5 20 05 1.3 64 1.3 7.4 0.7 0.8 0.5 1.1 1.3 -1.725 0.769
TRIF 09 09 23 09 09 06 09 1.0 22 3.0 7.1 1.0 1.0 0.8 1.1 1.0 -1.252 0.201
IFNA1 23 05 26 06 07 14 08 1. 3.9 2.6 2.0 1.0 0.7 1.1 1.0 1. -0.758 0.371

AmeanAACt = The median of gene AACt of C-C haplotype individuals minus the AACt of non C-C haplotype individuals, p-values
were calculated from a t-test comparing the mean gene AACt of C-C haplotype and non C-C haplotype individuals.
CC = C-C rs3775291-rs3775290 haplotype samples, NCC= non C-C rs3775291-rs3775290 haplotype samples

Table 7.9: The relative fold-change in gene expression determined using AACt method (equa-
tion 2.2) for each of the nine immune genes assessed following 6 hours poly(I:C) treatment, nor-
malised by ACTB expression.

Gene 1CC 2CC 3CC 4CC 5CC 6CC 7CC 8CC 1NCC 2NCC 3NCC 4NCC 5NCC 6NCC 7NCC 8NCC AmedianAACt P-value

IL6 151 2.1 35 1.5 08 1.7 32 22 49 1.7 1.2 0.3 2.6 1.0 2.3 1.6 0.205 0.321
CXCL10 23 21 19 09 06 32 40 22 13.7 4.7 2.3 1.7 3.8 0.8 3.0 1.7 -1.821 0.266
TNF 33 49 20 07 14 24 29 34 85 1.2 5.5 2.5 2.3 0.8 1.9 4.1 -0.719 0.493
CD86 05 08 05 03 05 08 19 12 038 0.5 1.5 1.9 0.5 0.3 0.7 1.0 -0.241 0.736
CD83 0.7 15 08 1.7 09 13 1.8 1.8 1.1 0.6 4.4 1.5 0.9 0.6 1.2 1.3 -0.063 0.750
IFNB1 09 07 21 02 04 11 15 1.6 1.7 0.5 6.6 1.2 0.8 0.6 1.5 1.2 -0.776 0.376
TLRS3 04 11 71 09 04 32 1.0 20 26 0.3 9.1 0.9 0.9 0.3 1.1 1.8 -1.074 0.933
TRIF 05 14 08 1.2 07 10 1.8 1.6 09 0.8 8.8 1.3 1.1 0.5 1.1 1.4 -0.847 0.435
IFNA1 1.3 09 09 09 05 23 1.7 1. 1.5 0.7 2.5 1.4 0.8 0.6 1.0 1.6 -0.148 0.997

AmeanAACt = The median of gene AACt of C-C haplotype individuals minus the AACt of non C-C haplotype individuals, p-values
were calculated from a t-test comparing the mean gene AACt of C-C haplotype and non C-C haplotype individuals.
CC = C-C rs3775291-rs3775290 haplotype samples, NCC= non C-C rs3775291-rs3775290 haplotype samples

7.2.3 Candidate gene study of the genetic determinants of childhood

booster responses to pertussis vaccine

Table 7.10: Primers and PCR settings for the amplification-refractory mutation system PCR
genotyping of rs4986790, for analysis between this single-nucleotide polymorphism (SNP) and
serological responses to a booster dose of pertussis vaccine.

SNP Inner primer forward Inner reverse Outer primer forward  Outer primer reverse
rs4986790 CATACTTAGACT- GTCAAACAATTA- AGTCCATCGTTT- AAGCATTCCCAC-
Sequence (5'-3’) -ACTACCTCGATTA -AATAAGTCAATAATGC -GGTTCTGG -CTTTGTTG
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Figure 7.6: Regional plot for the locus on chromosome 3 associated with the persistence of
capsular group C meningococci (MenC)-specific serum bactericidal titres, following older childhood
immunisation with MenC conjugate vaccine. The local gene structure is shown below the plot, with
thick lines denoting exons joined by intronic regions. The statistical association (p-value) is shown
on the primary y-axis (left) and the recombination rate is shown on the secondary y-axis (right).
The single-nucleotide polymorphism (SNP) with the most statistical evidence of association is
shown in purple and remaining SNPs are coloured according to their linkage disequilibrium (r?)
with this ‘lead’ SNP. SNPs with particular features are assigned a symbol, as denoted by the
‘annotation key’. a) linear regression analysis with complement as covariate, b) meta-analysis of
regression analyses conducted separately for SBA using rabbit and human complement. These
plots were created using the LocusZoom tool (244).
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Figure 7.7: Regional plot for the locus on chromosome 10 associated with the persistence of
capsular group C meningococci (MenC)-specific serum bactericidal titres, following older childhood
immunisation with MenC vaccine. The local gene structure is shown below the plot, with thick
lines denoting exons joined by intronic regions. The statistical association (p-value) is shown on
the primary y-axis (left) and the recombination rate is shown on the secondary y-axis (right). The
single-nucleotide polymorphism (SNP) with the most statistical evidence of association is shown
in purple and remaining SNPs are coloured according to their linkage disequilibrium (r?) with this
‘lead” SNP. SNPs with particular features are assigned a symbol, as denoted by the ‘annotation
key’. a) linear regression analysis with complement as covariate, b) meta-analysis of regression
analyses conducted separately for SBA using rabbit and human complement. These plots were
created using the LocusZoom tool (244)).
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vaccine immunity

7.3.1 Genome-wide association study of the persistence of serologi-
cal immunity to capsular group C meningococcal vaccine, fol-

lowing childhood immunisation - Stage 1

7.3.2 Power calculations

Power was computed for the two-stage association study design using the R software package

‘QpowR’ (285). Power calculations were based upon an additive linear fixed effect model

(equation 7.1))

Where x takes the value —1, 0 or 1 for minor homozygote, heterzygote and major homozy-
gote genotypes, respectively. Assuming an asymptotic test, a z-test of an association between
the SNP genotype and the phenotype under the null hypothesis z ~ ®¢;, a standard normal
distribution, can be approximated. Under the alternative hypothesis, the test statistic follows

a normal distribution with mean .

h2
Vi
2 _
W= = (7.3)

Where h? = narrow sense heritability, V;, = variance due to the additive effects of the alleles,

0? = residual phenotypical variance.

e —

The critical value (C) and the power (1 — f3) of the z-test are computed as follows.

C=+07'(1- 0‘7’“) (7.4)
1= B=1-®(C—\) +d(~C—\) (7.5)
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Where ® is the normal cumulative density function with mean m and variance V. ®~! is
the inverse-normal cumulative density function and «,, is the experiment-wise error rate. In
a two-stage design, samples are split into N; = ;N and Ny = (1 — 75) N, where N = total
sample size and 7w, =proportion of samples typed in the first stage. A combined statistic for

significance can be calculated as follows.

zi = /Tsz1 + /(1 —75) 2y (7.6)

Conditional on the first stage statistic this forms a Gaussian distribution. The tail area
probability can be calculated usingequation 7.7, equated to a,, and solved for C;; assuming the
null distribution for both test statistics. Power is obtained by computing the integrals with the

obtained C; value and assuming the distribution under the alternate hypothesis.

P(|ZJ| > Cj; |21| > Cl)

(O e (BT 0 () Jeatein) o

N /: ((1 g, (%) o, (%))mmdm)
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7.3.3 Results

Table 7.11: Single-nucleotide polymorphisms (SNPs) with p-values suggestive (<1x107°) of
association with logjo transformed capsular group C meningococci (MenC)-specific IgG concen-
trations following older childhood immunisation with MenC conjugate vaccine. Gene information
was derived from a NCBI search of reference SNP (rs) numbers, using ‘GetSNPInfo’ and ‘Anno-
tateSNPList’ functions in the ‘NCBI2R’ R package (241]).

Chr  Position SNP SNP class p-value Gene Neighbouring genes (<100kb)

1 48061318 rs2457077 8.2273e-06 CYP4,6A4P,TRABD2B,SKINTL

2 38977371 rs3112183 intron-variant 3.5327e-06 SRSF7 ARHGEF33,LOC375196,SOS1,MORN2
2 38977402 rs3134630 intron-variant 3.4197e-06 SRSF7 ARHGEF33,LOC375196,SOS1,MORN2
2 38977505 rs3134629 intron-variant 3.5713e-06 SRSF7 ARHGEF33,LOC375196,SOS1,MORN2
2 38977612 rs3134628 intron-variant 2.6117e-06 SRSF7 ARHGEF33,LOC375196,SOS1,MORN2
2 38978764 rs12621103 upstream-2KB 3.5681e-06 SRSF7 ARHGEF33,LOC375196,SOS1,MORN2
2 38980231 rs13024811 upstream-2KB 2.7364e-06 SRSF7 ARHGEF33,LOC375196,SOS1,MORN2
2 38981922 rs12474770 5.5983e-06 ARHGEF33,LOC375196,SOS1,MORN2
2 38982036 rs4670892 7.0077e-06 ARHGEF33,LOC375196,SOS1,MORN2
2 38985347 rs11685192 5.0409e-06 ARHGEF33,LOC375196,S0S51

2 38994000 rs3112186 7.7985e-06 ARHGEF33,LOC375196,S0S51

2 39004215 rs3099952 upstream-2KB 6.686e-06 GEMIN6 ARHGEF33,LOC375196,S0S51

2 39007822 rs4670894 intron-variant 4.3582e-06 GEMIN6 ARHGEF33,LOC375196,S0S51

2 39007909 rs3099960 intron-variant 5.5867e-06 GEMIN6 ARHGEF33,LOC375196,S0S51

2 39008468 rs1562855 intron-variant 8.8491e-06 GEMIN6 ARHGEF33,LOC3875196,50S51

2 39016966 rs12468732 5.2632e-06 ARHGEF33,LOC375196,S0S51

2 39030302 rsl12712621 intron-variant 9.7491e-06 DHX57 ARHGEF33,LOC375196,S0S51

2 39037813 rs3112215 intron-variant 3.6167e-06 DHX57 ARHGEF33,LOC375196,S0S51

2 39104425 rs9808133 intron-variant 7.6547e-06 MORN2,DHX57 CDKL4,S0OS1

2 39112166 rs11124653 6.3129e-06 CDKL4,50S1

3 185308823 rs111307985 intron-variant 4.611e-06 SENP2 MIR5588, EHHADH,EIF252P2, MAP3K13
5 25717507 rs400196 8.0033e-06

5 89572699 rs60357858 2.2521e-06

10 114557647 rs4554813 intron-variant 4.623e-06 VTI1A ABLIM1

10 114558538 rs941825 intron-variant 4.2773e-06 VTI1A ABLIM1

10 114562675 rs4633389 intron-variant 6.5842e-06 VTI1A ABLIM1

10 129015164 rs61874056 intron-variant 6.6262e-06 DOCK1

17 60903397 rs6504129 8.9615e-06 KRT18P61,HMGN1P28,BCAS3

Chr= chromosome

Table 7.12: Single-nucleotide polymorphisms (SNPs), in the imputed dataset, with p-values sug-
gestive (<1x107°) of association with logio transformed capsular group C meningococci (MenC)-
specific serum bactericidal assay titres following older childhood immunisation with MenC conju-
gate vaccine, when SBA complement source was included as a covariate. Gene information was
derived from a NCBI search of reference SNP (rs) numbers, using ‘GetSNPInfo’ and ‘AnnotateS-
NPList’ functions in the ‘NCBI2R’ R package (241]).

Chr Position SNP SNP class p-value Gene Neighbouring genes (<100kb)

1 7014444 rs7554752 intron-variant 1.68e-06 CAMTAI1 LOC100129476,CAMTA1

1 7054979 rs4400633 intron-variant 8.54e-06 CAMTA1 LOC100129476, CAMTA1

2 8914351 rs7608773 intron-variant 3.42e-06 KIDINS220 MBOAT2,KIDINS220

2 38949275 rs67716743  intron-variant 3.79¢-06 GALM ARHGEF33,50581, MORN2,DHX57
2 38954419 rs11124646 intron-variant 4.46e-06 GALM ARHGEF33,50581, MORN2,DHX57
2 38964531 rs3097713 2.71e-06 ARHGEF33,50581, MORN2,DHX57
2 38977371 rs3112183 intron-variant 4.74e-07 SRSF7 ARHGEF33,5051, MORN2

2 38977402 rs3134630 intron-variant 5.1e-07 SRSF7 ARHGEF33,5051, MORN2

2 38977505 rs3134629 intron-variant 5.18e-07 SRSF7 ARHGEF33,50581, MORN2

2 38977612 rs3134628 intron-variant 4.35e-07 SRSF7 ARHGEF33,5051, MORN2

2 38978764 rs12621103 upstream-2KB 3.97e-07 SRSF7 ARHGEF33,5051, MORN2

2 38979627 rs12472454 upstream-2KB 7.88e-07 SRSF7 ARHGEF33,50581, MORN2

2 38980231 rs13024811 upstream-2KB 3.52e-07 SRSF7 ARHGEF33,5051, MORN2

2 38980922 rs2037875 1.76e-06 ARHGEF33,5051, MORN2

2 38981207 rs10197412 1.7e-06 ARHGEF33,5051, MORN2

2 38981922  rs12474770 7.42e-07 ARHGEF33,5051,MORN2

2 38982036 rs4670892 8.69e-07 ARHGEF33,5051,MORN2

2 38985347 rs11685192 3.95e-07 ARHGEF33,50S51

2 38986773 rs11124647 9.27e-06 ARHGEF33,5051

Continued on next page
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Chr Position SNP SNP class p-value Gene Neighbouring genes (<100kb)

2 38987617 rs6715866 9.35e-06 ARHGEF33,50S51

2 38989961 rs12991609 9.72e-06 ARHGEF33,50S51

2 38990460 rs4630748 6.63e-06 ARHGEF33,5051

2 38991956 rs10865143 9.75e-06 ARHGEF383,5051

2 39004215 rs3099952 upstream-2KB 1.18¢-06 GEMING6 ARHGEF383,5051

2 39007822 rs4670894 intron-variant 3.47e-06 GEMING ARHGEF33,50S51

2 39007909  rs3099960 intron-variant 1.16e-06 GEMING6 ARHGEF33,5051

2 39008468 rs1562855 intron-variant 2.08¢-06 GEMING6 ARHGEF33,5051

2 39023490 rs3112209 1.84e-06 ARHGEF33,S0S51

2 39037813  rs3112215 intron-variant 9.1e-07 DHXS57 ARHGEF33,5051

2 39038725 rs3112216 intron-variant 9.87e-06 DHX57 ARHGEF33,5051

2 39099918  rs2373473 intron-variant 5.79e-06 DHX57 CDKL4,5051

2 39100760 rs3099945 intron-variant 9.36e-06 DHX57 CDKL4,5051

2 39101105 rs3112170 intron-variant 9.26e-06 MORNZ2,DHX57 CDKL4,SOS1

2 39101827 rs3112172 intron-variant 5.1e-06 MORN2,DHX57 CDKL4,SOS1

2 39101885 rs2060743 intron-variant 7.69e-06 MORNZ2,DHX57 CDKL4,SOS1

2 39104425 rs9808133 intron-variant 9.14e-06 MORN2,DHX57 CDKL4,SOS1

2 39112166 rs11124653 3.92e-06 CDKL4,S0S51

2 39129935 rs11681583 7.42e-06 CDKL4,50S51

2 39139916 rs1868867 8.32e-06 CDKL4,5051

2 39150901 rs10204999 intron-variant 9.08¢-06 ARHGEF33 CDKL4,SOS1,MAP4KS3

2 156982876 rs114516289 7.43e-07

2 156989907 rs115836001 2.72e-06

3 1385724 rs155400 intron-variant 5.13e-06 CNTNG6 CNTN6

3 1387043 rsb5957631  intron-variant 8.53e-06 CNTNG6 CNTN6

3 1387057 rs61456930 intron-variant 6.31e-06 CNTNG6 CNTN6

3 1388418 rs11920256  intron-variant 3.26e-07 CNTNG6 CNTN6

3 1388589 rs11928188 intron-variant 3.54e-06 CNTNG6 CNTN6

3 1388596 rs11916754  intron-variant 3.23e-07 CNTNG6 CNTN6

3 1388726 rs11916814  intron-variant 3.54e-06 CNTNG6 CNTN6

3 1389117 rs17038032 intron-variant 3.54e-06 CNTNG6 CNTN6

3 1389584 rs17785918 intron-variant 3.25e-07 CNTNG6 CNTNG6

3 1389720 rs17785924  intron-variant 3.26e-07 CNTNG6 CNTN6

3 1390329 rs66502721  intron-variant 3.72e-06 CNTNG6 CNTN6

3 1390626 rs17785930 intron-variant 3.61e-07 CNTNG6 CNTN6

3 1391139 rs4684123 intron-variant 1.54e-06 CNTNG6 CNTN6

3 1391159 rs4684124 intron-variant 1.54e-06 CNTNG6 CNTNG6

3 1393109 rs73006880 intron-variant 5.57e-06 CNTNG6 CNTN6

3 1405829 rs10510209 intron-variant 2.5e-07 CNTNG6 CNTN6

3 1427566 rs72997748  intron-variant 2.28¢-06 CNTNG6 CNTN6

3 1427625 rs9820933 intron-variant 3.47e-06 CNTNG6 CNTN6

3 139750465 rs9874196 intron-variant 7.74e-06 CLSTN2 NMNATS3

3 139750888 rs9820731 intron-variant 8.19e-06 CLSTN2 NMNATS

3 139779455 rs2162212 intron-variant 9.33e-06 CLSTN2

5 36667579 rsl0491374 intron-variant 5.89e-06 SLCI1A3 RPL39P22,SLC1A3

6 122561446 rs138125116 1.93e-07 PKIB,SERINC1

7 28893972  rs28481569 3.43e-06 CREB5,TRIL

7 28895777 rsll1772521 4.21e-06 CPVL,CREB5,TRIL

7 28897686 rsl0276611 5.53e-06 CPVL,CREB5,TRIL

7 68036803 rs4718787 1.4e-06 RP11-358M3.1

7 68041389 rs75351549 1.41e-06 RP11-358M3.1

7 83524245 rs62475844 6.26e-06 SEMA3E

8 21471008 rs2010278 3.48e-06

8 39933560 rs55956871 1.77e-06 IDO2,ADAM2,IDO1

9 116967338 rs41306492 intron-variant 6.49e¢-06 COL27A1 ASTN2

10 25242947 rs274313 upstream-2KB 4.09¢-06 PRTFDC1 GPR158-AS1,RP11-80K21.3,GPR158
10 25244392 rs274312 6.36e-06 GPR158-AS1,RP11-80K21.3,GPR158
10 25244919 rs274311 2.83e-06 GPR158-AS1,RP11-80K21.3,GPR158
10 25245208 rs274310 5.83e-06 GPR158-AS1,RP11-80K21.3,GPR158
10 25245394  rs182130 4.61e-06 GPR158-AS1,RP11-80K21.3,GPR158
10 25245721 rs200730 5.63e-06 GPR158-AS1,RP11-80K21.3,GPR158
10 25246496 rs274309 5.83e-06 GPR158-AS1,RP11-80K21.3,GPR158
10 25246509 rs274308 5e-06 GPR158-AS1,RP11-80K21.3,GPR158
10 25246820 rs274307 1.74e-06 GPR158-AS1,RP11-80K21.3,GPR158
10 25246950 rs274306 4.99¢-06 GPR158-AS1,RP11-80K21.3,GPR158
10 25246980 rs274305 2.43e-06 GPR158-AS1,RP11-80K21.3,GPR158
10 25247006 rs274304 4.01e-06 GPR158-AS1,RP11-80K21.3,GPR158
10 25247057 rs274303 4.92e-06 GPR158-AS1,RP11-80K21.3,GPR158
10 25248540 rs274301 7.38e-07 GPR158-AS1,RP11-80K21.3,GPR158
10 25249606 rs612482 1.7e-06 GPR158-AS1,RP11-80K21.3,GPR158
10 25252205 rs274289 1.66e-07 GPR158-AS1,RP11-80K21.3,GPR158
10 25254151 rs274288 1.87e-07 GPR158-AS1,RP11-80K21.3,GPR158
10 25257870 rs2818289 1.51e-07 GPR158-AS1,RP11-80K21.3,GPR158
10 25258244 rs2031600 1.58e-07 GPR158-AS1,RP11-80K21.3,GPR158
10 25261446 rs274290 7.86e-06 GPR158-AS1,GPR158

10 25262946 rs274291 6.53e-06 GPR158-AS1,GPR158

10 25264155 1rs274292 9.33e-06 GPR158-AS1,GPR158

10 25265047 rs274293 1.66e-07 GPR158-AS1,GPR158

10 25265078 rs274294 1.65e-07 GPR158-AS1,GPR158

10 25265303 rsl66670 1.62e-07 GPR158-AS1,GPR158

10 25269851 rs2007364 6.85e-08 GPR158-AS1,GPR158

10 25270441 1rs902903 downstream-500B  1.88e-06 ENKUR GPR158-AS1,GPR158

Continued on next page
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Chr Position SNP SNP class p-value Gene Neighbouring genes (<100kb)
10 25271270 rs2307047 utr-variant-3’ 3.41e-06 ENKUR GPR158-AS1,GPR158
10 25273988 rs2279547 intron-variant 7.56e-08 ENKUR GPR158-AS1,GPR158
10 25277315 rs4556443 intron-variant 3.27e-07 ENKUR GPR158

10 25277917 1rsl0764515 intron-variant 1.43e-07 ENKUR GPR158

10 25283248 rsl12784769 intron-variant 4.17e-06 ENKUR GPR158

10 25293195 rs10764516 intron-variant 9.83e-07 ENKUR GPR158

10 25296379 rs10764517  intron-variant 1.89¢-06 ENKUR GPR158

10 25297598 rs950609 intron-variant 1.47e-06 ENKUR GPR158

10 25300544  rs4748993 intron-variant 1.72e-06 ENKUR GPR158

10 25300609 rs4748994 intron-variant 5.78e-07 ENKUR GPR158

10 25305139 rs987274 intron-variant 1.22e-06 ENKUR,THNSL1 GPR158

10 25305991 rs7082131 intron-variant 1.16e-06 ENKUR,THNSL1 GPR158

10 25313818 rs7086282 synonymous-codon 1.59e-06 ENKUR,THNSL1 GPR158

10 25316755 rs12356765 intron-variant 1.66e-06 ENKUR GPR158

10 25319146 rs7393543 intron-variant 2.33e-06 ENKUR GPR158

10 25320223 rs6482467 intron-variant 4.57e-06 ENKUR GPR158

10 25321244 rs10764519  intron-variant 2.32e-06 ENKUR GPR158

10 25321589 rs11014357 intron-variant 2.37e-06 ENKUR GPR158

10 25332461 rs1352982 intron-variant 1.73e-06 ENKUR GPR158

10 25334906 rs6482468 intron-variant 2.43e-06 ENKUR GPR158

10 25343606 rs2367507 intron-variant 5.7e-06 ENKUR GPR158

10 25347926 rs11014367 intron-variant 5.21e-06 ENKUR GPR158

10 25348695 rs10828750 intron-variant 5.96e-06 ENKUR GPR158

10 25348970 rs10828751 intron-variant 6.22e-06 ENKUR GPR158

10 25355952 rs10828752 6.88e-06 GPR158

10 25363128 rs11014382 7.32e-06 GPR158

10 25364341 rs1907790 7.31e-06 GPR158

11 64842300 rs2370165 8.14e-06 RPS16P6,RASGRP2
12 78675543 rs12303583 2.62e-06

12 78677265 rs1008694 2.9e-06

18 76499543 rs2941772 8.23e-06 LINCO00908,FLJ44313,ZNF516

Chr= chromosome

Table 7.13: Single-nucleotide polymorphisms (SNPs) with p-values suggestive (<1x107°) of
association with the persistence of capsular group C meningococci (MenC)-specific serum bacte-
ricidal assay (SBA) titres following older childhood immunisation with MenC conjugate vaccine,
when regression models were conducted separately for SBAs using rabbit and human complement,
and meta-analysed. Gene information was derived from a NCBI search of reference SNP (rs) num-
bers, using ‘GetSNPInfo’ and ‘AnnotateSNPList’ functions in the ‘NCBI2R’ R package (241]).

Chr Position SNP p-value 1° Gene Neighbouring genes (<100kb)

1 6936272 rs7546903 8.7e-06 82.37 CAMTAI1 RPL37P9,CAMTA1

1 6948204 rs8918 7.56e-06 81.95 CAMTA1 RPL37P9,CAMTA1

1 6975221 rs11120785 6.06e-06 82.79 CAMTA1 RPL37P9,CAMTA1

1 6979712 rs10864246 6.39e-06 74.67 CAMTA1 RPL37P9,CAMTA1

1 6982350 rs10864247 2.19e-06 81.77 CAMTA1 RPL37P9,CAMTA1

1 6987405 rs2412219 2.77e-06 81.19 CAMTA1 RPL37P9,CAMTA1

1 6988244 rs1567401 2.57e-06 81.06 CAMTA1 RPL37P9,CAMTA1

1 6989303 rs1828309 3.45e-06 79.70 CAMTA1 RPL37P9,CAMTA1

1 6990863 rs7519035 2.33e-06 79.61 CAMTA1 RPL37P9,CAMTA1

1 7013328 rs11120795 9.94e-06 84.47 CAMTA1 LOC100129476,CAMTA1

1 7014444 rs7554752 5.69e-07 18.02 CAMTA1 LOC100129476,CAMTA1

2 38949275 rs67716743 9.41e-06 74.06 GALM GALM,ASS1P2,SRSF7,TTC39DP,GEMING6,DHX57

2 38954419 rs11124646 6.9¢e-06 39.04 GALM GALM,ASS1P2,SRSF7,TTC39DP,GEMING6,DHX57

2 38964531  rs3097713 5.43e-06 67.54 GALM,ASS1P2,SRSF7,TTC39DP,GEMING6,DHX57

2 38977371  rs3112183 6.17e-07 0.00 SRSF7 GALM,ASS1P2,SRSF7,TTC39DP,GEMING6,DHX57

2 38977402 rs3134630 6.64e-07 0.00 SRSF7 GALM,ASS1P2,SRSF7,TTC39DP,GEMING6,DHX57

2 38977505 rs3134629 6.71e-07 0.00 SRSF7 GALM,ASS1P2,SRSF7,TTC39DP,GEMING6,DHX57

2 38977612 rs3134628 5.64e-07 0.00 SRSF7 GALM,ASS1P2,SRSF7, TTC39DP,GEMING6,DHX57

2 38978764 rs12621103 5.13e-07 0.00 SRSF7 GALM,ASS1P2,SRSF7,TTC39DP,GEMING6,DHX57

2 38979627 rs12472454 1.68e-06 66.17 SRSF7 GALM,ASS1P2,SRSF7, TTC39DP,GEMING6,DHX57

2 38980231 rs13024811 4.58e-07 0.00 SRSF7 GALM,ASS1P2,SRSF7,TTC39DP,GEMING6,DHX57

2 38980922 rs2037875 3.39e-06 60.23 GALM,ASS1P2,SRSF7,TTC39DP,GEMING6,DHX57

2 38981207 1rs10197412 3.3e-06 60.63 GALM,ASS1P2,SRSF7, TTC39DP,GEMING6,DHX57

2 38981922 rs12474770 9.2¢-07  0.00 GALM,ASS1P2,SRSF7, TTC39DP,GEMING6,DHX57

2 38982036 rs4670892 1.09e-06 0.00 GALM,ASS1P2,SRSF7,TTC39DP,GEMING6,DHX57

2 38985347 rs11685192 5.17e-07 0.00 GALM,ASS1P2,SRSF7,TTC39DP,GEMING6,DHX57

2 39004215  rs3099952 1.72e-06 0.00 GEMING6 GALM,ASS1P2,SRSF7, TTC39DP,MORN2,GEMIN6, DHX57
2 39007822  rs4670894 4.6e-06 0.00 GEMING6 GALM,ASS1P2,SRSF7, TTC39DP,MORN2,GEMIN6, DHX57
2 39007909  rs3099960 1.75e-06 5.90 GEMING GALM,ASS1P2,SRSF7, TTC39DP,MORN2,GEMIN6,DHX57
2 39008468 rs1562855 2.93e-06 1.47 GEMING GALM,ASS1P2,SRSF7,TTC39DP,MORN2,GEMING6,DHX57
2 39023490 1s3112209  3.19¢-06 34.33 GALM,ASS1P2,SRSF7, TTC39DP,MORN2, GEMING, DHX57
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Chr Position SNP p-value 12 Gene Neighbouring genes (<100kb)
2 39037813 rs3112215 1.37e-06 6.82 DHX57 GALM,ASS1P2,SRSF7,TTC39DP,MORN2,GEMIN6, DHX57
2 39099918  rs2373473 9.14e-06 21.78 DHX57 ARHGEF33,LOC375196,ASS1P2, MORN2,GEMING,DHX57
2 39101827 rs3112172 8.2e-06 23.60 MORN2 ARHGEF33,LOC375196,ASS1P2, MORN2,GEMING,DHX57
2 39112166 1rs11124653 3.24e-06 0.00 ARHGEF33,LOC375196,ASS1P2,SOS1,MORN2,DHX57
2 156982876 rs114516289 9.42e-07 62.86 LOC100128759

2 156989907 rs115836001 2.98e-06 68.23 LOC100128759

3 1374976 rs10510170 6.3e-06 0.00 CNTNG6 CNTNG6

3 1385477 rs61351715 4.29¢-06 0.00 CNTNG6 CNTNG6

3 1385724 rs155400 4.68e-06 0.00 CNTNG6 CNTN6

3 1387043 rs55957631  4.25e-06 0.00 CNTN6 CNTN6

3 1387057 rs61456930 3.26e-06 0.00 CNTNG6 CNTN6

3 1388418 rs11920256 1.1le-07 0.00 CNTN6 CNTN6

3 1388589 rs11928188 3.74e-06 0.00 CNTNG6 CNTN6

3 1388596 rs11916754 1.1e-07 0.00 CNTNG6 CNTN6

3 1388726 rs11916814 3.74e-06 0.00 CNTNG6 CNTN6

3 1389117 rs17038032 3.74e-06 0.00 CNTNG6 CNTN6

3 1389584 rs17785918 1.11e-07 0.00 CNTNG6 CNTN6

3 1389720 rs17785924 1.11e-07 0.00 CNTNG6 CNTN6

3 1390329 rs66502721  3.99e-06 0.00 CNTNG6 CNTN6

3 1390626 rs17785930 1.27e-07 0.00 CNTNG6 CNTN6

3 1391139 rs4684123 6.63e-07 0.00 CNTNG6 CNTN6

3 1391159 rs4684124 6.64e-07 0.00 CNTNG6 CNTNG6

3 1393109 rs73006880 2.81e-06 0.00 CNTN6 CNTNG6

3 1405829 rs10510209 1.7e-07 0.00 CNTN6 CNTNG6

3 1427566 rs72997748  2.05e-06 0.00 CNTN6 CNTNG6

3 1427625 rs9820933 6.82e-06 65.09 CNTNG6 CNTNG6

3 139750465 rs9874196 8.33e-06 0.00 CLSTN2 CLSTN2

3 139750888 rs9820731 8.83e-06 0.00 CLSTN2 CLSTN2

3 139779455 rs2162212 8.68e-06 0.00 CLSTN2 CLSTN2

5 36667579 1rs10491374 2.94e-06 0.00 SLC1A3 RPL39P22,SLC1AS3

5 36668022 rs3776585 7.3e-06 0.00 SLCI1AS3 RPL39P22,SLC1AS3

7 28893972 rs28481569 2.31e-06 0.00 CREBS5, TRIL

7 28895777 rsll772521 2.62e-06 0.00 CREBS5, TRIL

7 28897686 rs10276611 3.41e-06 0.00 CREBS5, TRIL

7 68036803  rs4718787 1.82e-06 0.00 LOC100419458

7 68041389 rs75351549 1.82e-06 0.00 LOC100419458

7 83524245 1s62475844  3.94e-06 0.00 SEMA3A

8 21471008 rs2010278 3.01e-06 0.00 GFRA2

8 39933560 rs55956871  3.04e-06 0.00 LOC100420944,IDO2,C8orf}
9 116967338 rs41306492 6.47e-06 7.82 COL27A1 MIR455,COL27A1

10 25242947 rs274313 5.04e-06 0.00 PRTFDC1 ENKUR,PRTFDC1,THNSL1
10 25244392 rs274312 8.33e-06 0.00 PRTFDC1 ENKUR,PRTFDC1,THNSL1
10 25244919 rs274311 4.04e-06 9.83 ENKUR,PRTFDC1,THNSL1
10 25245208 rs274310 8.47¢-06 8.70 ENKUR,PRTFDC1,THNSL1
10 25245394 rs182130 5.55e-06 0.00 ENKUR,PRTFDC1,THNSL1
10 25245721  rs200730 7.38e-06 0.00 ENKUR,PRTFDC1,THNSL1
10 25246496 rs274309 8.47¢-06 8.50 ENKUR,PRTFDC1,THNSL1
10 25246509 rs274308 7.32e-06 13.24 ENKUR,PRTFDC1,THNSL1
10 25246820 rs274307 2.33e-06 2.28 ENKUR,PRTFDC1,THNSL1
10 25246950 rs274306 7.29¢-06 12.95 ENKUR,PRTFDC1,THNSL1
10 25246980 rs274305 3.5e-06 10.88 ENKUR,PRTFDC1,THNSL1
10 25247006 rs274304 5.52e-06 0.00 ENKUR,PRTFDC1,THNSL1
10 25247057 rs274303 7.19e-06 13.08 ENKUR,PRTFDC1,THNSL1
10 25248540 rs274301 6.35e-07 0.00 ENKUR,PRTFDC1,THNSL1
10 25249606 rs612482 9.76e-07 0.00 ENKUR,PRTFDC1,THNSL1
10 25252205 rs274289 1.54e-07 0.00 ENKUR,PRTFDC1,THNSL1
10 25254151 rs274288 1.78e-07 0.00 ENKUR,PRTFDC1,THNSL1
10 25255447 rsl2761282 8.02e-06 0.00 ENKUR,PRTFDC1,THNSL1
10 25257870 rs2818289 1.37¢-07 0.00 ENKUR,PRTFDC1,THNSL1
10 25258244 rs2031600 1.45e-07 0.00 ENKUR,PRTFDC1,THNSL1
10 25261446 rs274290 5.75e-06 0.00 ENKUR,PRTFDC1,THNSL1
10 25262946 rs274291 4.61e-06 0.00 ENKUR,PRTFDC1,THNSL1
10 25264155 rs274292 6.03e-06 0.00 ENKUR,PRTFDC1,THNSL1
10 25265047 rs274293 1.16e-07 0.00 ENKUR,PRTFDC1,THNSL1
10 25265078 rs274294 1.15e-07 0.00 ENKUR,PRTFDC1,THNSL1
10 25265303 rs166670 1.12e-07 0.00 ENKUR,PRTFDC1,THNSL1
10 25269851 rs2007364 5.48e-08 0.00 ENKUR,PRTFDC1,THNSLI1
10 25270441 rs902903 1.18¢-06 0.00 ENKUR ENKUR,PRTFDC1,THNSL1
10 25271270 rs2307047 2.11e-06 0.00 ENKUR ENKUR,PRTFDC1,THNSLI1
10 25273988  rs2279547 4.96e-08 0.00 ENKUR ENKUR,PRTFDC1,THNSL1
10 25277315 rs4556443 2.23e-07 0.00 ENKUR ENKUR,PRTFDC1,THNSL1
10 25277917 rs10764515 1.04e-07 0.00 ENKUR ENKUR,PRTFDC1,THNSL1
10 25283248 rs12784769 2.64e-06 0.00 ENKUR ENKUR,PRTFDC1,THNSL1
10 25293195 1rs10764516 1.28e-06 6.87 ENKUR ENKUR,PRTFDC1,THNSL1
10 25296379 rs10764517 2.18e-06 0.00 ENKUR ENKUR,PRTFDC1,THNSL1
10 25297598 rs950609 1.91e-06 9.64 ENKUR ENKUR,PRTFDC1,THNSL1
10 25300544 rs4748993 2.37e-06 9.42 ENKUR ENKUR,PRTFDC1,THNSL1
10 25300609 rs4748994 7.69e-07 0.00 ENKUR ENKUR,PRTFDC1,THNSL1

10 25305139 rs987274 1.69e-06 22.29 ENKUR,THNSL1 LOC101929025,ENKUR,PRTFDC1,THNSL1
10 25305991 rs7082131 1.64e-06 27.60 ENKUR,THNSL1 LOC101929025,ENKUR,PRTFDC1,THNSL1
10 25313818 rs7086282 2.15e-06 18.92 ENKUR,THNSL1 LOC101929025,ENKUR,PRTFDC1,THNSL1
10 25316755 rs12356765 2.23e-06 18.04 ENKUR LOC101929025,ENKUR,PRTFDC1,THNSL1
Continued on next page
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Chr Position SNP p-value 12 Gene Neighbouring genes (<100kb)

10 25319146 rs7393543 3.36e-06 27.88 ENKUR LOC101929025,ENKUR,PRTFDC1,THNSL1
10 25320223 rs6482467 6.44e-06 33.35 ENKUR LOC101929025,ENKUR,PRTFDC1,THNSL1
10 25321244 rs10764519 3.35e-06 27.89 ENKUR LOC101929025,ENKUR,PRTFDC1,THNSL1
10 25321589 rs11014357 3.42e¢-06 28.63 ENKUR LOC101929025,ENKUR,PRTFDC1,THNSL1
10 25332461 1rs1352982 3.38¢-06 59.66 ENKUR LOC101929025,ENKUR,PRTFDC1,THNSL1
10 25334906 rs6482468 4.48e-06 59.75 ENKUR LOC101929025,ENKUR,PRTFDC1,THNSL1
11 78794102  rs4944221 6.68e-06 4.77 TENMj LOC101928921, TENM

12 78675543 rs12303583 2.99e-06 46.70 NAV3

12 78677265 rs1008694 3.22e-06 46.44 NAV3

12 96161265 rs7977346 3.49¢-06 10.49 NTN4 PGAMI1P5,CCDC88,NTN4,SNRPF

Chr= chromosom
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Figure 7.8: Regional plots of the imputed chromosome 3 and 10 loci associated with the persis-
tence of capsular group C meningococci (MenC)-specific serum bactericidal assay titres following
older childhood immunisation, generated from the meta-analysis of regression models conducted
separately for assays using rabbit and human complement. The local gene structure is shown
below the plot, with thick lines denoting exons joined by intronic regions. The statistical associ-
ation (p-value) is shown on the primary y-axis (left) and the recombination rate is shown on the
secondary y-axis (right). The single-nucleotide polymorphism with the most statistical evidence
of association is shown in purple and remaining SNPs are coloured according to their linkage
disequilibrium (r?) with this ‘lead’ SNP. SNPs with particular features are assigned a symbol, as
denoted by the ‘annotation key’. a) associated chromosome 3 locus and b) associated chromosome
10 locus. These plots were created using the LocusZoom tool (244)).
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Table 7.14: Single-nucleotide polymorphisms (SNPs), in the imputed dataset, with p-values sug-
gestive (<1x1077) of association with logo transformed capsular group C meningococci (MenC)-
specific IgG concentration following childhood immunisation with MenC vaccine. Gene informa-
tion was derived from a NCBI search of SNP reference SNP (rs) numbers, using ‘GetSNPInfo’
and ‘AnnotateSNPList’ functions in the ‘NCBI2R’ R package (241]).

10 rs2994657
11 rs4278546

13 rs17052192 intron-variant
13  rs17052202 intron-variant
13 rs61948739 intron-variant
13  rs61948743 intron-variant
14  rs76107923 intron-variant
14  rs193070711 intron-variant
14  rs117048587 intron-variant
15 rs7171527 intron-variant
18 rs62105211  intron-variant

18  rs146824711
18  rs137908407

22 rs9608250 intron-variant

22 1rs5996675 intron-variant

31130598  3.2872e-06
79217391  7.8357e-06

74991578  6.5641e-06
74997878  6.8862e-06

Chr SNP SNP Class Position p-value Gene Neighbouring genes (<100kb)

1 rs4074406 25190803  9.8351e-06 SYF2,LOC83891020,RSRP1,RHD

1 rs2056957 25192642  9.5882e-06 SYF2,LOC391020,RSRP1,RHD

1 rs12058690 25193278  6.832e-06 SYF2,LOC391020,RSRP1,RHD

1 rs75137290 111763173 8.7048e-06 FAM212B-AS1,KCND3-1T1,DDX20,KCND3,FAM212B,RAP1A
3 rs111307985 intron-variant 185308823 7.5718e-07 SENP2 MIR5588, EHHADH,EIF252P2,MAP3K13

3 rs113473966 intron-variant 185308832 5.2599e-06 SENP2 MIR5588, EHHADH,EIF252P2, MAP3K13

5 rs60357858 89572699  3.4147e-06

6 rs12212900 67623577  5.132e-06

8 rs8185884 43626988  9.6819e-06

ZNF438
TENM/

35963116  9.9697¢-06 NBEA DCLK1

35968822 1.3978e-06 NBEA TRNAQ50P,DCLK1
35973962  9.61e-06 NBEA TRNAQ50P,DCLK1
35978696 9.5508e-06 NBEA TRNAQ50P,DCLK1
42338009 7.608e-06 LRFNS

42340444  7.8692e-06 LRFNS

42341777  7.9866e-06 LRFN5

94934598  7.5968e-06 MCTP2

74969284  5.1958e-06 GALR1 ZNF407

ZNFL07
ZNFL07

24617271 5.4967e-06 GGT5 GGT1,LRRC75B,UPB1,ARL5AP,CRIP1P/,BCRP3,POM121L10P,

SNRPD3,GUCD1

24618331 6.8514e-06 GGT5 GGT1,LRRC75B,UPB1,ARL5AP,CRIP1P/,BCRP3,POM121L10P,

SNRPD3,GUCD1

Chr= chromosome

Table 7.15: Single-nucleotide polymorphisms, in imputed dataset, with p-values suggestive
(<1x1079) of association with the persistence of logyg transformed capsular group C meningococci
(MenC)-specific serum bactericidal assay titres following childhood immunisation with MenC con-
jugate vaccine. Gene information was derived from a NCBI search of reference SNP (rs) numbers,
using ‘GetSNPInfo’ and ‘AnnotateSNPList’” functions in the ‘NCBI2R’ R package (241)).

10  rs10824619
10 rs1369752
10 rs57705961
10 rs11002578
10 rs2163990
10 rs7074159
10  rs55895329
10  rs2016514
10 rs2016695
10 rs11002580
10  rs7074960
10 rs1583344

80248052  6.5014e-06
80248755 6.2757e-06
80251088  5.9232e-06
80251436  5.9245e-06
80252106  5.9273e-06
80257477  3.457e-06

80258089  3.2205e-06
80258886  2.9432e-06
80259067  2.8857e-06
80259663  3.5555e-06
80259796  2.6422e-06
80260293  3.3343e-06

Chr SNP SNP Class Position p-value Gene Neighbouring genes (<100kb)
2 rs1881417 intron-variant 29511480 6.1222e-06 ALK ALK

2 rs2272409 intron-variant 29519622 8.2104e-06 ALK ALK

2 rs7600162 intron-variant 225252746 8.6913e-06 FAM124B

3 rs11920256 intron-variant 1388418 2.4814e-06 CNTNG6 CNTN6

3 rs11916754 intron-variant 1388596 2.4715e-06 CNTNG6 CNTN6

3 rs17785918 intron-variant 1389584 2.4793e-06 CNTNG6 CNTN6

3 rs17785924  intron-variant 1389720 2.4792e-06 CNTNG6 CNTN6

3 rs17785930 intron-variant 1390626 2.3862¢-06 CNTNG6 CNTN6

3 rs4684123 intron-variant 1391139 9.7e-06 CNTN6 CNTN6

3 rs4684124 intron-variant 1391159 9.7238e-06 CNTNG6 CNTN6

3 rs10510209 intron-variant 1405829 7.1515e-07 CNTNG6 CNTN6

5 rs10491374 intron-variant 36667579 6.163e-06 SLCI1A3 RPL39P22,SLC1A3

7 rs13231325 intron-variant 39778210 2.2006e-06 LINC00265 CICP22,LINC00265,RALA,RWDD/P2
9 rs10815843 intron-variant 8385306 4.9115e-06 PTPRD PTPRD

9 rs10815844 intron-variant 8386530 2.7977e-06 PTPRD PTPRD

DYDC1,ANXA11,MAT1A,RPS12P2,EIF5AP,DYDC2
DYDC1,ANXA11,MAT1A,RPS12P2,EIF5AP,DYDC2
DYDC1,ANXA11,MAT1A,RPS12P2,EIF5AP/,DYDC2
DYDC1,ANXA11,MAT1A,RPS12P2,EIF5AP/,DYDC2
DYDC1,ANXA11,MAT1A,RPS12P2,EIF5AP/,DYDC2
DYDC1,ANXA11,MAT1A,RPS12P2,EIF5AP/,DYDC2
DYDC1,ANXA11,MAT1A,RPS12P2,EIF5AP/,DYDC2
DYDC1,ANXA11,MAT1A,RPS12P2,EIF5AP,,DYDC2
DYDC1,ANXA11,MAT1A,RPS12P2,EIF5AP/,DYDC2
DYDC1,ANXA11,MAT1A,RPS12P2,EIF5AP/,DYDC2
DYDC1,ANXA11,MAT1A,RPS12P2,EIF5AP/,DYDC2
DYDC1,ANXA11,MAT1A,RPS12P2,EIF5AP/,DYDC2

Continued on next page
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Chr SNP SNP Class Position p-value Gene Neighbouring genes (<100kb)
10 rs11002582 80264319 2.077e-06 DYDC1,ANXA11,MAT1A,RPS12P2,EIF5AP4,DYDC2
10  rs45605435 intron-variant 97002331 5.4438e-06 PDLIM1 HMGN2P35,SLIT1,LCOR
10  rs45498798 intron-variant 97012373 5.181e-07 PDLIMI1 HMGN2P35,SLIT1,LCOR
10 rs79551183 intron-variant 97013529 5.0358e-07 PDLIM1 HMGN2P35,SLIT1,LCOR
10  rs45554238 intron-variant 97015625 7.2018e-07 PDLIM1 HMGN2P35,SLIT1,LCOR
10 rs113904229 intron-variant 97016791 4.1013e-07 PDLIM1 SLIT1,LCOR

10  rs45493292 intron-variant 97019278 6.9857e-07 PDLIM1 SLIT1,LCOR

10  rs45518536  intron-variant 97020219 6.9626e-07 PDLIM1 SLIT1,LCOR

10 rs10509685 intron-variant 97021389 1.9243e-06 PDLIM1 SLIT1,LCOR

10 rs45591738  intron-variant 97021727 4.7905e-07 PDLIM1 SLIT1,LCOR

10  rs45562941 intron-variant 97022157 4.7533e-07 PDLIM1 SLIT1,LCOR

10  rsl17453729 intron-variant 97026530 4.3849e-07 PDLIM1 SLIT1,LCOR

10  rsl17453764 intron-variant 97026751 4.3634e-07 PDLIM1 SLIT1,LCOR

10  rsl17526000 intron-variant 97027086 3.6577e-07 PDLIM1 SLIT1,LCOR

10  rs45533831 intron-variant 97028360 3.9425e-07 PDLIM1 SLIT1,LCOR

10 rs79587021 intron-variant 97029366 2.8184e-07 PDLIM1 SLIT1,LCOR

10 rs17453855 intron-variant 97030377 1.2688e-07 PDLIM1 SLIT1,LCOR

10  rs45555036  intron-variant 97031101 1.7706e-07 PDLIM1 SLIT1,LCOR

10  1rs45444597 intron-variant 97031118 4.2524e-07 PDLIM1 SLIT1,LCOR

10  rs45447693 intron-variant 97033775 2.8725e-07 PDLIM1 SLIT1,LCOR

10 rs1854338 intron-variant 97034273  3.6944e-07 PDLIM1 SLIT1,LCOR

10  rs79126036 intron-variant 97039749 1.9295e-06 PDLIM1 SLIT1,LCOR

12 rs34633617 58303487 1.7325e-06 RPL21P103

12 rs76031679 58315476  2.4177e-06 RPL21P103

14 rs1953447 intron-variant 33442259 7.2953e-06 NPAS3 NPASS3

15  rs78869717 96672831  6.7951e-06 SPATA8-AS1,FAM149B1P1

20 rs2181872 intron-variant 1612323 1.8991e-06 SIRPG SIRPB3P,SIRPB1,SIRPD,SIRPG
20 rs13045212 intron-variant 1612700 2.1977e-06 SIRPG SIRPB3P,SIRPB1,SIRPD,SIRPG
20  rs6034235 intron-variant 1614914 3.0537e-07 SIRPG SIRPB3P,SIRPB1,SIRPD,SIRPG
20 rs13037155 intron-variant 1614915 1.1446e-07 SIRPG SIRPB3P,SIRPB1,SIRPD,SIRPG
20 rs13045074 intron-variant 1615105 1.362e-06 SIRPG SIRPB3P,SIRPB1,SIRPD,SIRPG
20 rsl7770331  intron-variant 1615308 1.1008e-06 SIRPG SIRPB3P,SIRPB1,SIRPD,SIRPG
20  rs2277761 synonymous 1617069 6.1006e-07 SIRPG SIRPB3P,SIRPB1,SIRPD,SIRPG
20  rs6079931 intron-variant 1622255 1.0209e-06 SIRPG SIRPB3P,SIRPB1,SIRPD,SIRPG
20 rs13037249 intron-variant 1622755 1.0368e-06 SIRPG SIRPB3P,SIRPB1,SIRPD,SIRPG
20  rs4813190 intron-variant 1626069 1.6702e-06 SIRPG SIRPB3P,SIRPB1,SIRPD,SIRPG
20 rs4813191 intron-variant 1626479 6.1376e-06 SIRPG SIRPB3P,SIRPB1,SIRPD,SIRPG
20  rs3761270 intron-variant 1632653 1.5962e-06 SIRPG SIRPB3P,SIRPB1,SIRPD,SIRPG
20  rs4813199 upstream-2KB 1640267 1.4628e-06 SIRPG SIRPB3P,SIRPB1,SIRPD,SIRPG
20 rs4814411 1641146 5.4412e-06 SIRPB3P,SIRPB1,SIRPD,SIRPG
20 rs4814413 1642302 1.3947e-06 SIRPB3P,SIRPB1,SIRPD,SIRPG
20 rs4814415 1643499 1.3441e-06 SIRPB3P,SIRPB1,SIRPD,SIRPG
20  rs2023567 1644269 2.2334e-06 SIRPB3P,SIRPB1,SIRPD,SIRPG
20  rs2023566 1644291 2.233e-06 SIRPB3P,SIRPB1,SIRPD,SIRPG
20 rs2273334 1645830 2.1835e-06 SIRPB3P,SIRPB1,SIRPD,SIRPG
20 rs2273332 1650472 1.9387e-06 SIRPB3P,SIRPB1,SIRPD,SIRPG
20 rs3818168 1651969 1.7846e-06 SIRPB3P,SIRPB1,SIRPD,SIRPG

Chr= chromosome

Table 7.16: Single-nucleotide polymorphisms with p-values suggestive (<1x107°) of association
with logjo transformed capsular group C meningococci (MenC)-specific IgG concentrations fol-
lowing meta-analysis of regression models fitted separately for younger and older childhood MenC
vaccine recipients. Gene information was derived from a NCBI search of SNP reference SNP (rs)
numbers, using ‘GetSNPInfo’ and ‘AnnotateSNPList’ functions in the ‘NCBI2R’ R package on
build 37 of the human genome (241)).

Chr SNP Position p-value 12 Gene Neighbouring genes (<100kb)
1 rs209741 22899011 1.851e-06 40.40 EPHAS MIR4253, EPHB2,LACTBL1
1 rs4466696 48556330 8.088e-06  58.35 RPL21P25,SPATA6,AGBL}
3 rs17744749 9291441 7.789¢-06  0.00 SRGAP3 SRGAP3-AS3,LOC101927416,THUMPD3,PGAM1P/,

THUMPD3-AS1,SRGAPS3

5 rs4916794 89573928 9.264e-06  0.00

5 rs31318 123614481 1.87e-06 42.44 CSNK1G3,KRT18P16
5 rs149473 123620836  7.864e-06  0.00 CSNK1G3,KRT18P16
12 rs16945151 115639912  6.495e-06  0.00 UBA52P7

15 rs13379920 83756393 1.675e-06  0.00 ADAMTSL3

Chr= chromosome
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Table 7.17: Single-nucleotide polymorphisms with p-values suggestive (<1x107?) of associa-
tion with logjo transformed capsular group C meningococci (MenC)-specific serum bactericidal
assay titres, following meta-analysis of regression models fitted separately for younger and older
childhood MenC vaccine recipients. Gene information was derived from a NCBI search of refer-
ence SNP (rs) numbers, using ‘GetSNPInfo’ and ‘AnnotateSNPList’ functions in the ‘NCBI2R’ R
package (241]).

Chr SNP Position p-value I? Gene Neighbouring genes (<100kb)

8 rs10096657 125357041 3.227e-06 82.91 TMEMG65 TRIB1,NSMCE2

8 rs17297352 125359272 3.039e-06 83.08 TMEM65 TRIB1,NSMCE2

10 rs10509685 97021389 4.217e-07 0.00 PDLIM1 LOC100505540,LOC102724002,C1007f12,SLIT1,LCOR
13 rs206070 32896846 5.383e-06 0.00 BRCA2

13 rsb43304 32912299 6.714e-06 0.00 BRCA2 LINC00423, TOMMZ22P3

14 rs1953447 33442259 2.332e-06 0.00 NPAS3 NPASS3

20 rs13045212 1612700 6.187e-06 73.13 SIRPG SIRPB3P,LOC101929010,SIRPB1,SIRPD,SIRPG

20 rs17770331 1615308 3.482e-06 75.27 SIRPG SIRPB3P,LOC101929010,SIRPB1,SIRPD,SIRPG

Chr= chromosome

7.4 Appendix: Genome-wide association study of the
persistence of serological immunity to capsular group
C meningococcal vaccine following childhood immu-

nisation - Stage 2

7.4.1 Background

Two-stage genetic association study designs, with an initial sample set densely genotyped (stage
1) followed by genotyping a subset of the genetic markers in an additional sample set (stage
2), can considerably reduce costs with only a small reduction in power compared to a one-
stage approach of broadly genotyping all participants (73)). Two-stage designs have increased
efficiency since markers with little statistical evidence of association are eliminated after the first
stage. The statistical power of a two-stage design is influenced by a number of parameters that
can be controlled by the investigator such as the division of participants into stages 1 and 2, the
density of genotyping in stage 1 and the proportion of markers carried forward to stage 2 (73)).
The power of the two-stage approach is also influenced by the analytical method of association

testing. Classically, stage 2 has been treated as a replication cohort with focus being on the
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findings that reach statistical significance when stage 2 is examined alone. This approach was
perceived to be advantageous as the threshold for statistical significance («) would only need
to be corrected for the number of tests conducted in stage 2. The alternative approach is joint
analysis of both stages, which includes more data but necessitates more stringent correction for
multiple testing.

Joint analysis of the two-stages has been shown to be more powerful than a replication
based analysis in the majority of simulations, particularly when a large proportion (>30%)
of individuals are included in stage 1 (73)). The superior power of joint analysis is logical as
this approach incorporates the strength of evidence from stage 1, whereas replication analysis
simply includes markers achieving a somewhat arbitrary threshold. Similarly, the inclusion
of data from stage 1 also assists with analysis in the presence of linkage disequilibrium and
polygenic effects (73]). A scenario in which replication analysis can be marginally more powerful
is when there is heterogeneity between stages 1 and 2, with the latter demonstrating larger effect
size (73). Conversely, when the effect size is larger in stage 1 a joint analysis can be far more
powerful (73]).

Several recent genetic association studies have utilised two-stage designs, including the stud-
ies of HBV induced immunity (22, 25)). In section ‘3., stage 1 of a two-stage genetic association
study of the persistence of serological immunity following MenC vaccine was described. This
section describes stage 2 of this genetic association study including participant demograph-
ics, SNP selection and analysis methodology; however, genotyping was ongoing at the time of

writing this report.

7.4.2 Materials and methods

7.4.2.1 Stage 2 participants

This section includes healthy children recruited into four clinical trials (282, 298] 299] 300). In
brief, study I was an additional cohort recruited in the clinical trial described as study 2 in
the previous section (subsection ‘3.4.3.1[[Stage 1 participants’) (282)). Study II examined the

immunogenicity of infant immunisation with tetravalent meningococcal conjugate vaccine, with
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persistence of MenC-specific immunity measured at 1 year of age (298). Study III was a study
assessing the immunogenicity of 7- and 13-valent pneumococcal conjugate vaccine alongside
routine infant immunisations, with persistence of MenC-specific immunity measured at 1 year
of age (301). Study IV was a longitudinal study assessing kinetics of the decline in MenC-specific
antibody following early childhood (1-4 years of age) MenC immunisation, with persistence of

MenC-specific immunity measured at 3.5-5.0 years of age (300]).

7.4.2.2 Vaccines

Participants described in this section received MenC conjugate vaccine either in a clinical trial
setting or as part of their routine clinical care. Vaccines included monovalent MenC conju-
gated to CRMjg97 (Meningitec or Menjugate) or tetanus toxoid (NeisVac-C), a quadrivalent
MenACWY vaccine conjugated to CRMg7, or a combination Hib-MenC (Menitorix) with the
MenC polysaccharide conjugated to tetanus toxoid. These vaccines were previously described

in subsection ‘2.2.3.AIVaccines’.

7.4.2.3 Immunological measurements

The VEU, Manchester, measured MenC-specific hSBA titres for study I, and rSBA titres for
study III and study IV. Novartis Vaccines, Marburg, measured hSBA titres for study II. MenC-
specific IgG concentrations for study I were measured by the VEU, as described in subsection
‘3.4.3.3 lmmunological measurements’. MenC-specific IgG concentrations for study II were
measured in-house (Oxford Vaccine Group) by ELISA, as described in subsection ‘2.2.3.3[Im-

munological measurements’.

7.4.2.4 DNA extraction

DNA was extracted from clotted blood samples as described in subsection ‘3.4.3.4]DNA extrac-

tion’.
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7.4.2.5 SNP selection

A subset of SNPs from stage 1 of the GWAS were selected for genotyping in stage 2. These
SNPs were selected to represent the most credible association signals in an efficient manner.
To this end, SNPs were selected based on statistical support for association with persistence of
MenC-specific IgG concentrations and/or SBA titres in stage 1, taking into account LD between
SNPs.

The R code for the algorithm devised to select SNPs for stage 2 is presented in appendix
Linkage disequilibrium pruning’. In brief, genotyped SNPs from stage 1 with association
p-values <1x107%, as well as imputed SNPs with p-values <1x107°, in the regression models
of MenC-specific IgG concentrations or SBA titres were selected. A different statistical cut-off
for genotyped and imputed SNPs was imposed as imputed SNPs have an inevitable reduced
certainty. These SNPs were separated into 500 kb chromosomal windows and windows with
<3 SNPs were eliminated as these are more likely to represent genotyping and/or imputation
errors. Next, to avoid redundant genotyping of markers in high LD the SNP list was pruned
by filtering SNPs with an R? >0.95 with the lead SNP within each 500kb window. Then, the
next most significant SNP remaining in each window was selected and LD filtering repeated

iteratively, until all SNPs had been interrogated.

7.4.2.6 Genotyping

Sequenom MassARRAY® iPLEXs were designed as described in subsection ‘2.2.3.d]Genotyp—
ing’. Sequenom MassARRAY® iPLEX assays were completed at the Genome Institute of
Singapore. Genotyping of the replication SNPs was conducted on all samples, including sam-
ples that were previously genotyped using the microarray platform in stage 1. These data were

used to validate the genotypes typed on the microarray, as well as the imputed SNPs.

7.4.2.7 Quantitative trait loci analysis

Genotyping was ongoing at the time of writing this report. Joint analysis of stages 1 and 2

will be conducted in two ways. Firstly, regression analysis will be conducted using the SNPs
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genotyped in both stages in a single analysis, including age at vaccination, study identifier,
SBA complement source (where applicable) and time since vaccination as covariates. Secondly,
as stage 2 did not have broad enough genotyping data to control population stratification,

meta-analysis of stages 1 and 2 will be conducted to assess heterogeneity.

7.4.3 Results
7.4.3.1 Stage 2 demographics

Participant demographics of the two-stage GWAS of the persistence of MenC-specific serological

immunity following childhood immunisation with MenC conjugate vaccine are displayed in

Tabld17.18.

Table 7.18: Demographics of the two-stage genome-wide association study of the persistence of
capsular group C meningococci (MenC)-specific serological immunity following childhood immu-
nisation with MenC conjugate vaccine.

Stage Study Male/Female Time since vaccination days* (IQR) Age at vaccination days* (IQR) Reference
TCohort 1 122/140 1380.5 (1279.3 - 1423.0) 3832.5 (3633.5 - 4073.3) (213)
fCohort 2 449/378 1777 (1679 - 1856) 3514 (3038 - 4078) 214)
1 tStudy 1 39/27 275.5 (263.3-287.8) 123 (118-128) (145)
tStudy 3 138/129 256 (248.5-264) 122 (118-127) 283)
iStudy 4 76,82 261 (249.3 -274) 125 (121 -131) (141)
'1/2  #Study 2 & Study I 413/375  987.0 (4225 - 2689.3) 120 (120-365) @2
0 fStudynmm 57/51 253 (246-260) 123 (118 -128) | @’
2 tStudy 111 20/34 247 (237 - 257) 123 (117 - 131) (301)
tStudy IV 45/53 651.0 (537.5 - 782.5) 776.5 (665.0 - 864.0) (300)

IQR= interquartile range, * = median.’= immunised as older children (6-15 years), = immunised as younger children (<3 years of age)

7.4.3.2 Serology

Density plots of the persistence of MenC-specific SBA titres following MenC conjugate vaccine
are shown in FigureD? .9, and were analogous to those seen in stage 1 (FigureﬂB.QO). A large
proportion of participants had lost detectable levels of bactericidal antibody following immuni-
sation with MenC vaccine in early life, and SBAs measured using rabbit complement formed a

distribution to the right of those using human complement (Figurd[r.9).
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Figure 7.9: Density histogram of logjg transformed capsular group C meningococci (MenC)-
specific serum bactericidal assay titres for participants included in stage 2 of the genome-wide
association study of the persistence of MenC-specific serological immunity following childhood
immunisation. rSBA= rabbit complement serum bactericidal assay, hSBA= human complement
serum bactericidal assay. Density plots were created from a 1d kernel density estimate, using the

R package ‘ggplot2’ (240).
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Density plots of logyy transformed MenC-specific IgG concentrations are shown in Fig-
ureﬂ? .10, and are similar to those seen in stage 1 (Figureﬂ%ﬂl). Study I has an enriched lower
tail reflecting values below the assay LLQ (Figurd[7.10).
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Figure 7.10: Density histogram of logjo transformed capsular group C meningococci (MenC)-
specific IgG concentrations for participants included in stage 2 of the genome-wide association
study of the persistence of MenC-specific serological immunity following childhood immunisation.
Density plots were created from a 1d kernel density estimate, using the R package ‘ggplot2’ (240).
The vertical dashed orange and red lines denote the lower limit of quantitation (LLQ) for study I
and study II, respectively. Note, MenC-specific IgG concentrations were not measured for Study
IIT and Study IV.
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7.4.3.3 SNP selection

Five hundred and twenty-nine SNPs from stage 1 (section]3.4) were associated with the persis-
tence of MenC-specific SBAs titres with a p-value <1x10~* (Figurd[r.11a). Sixty-nine variants
remained following the SNP filtering algorithm described in subsection ‘7.4.2.5[SNP selection’
(Figureﬂ? .4.2.5b). Nine of these SNPs failed Sequenom design, leaving 60 SNPs for Sequenom
genotyping in stage 2 (Tabld[7.19).
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Figure 7.11: Manhattan plots illustrating the selection of stage 1 single-nucleotide polymor-
phisms (SNP) for stage 2 genotyping, in the genome-wide association study of persistence of cap-
sular group C meningococci (MenC)-specific SBA titres following childhood immunisation with
MenC vaccine. a) All SNPs in the imputed dataset with p-values <1x10™# in stage 1 of the
genome-wide association study of the persistence of logig MenC-specific SBA titres following vac-
cination, b) SNPs selected for stage 2 analysis using linkage disequilibrium pruning, as described
in subsection ‘7.4.2.@NP selection’.
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Five hundred and two SNPs from stage 1 (section|B.4) were associated with the persistence
of MenC-specific IgG concentrations with a p-value <1x10~* (Figureﬂ? 12a). Fifty-seven of
these variants remained after SNP filtering, described in subsection ‘7.4.2.5 SNP selection’

(Figurd [7.12b). Twelve SNPs failed Sequenom design, leaving 45 SNPs for stage 2 analysis
(Tabld]7.20).
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Figure 7.12: Manhattan plots illustrating the selection of stage 1 single-nucleotide polymor-
phisms (SNPs) for stage 2 genotyping in the genome-wide association study of persistence of
capsular group C meningococci (MenC)-specific IgG concentrations following childhood immuni-
sation with MenC vaccine. a) All SNPs in the imputed dataset with p-values <1x10™ in stage 1
of the genome-wide association study of the persistence of logig MenC-specific IgG concentrations
following vaccination, b) SNPs selected for stage 2 analysis using linkage disequilibrium pruning,
as described in subsection ‘7 .4.2.q:§NP selection’.
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7.4.3.4 Association analysis

Genotyping was in progress at the time this report was written.

7.4.3.5 Linkage disequilibrium pruning

function (dataframe, file_path, rep_LD_matrix, r2)
{
d = dataframe
file_path = file_path
g = dataframe
rep_LD_matrix = rep_LD_matrix
j=0
r =r2
dchunk_P <- d[order(d[, "chunk"], d[, "PValue"l), 1]
leading_SNPs <- dchunk_P[!duplicated(dchunk_P$chunk), ][,
"SNP"]
repeat {
i=itt
assign(paste("d_IT", j, sep = ""), subset(d, R2 < r) [,
c("SNP", "PValue", "SnpType", "Chr", "Position",
"chunk")])

d$chunk <- factor(d$chunk)

assign(paste("d_IT", j, "_chunk P", sep = ""), get(paste("d_IT",
j, sep = "")) [order(get (paste("d_IT", j, sep = ""))I[,
"chunk"], get(paste("d_IT", j, sep = ""))[, "PValue"]),
D
assign(paste("d_IT", j, "_chunk_P_unique", sep = ""),
get (paste("d_IT", j, "_chunk P", sep = ""))[!duplicated(get(paste("d_IT",
j, "_chunk_P", sep = ""))$chunk), ][, "SNP"])
1 =1
z = NULL
for (i in 1:nrow(get(paste("d_IT", j, sep = "")))) {
if (as.numeric(as.factor(get(paste("d_IT", j, sep = ""))$chunk[i])) ==

1) {
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z[i] <- c(rep_LD_matrix[as.character(as.factor(get(paste("d_IT",

j, "_chunk_P_unique", sep = ""))[1])), as.character(as.factor(get(paste
("a_IT", j, sep = ""))[i, "SNP"1))D)
}
else {
1<-1+1
z[i] <- c(rep_LD_matrix[as.character(as.factor(get(paste("d_IT",
j, "_chunk_P_unique", sep = ""))[1])), as.character(as.factor(get(paste
("a_IT", j, sep = "")[i, "SNP"1))D)
}
}
assign(paste("d_IT", j, sep = ""), ~[[<-"(get(paste("d_IT",
j, sep = "")), "R2", value = z))
d <- get(paste("d_IT", j, sep = ""))
if (G == 1) {
assign(paste("Loop_list_of_rep_SNP_R2_", j, "_iterations",
sep = ""), as.character(get(paste("d_IT", j,
"_chunk_P_unique", sep = ""))))
}
else {
assign(paste("Loop_list_of_rep_SNP_R2_", j, "_iterations",
sep = ""), c(as.character(get(paste("d_IT", j,
"_chunk_P_unique", sep = ""))), get(paste("Loop_list_of_rep_SNP_R2_",
j - 1, "_iterations", sep = ""))))
}
assign(paste("test", j, sep = ""), subset(d, R2 < r) [,
c("SNP", "PValue", "SnpType", "Chr", "Position",
"chunk")])
if (nrow(get(paste("test", j, sep = ""))) == 0)
break
}
j=itt

assign(paste("Loop_list_of_rep_SNP_R2_", j, "_iterations",

sep = ""), c(as.character(leading SNPs), as.character(d$sSNP),
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get (paste("Loop_list_of_rep_SNP_R2_", j - 1, "_iterations",
sep = ""))))
print (length(unique (get (paste("Loop_list_of_rep_SNP_R2_",
j, "_iterations", sep = "")))))
write.table(gl[g$SNP %in) as.character(unique(get(paste("Loop_list_of_rep_SNP_R2_",
j, "_iterations", sep = "")))), 1, file_path, quote = F,
row.names = FALSE, sep = "\t")

list(number.iterations = j)

7.4.3.6 Manhattan plot

function (dataframe, colours = c("#824626", "#856AD4", "#79DB4B",
"#8FD1D8", "#CE4884", "#3A333F", "#79DFAO", "#CE9CCO", "#CFC99F",
"#D2D24E", "#D98F39", "#663E79", "#D4473B", "#C786TF", "#8F873F",
"#627B8E", "#3D4B29", "#CE50CA", "#698CCF", "#599679", "#58973C",

"#6F273A"), ymax = "max", limitchromosomes = 1:22, ...)

d = dataframe

colours = colours

palette() [1:6]

if (' ("Chr" %in)% names(d) & "Position" %in% names(d) & "PValue" %inY%
names(d)))
stop("Missing Chr, Position, or PValue")

if (any(limitchromosomes))
d = d[d$Chr %in% limitchromosomes, ]

d = subset(na.omit(d[order (d$Chr, d$Position), 1), (PValue >
0 & PValue <= 1))

d$logp = -logl0(d$PValue)

NA

d$pos
ticks = NULL

lastbase = 0

colours <- rep(colours, max(d$Chr)) [1:max(d$Chr)]
if (ymax == "max"

ymax <- ceiling(max(d$logp))
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if (ymax < 8)

ymax <- 8
numchroms = length(unique(d$Chr))
if (numchroms == 1) {

d$pos = d$Position

ticks = floor(length(d$pos))/2 + 1

}
else {
for (i in unique(d$Chr)) {
if (1 ==1) {
d[d$Chr == i, ]$pos = d[d$Chr == i, J$Position
}
else {
lastbase = lastbase + tail(subset(d, Chr == i -
1)$Position, 1)
d[d$Chr == i, ]1$pos = d[d$Chr == i, ]$Position +
lastbase
}
ticks = c(ticks, d[d$Chr == i, ]$pos[floor(length(d[d$Chr ==
i, I$pos)/2) + 11)
}
}
if (numchroms == 1) {
with(d, plot(pos, logp, ylim = c(0, ymax), ylab = expression(-log[10] (italic(p))),
xlab = paste("Chromosome", unique(d$Chr), "position"),
)
}
else {

with(d, plot(pos, logp, ylim = c(0, ymax), ylab = expression(-log[10] (italic(p))),

xlab = "Chromosome", xaxt = "n",

type = "n", ...))
axis(1l, at = ticks, lab = unique(d$Chr), ...)
icol =1

for (i in unique(d$Chr)) {

with(d[d$Chr == i, ], points(pos, logp, col colours[icol],
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pch = c(1, 16, NA) [subset(d, Chr == i)$SnpType],
D)
icol = icol + 1
legend ("bottomright", legend = c("Typed", "Imputed"),

pch = c(16, 1), col = "black")

Table 7.19: Single-nucleotide polymorphisms (SNPs) selected for stage 2 of the genome-wide
association study of the persistence of capsular group C meningococci (MenC)-specific serum
bactericidal assay titres, following childhood immunisation with MenC conjugate vaccine.

SNP Stage 1 p-value Type Chr  Position MAF NCHROBS  Sequenom design
rs263955 9.60E-05 typed 1 45340703 0.4483 3366 Passed
rs11117717  2.98E-05 typed 1 217062140 0.1227 3366 Passed
rs1881417 6.12E-06 typed 2 29511480 0.1518 3366 Passed
rs3134628 2.90E-05 typed 2 38977612 0.3197 3366 Passed
rs13029406  6.62E-05 typed 2 39030074 0.3969 3366 Passed
rs2042086 1.83E-05 typed 2 225222900 0.1892 3366 Passed
rs7600162 8.69E-06 imputed 2 225252746  0.1717 3116 Passed
rs1467180 2.39E-05 typed 2 228461771  0.03179 3366 Passed
rs17038032  4.12E-05 typed 3 1389117 0.1566 3366 Passed
rs17785924  2.48E-06 typed 3 1389720 0.1147 3366 Passed
rs17785930  2.39E-06 imputed 3 1390626 0.1148 3354 Failed
rs4684123 9.70E-06 imputed 3 1391139 0.1209 3358 Passed
rs10510209  7.15E-07 typed 3 1405829 0.1373 3366 Passed
rs4597706 9.70E-05 typed 3 107175934  0.3491 3366 Passed
rs1492489 3.17E-05 typed 3 111841303  0.2365 3366 Passed
rs16823858  5.08E-05 typed 3 115278682  0.05882 3366 Passed
rs7638681 1.95E-05 typed 3 115649821  0.3999 3366 Passed
rs2271630 3.14E-05 typed 3 126138778  0.07516 3366 Failed
rs6441226 7.24E-05 typed 3 158526223  0.0915 3366 Passed
rs10517505  2.82E-05 typed 4 61345972 0.03773 3366 Passed
rs2063058 7.95E-05 typed 4 102076982  0.3972 3366 Passed
rs7678098 9.77E-05 typed 4 139302875  0.1982 3366 Passed
rs10045539  7.36E-05 typed 5 166795002  0.3526 3366 Passed
rsb51216 8.27E-05 typed 6 69581991 0.3304 3366 Passed
rs352099 6.88E-05 typed 6 114225811  0.2368 3366 Passed
rs1859732 3.52E-05 typed 7 14276567 0.4147 3366 Passed
rs6968536 5.71E-05 typed 7 146816475  0.418 3366 Passed
rs17170583  6.56E-05 typed 7 147236636  0.2062 3366 Passed
rs10977022  8.52E-05 typed 9 8385838 0.3541 3366 Passed
rs989813 7.58E-05 typed 9 8385969 0.4643 3366 Passed
rs10815844  2.80E-06 imputed 9 8386530 0.4668 3348 Failed
rs1500327 3.52E-05 typed 9 8390467 0.4747 3366 Passed
rs909323 7.17E-05 typed 9 15467175 0.03892 3366 Passed
rs815845 7.09E-05 typed 9 84216090 0.3066 3366 Passed
rs10746763  4.19E-05 typed 9 88131557 0.3743 3366 Passed
rs11101238  9.75E-05 typed 10 51029279 0.4581 3366 Passed
rs7093142 3.63E-05 typed 10 63649483 0.363 3366 Passed
rs1248696 6.99E-05 typed 10 79616605 0.1117 3366 Passed
rs1369752 6.28E-06 typed 10 80248755 0.1696 3366 Passed
rs11002582  2.08E-06 imputed 10 80264319 0.1721 3312 Passed
rs45605435  5.44E-06 imputed 10 97002331 0.07755 3288 Failed
rs10509685  1.92E-06 typed 10 97021389 0.07813 3366 Passed
rs17453855  1.27E-07 imputed 10 97030377 0.07403 3350 Passed
rsd5444597  4.25E-07 imputed 10 97031118 0.08453 3348 Failed
rs7479972 6.12E-05 typed 11 15393887 0.05734 3366 Passed
rs12364788  7.83E-05 typed 11 19427092 0.3122 3366 Passed

Continued on next page
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SNP Stage 1 p-value Type Chr  Position MAF NCHROBS  Sequenom design
rs7301594 5.10E-05 typed 12 46575008 0.432 3366 Passed
rs6582622 7.76E-05 typed 12 46605239 0.1684 3366 Passed
rs1358274 7.52E-05 typed 12 78660092 0.1512 3366 Passed
rs2216144 8.38E-05 typed 12 97666478 0.4736 3366 Passed
rs11836499  7.69E-05 typed 12 130832922  0.156 3366 Passed
rs206070 1.95E-05 typed 13 32896846 0.1735 3366 Passed
rs206319 8.61E-05 typed 13 32986219 0.3164 3366 Passed
rs1324758 7.61E-05 typed 13 35011445 0.2493 3366 Passed
rs9587425 8.30E-05 typed 13 108326074  0.2264 3366 Passed
rs1953447 7.30E-06 typed 14 33442259 0.336 3366 Passed
rs16973971  7.93E-05 typed 15 54304560 0.1447 3366 Failed
rs78869717  6.80E-06 imputed 15 96672831 0.02063 3344 Passed
rs7204751 7.28E-05 typed 16 73079683 0.1396 3366 Passed
rs1285294 3.22E-05 typed 17 77925681 0.3624 3366 Passed
rs6034235 3.05E-07 imputed 20 1614914 0.1469 2736 Failed
rs13037155  1.14E-07 imputed 20 1614915 0.142 2768 Failed
rs13045074  1.36E-06 imputed 20 1615105 0.2439 3202 Failed
rs17770331  1.10E-06 typed 20 1615308 0.2516 3366 Passed
rs2277761 6.10E-07 imputed 20 1617069 0.2523 3310 Passed
rs4813191 6.14E-06 imputed 20 1626479 0.3008 3338 Passed
rs3818168 1.78E-06 imputed 20 1651969 0.2442 3358 Passed
rs6135736 1.05E-05 typed 20 1687450 0.2445 3366 Passed
rs4814511 4.78E-05 typed 20 1710272 0.2706 3366 Passed

MAF, Minor allelic frequency; NCHROBS, Non-missing allele count (posterior probability >0.9)
Chr= chromosome

Table 7.20: Single-nucleotide polymorphisms (SNPs) selected for stage 2 of the genome-wide
association study of the persistence of capsular group C meningococci (MenC)-IgG concentrations
following childhood immunisation with MenC conjugate vaccine.

SNP p-value Type Chr  Position MAF NCHROBS  Sequenom design
rs7523543 1.92E-05 typed 1 25186716 0.2906 3366 Passed
rs2056957 9.59E-06 imputed 1 25192642 0.2879 3310 Passed
rs12058690 6.83E-06 imputed 1 25193278 0.3105 3208 Failed
rs6661520 7.53E-05  typed 1 60666641 0.4756 3366 Failed
rs1048694 4.55E-05  typed 1 151669997  0.3007 3366 Passed
rs1308152 8.10E-05 typed 1 151679441  0.3197 3366 Failed
rs4317815 2.83E-05  typed 1 221985915 0.1913 3366 Passed
rs3003892 3.61E-05 typed 1 221994043  0.2077 3366 Passed
rs4579763 3.55E-05  typed 1 222012950  0.1263 3366 Passed
rs3134628 8.81E-05 typed 2 38977612 0.3197 3366 Passed
rs11896112 1.53E-05 typed 2 146416386  0.1159 3366 Passed
rs11886348 7.58E-05  typed 2 235193436  0.04011 3366 Passed
rs17744749 1.47E-05 typed 3 9291441 0.05645 3366 Passed
rs4597706 3.28E-05  typed 3 107175934  0.3491 3366 Passed
rsl7217776 1.93E-05 typed 3 185295704  0.08021 3366 Passed
rs111307985  7.57E-07 imputed 3 185308823  0.07474 3238 Failed
rs113473966 5.26E-06 imputed 3 185308832  0.07117 3316 Failed
rs9878208 6.90E-05  typed 3 185356176  0.05288 3366 Passed
rs3755963 4.31E-05 typed 4 894255 0.3015 3366 Passed
rs4698250 9.98E-05  typed 4 14312034 0.4097 3366 Passed
rs4916794 2.04E-05  typed 5 89573928 0.4257 3366 Passed
rs890785 6.82E-05  typed 5 115270867  0.456 3366 Passed
rs6579757 4.84E-05 typed 5 149161437  0.4409 3366 Passed
rs12524068 8.51E-05 typed 6 16096546 0.08734 3366 Passed
rs946223 8.73E-05  typed 6 46034367 0.4649 3366 Passed
rs2202766 4.09E-05 typed 6 106237505  0.1028 3366 Passed
rs8185884 9.68E-06  typed 8 43626988 0.02644 3366 Passed
rs17087710 8.64E-05  typed 9 87409862 0.06744 3366 Passed
rs7043283 9.85E-05  typed 9 118256674  0.1622 3366 Passed
rs1065209 8.85E-05  typed 10 115543045 0.1916 3366 Passed
rs11016808 2.72E-05 typed 10 129017883  0.2201 3366 Passed
rs10829607 5.71E-05  typed 10 129030343  0.2908 3366 Passed
rs11026723 7.60E-05 typed 11 22689884 0.3925 3366 Passed

Continued on next page
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SNP p-value Type Chr  Position MAF NCHROBS  Sequenom design
rs11033335 3.82E-05 typed 11 35957322 0.2974 3366 Passed
rs4278546 7.84E-06 imputed 11 79217391 0.4275 3216 Failed
rs1944719 7.72E-05 typed 11 79275128 0.4406 3366 Passed
rs525721 3.41E-05 typed 11 131829753  0.3259 3366 Passed
rs2048607 6.12E-05  typed 12 71211437 0.3476 3366 Passed
rs17052202 1.40E-06  imputed 13 35968822 0.1023 3362 Passed
rs61948743 9.55E-06 imputed 13 35978696 0.09299 3366 Failed
rs9316182 9.83E-05  typed 13 46688364 0.437 3366 Failed
rs4772329 1.61E-05 typed 13 88389149 0.4219 3366 Passed
rs76107923 7.61E-06 imputed 14 42338009 0.02414 3356 Failed
rs8023524 4.65E-05 typed 15 43020983 0.1797 3366 Passed
rs13379920 5.27E-05  typed 15 83756393 0.3069 3366 Passed
rs7171527 7.60E-06 imputed 15 94934598 0.1822 3250 Passed
rs8027043 3.07TE-05  typed 15 94949710 0.1705 3366 Passed
rs11648329 7.95E-05 typed 16 24346879 0.4332 3366 Passed
rs1918733 6.94E-05 typed 17 48364231 0.4926 3366 Passed
rs1557400 1.58E-05  typed 18 74947450 0.02436 3366 Passed
rs62105211 5.20E-06 imputed 18 74969284 0.02082 3314 Failed
rs146824711  6.56E-06 imputed 18 74991578 0.02186 3340 Failed
rs2836999 7.49E-05 typed 21 40761545 0.3295 3366 Passed
rs8140505 2.82E-05 typed 22 24616876 0.2142 3366 Passed
rs9608250 5.50E-06 imputed 22 24617271 0.1979 3224 Failed
rsb770911 3.37E-05  typed 22 51011241 0.04813 3366 Passed
rsb770917 2.76E-05  typed 22 51017353 0.04843 3366 Passed

MAF, Minor allelic frequency; NCHROBS, Non-missing allele count (posterior probability >0.9)
Chr= chromosome, SNP= single-nucleotide polymorphism

7.5 Appendix: Genome-wide association study of per-
sistence of serological immunity to Haemophilus in-

fluenza type b following immunisation - Stage 2

7.5.1 Background

This section describes stage 2 of a two-stage genetic association study to assess the genetic determinants of the
persistence of PRP-specific serological immunity following childhood immunisation with Hib conjugate vaccine.

The premise behind this tiered study design was described in subsection ‘7.4.1[[Background’.

7.5.2 Materials and methods

7.5.2.1 Stage 2 participants

Participants included in this section were a subset of those described in chaptef B, for whom post-vaccination
PRP-specific IgG concentrations, or sera, were available. This subset comprised of children from studies I and

III, described in subsection ‘7.4.2.1[[Stage 2 participants’,
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7.5.2.2 Vaccines

The children described in this section received three infant doses of Hib capsular polysaccharide conjugated to
tetanus toxoid: at 2, 3 and 4 months of age, as described in subsection ‘4.3.3.9[Vaccines’. A subset of these also

received a booster Hib conjugate vaccine prior to serological assessment, either at 1 year of age or as toddlers.

7.5.2.3 Immunological measurements

The VEU, Manchester, measured PRP-specific IgG for study I, using the assay described subsection ‘4.3.3.3]m-
munological measurements’. Rijksinstituut voor Volksgezondheid en Milieu (RIVM) measured PRP-specific IgG
for study III, by ELISA.

7.5.2.4 SNP selection

SNPs from stage 1 of the GWAS were chosen for assessment in stage 2, using the selection algorithm described

in subsection ‘7.4.2.7SNP selection’.

7.5.2.5 Genotyping

Sequenom MassARRAY® assays were completed at the Genome Institute of Singapore, as described in subsec-

tion ‘2.2.3.q |Genotyping’.

7.5.2.6 Quantitatively trait loci analysis

Analysis of this two-stage GWAS was described in subsection ‘7.4.2.7JQuantitatively trait loci analysis’.

7.5.3 Results

7.5.3.1 Stage 2 demographics

Demographics of the two-stage GWAS of the persistence of PRP-specific IgG concentrations following Hib

immunisation are displayed in Tabld[r.21.
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Table 7.21: Demographics of the two-stage genome-wide association study of the persistence of
polyribosyl ribitol phosphate-specific IgG concentrations following childhood immunisation with
Haemophilus influenzae type b conjugate vaccine.

Stage Study Male/Female Time since vaccination days* (IQR) Age at vaccination days* (IQR) Reference
Cohort 2 221/197 4551 (4518 - 4607) 524.0 (165.5 - 1055.5) @19)

1 Study 1 37/24 275.5 (263.3 - 287.8) 123 (118 - 128) (145)
Study 3 121/117 256 (248.5 - 264) 122 (118 - 127) (283)

1/2  Study 2 & Study I 413/375  763.0 (400.5 - 2562.5) 365 (120-365) @82)

2 Study Il 29/34  247(237-257)  123(117-131) @ony

*

IQR= interquartile range, * = median.

7.5.3.2 SNP selection

Eight hundred and ninety-three SNPs from stage 1 were associated with the persistence of PRP-specific IgG
concentrations with a p-value <1x1074 (FigureD? .13a). Seventy-five variants remained following the SNP
filtering algorithm, described in subsection ‘7.4.2.@NP selection’ (FigureD? .13b). Six of these SNPs failed

Sequenom design, leaving 69 SNPs for Sequenom genotyping in stage 2 (Tableﬂ? .22).

7.5.3.3 Association analysis

Genotyping was ongoing at the time this report was written.
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Figure 7.13: Manhattan plots illustrating the selection of stage 1 single-nucleotide polymor-
phisms (SNPs) for stage 2 genotyping, in the genome-wide association study of the persistence
of polyribosyl ribitol phosphate (PRP)-specific IgG concentrations following immunisation with
Haemophilus influenzae type b vaccine. a) All SNPs in the imputed dataset with p-values <
1x10™ in stage 1 of the genome-wide association study of the persistence of log;y PRP-specific
IgG concentrations following vaccination, b) SNPs selected for stage 2 analysis using linkage dis-
equilibrium pruning, as described in subsection ‘7.4.2.51:ENP selection’
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Figure 7.14: Quantile-quantile plot of p-values observed in association analysis between single-
nucleotide polymorphisms and the persistence of logjg transformed tetanus toxoid (TT)-specific
IgG concentrations following immunisation with TT containing vaccines, when principal compo-
nents 1-3 were included in regression analysis. The red line represents the null distribution and
the blue lines represent the upper and lower 95% confidence intervals. A= inflation factor.

Table 7.22: Single-nucleotide polymorphisms (SNPs) selected for stage 2 of the genome-wide
association study of the persistence of polyribosyl ribitol phosphate-specific IgG concentrations,
following childhood immunisation with Haemophilus influenzae type b conjugate vaccine.

SNP p-value SNP type Chr Position MAF NCHROBS Sequenom design
rs17037564 1.18E-05  typed 1 12060869 0.05645 3366 Passed
rs17105542 7.12E-05 typed 1 81336283 0.1197 3366 Passed
rs6537880 5.93E-05 typed 1 110369740  0.2228 3366 Passed
rs6545975 9.68E-05 typed 2 25385485 0.4138 3366 Passed
rs882631 6.07E-05  typed 2 29280791 0.2891 3366 Passed
rs17692899 7.26E-05 typed 2 29285254 0.2002 3366 Passed
rs10185108 3.28E-05 typed 2 49030757 0.4792 3366 Passed
rs13397382 9.91E-05 typed 2 154510972  0.1845 3366 Passed
rs9845420 7.33E-05  typed 3 9502463 0.1548 3366 Passed
rs1060894 6.36E-05  typed 3 9508157 0.02941 3366 Passed
rs2279440 3.35E-05 typed 3 9518511 0.1349 3366 Passed
rs6790644 1.89E-05 typed 3 71592594 0.3916 3366 Passed
rs11720121 7.48E-06 imputed 3 71595258 0.3995 3342 Passed
rs11715147 3.91E-05 typed 3 131725318  0.1777 3366 Passed
rs1453474 7.03E-05 typed 4 72423624 0.03773 3366 Passed
rs7715554 5.13E-05  typed 5 32972458 0.07427 3366 Passed
rs72755778 6.13E-06  imputed 5 57611114 0.2171 3312 Failed
rs12195797 8.05E-05  typed 6 224716 0.03476 3366 Passed
rs11751353 1.56E-05  typed 6 107619620 0.2484 3366 Passed
rs7773295 1.65E-05  typed 6 107637486  0.2023 3366 Passed
rs8180652 4.66E-06 imputed 6 107666030  0.2479 3344 Passed
rs9320269 5.11E-05 typed 6 109032557  0.1482 3366 Passed
rs9384084 1.64E-05 typed 6 153515792  0.03179 3366 Passed

Continued on next page
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SNP p-value SNP type Chr Position MAF NCHROBS  Sequenom design
rs920200 6.00E-06  typed 8 96901876 0.3339 3366 Passed
rs117450413  9.59E-07 imputed 8 114268090 0.04516 3366 Passed
rs10505204 6.01E-05 typed 8 114395458  0.04872 3366 Passed
rs6987707 1.81E-05 typed 8 114483641  0.04664 3366 Passed
rs747769 3.74E-05  typed 8 143207696  0.352 3366 Passed
rs10511511 5.66E-05  typed 9 8900067 0.1061 3366 Failed
rs4879847 9.50E-05  typed 9 34983974 0.1699 3366 Passed
rs7851052 7.96E-05 typed 9 126179204  0.1979 3366 Passed
rs12246215 7.05E-05  typed 10 86325884 0.03892 3366 Passed
rs2039488 2.48E-05 typed 10 121244739  0.08021 3366 Passed
rs7121565 5.33E-05  typed 11 11032988 0.4884 3366 Passed
rs1038909 2.74E-05  typed 11 12010327 0.3773 3366 Passed
rs12824981 6.80E-05  typed 12 129637348  0.4147 3366 Passed
rs1001853 8.40E-08 imputed 13 32561254 0.2797 3328 Passed
rs1001854 1.82E-06  imputed 13 32561356 0.3423 3012 Passed
rs9562389 1.91E-07 typed 13 32565369 0.2876 3366 Passed
rsd59747 2.65E-05  typed 13 32586749 0.3782 3366 Passed
rs17591215 2.42E-07  typed 13 32587062 0.246 3366 Passed
rs34858589 2.40E-07  imputed 13 32589954 0.246 3366 Passed
rs3751377 2.80E-05 typed 13 39587889 0.1396 3366 Passed
rs7317852 1.86E-05 typed 13 39611148 0.1031 3366 Passed
rs9576725 8.55E-06  imputed 13 39651501 0.1105 3348 Passed
rs55713408 4.56E-06  imputed 13 39678827 0.1118 3266 Passed
rs7987816 1.49E-06  imputed 13 39678987 0.1041 3228 Failed
rs10162229 3.99E-05 typed 13 39682081 0.1619 3366 Passed
rs1333435 2.07E-05 typed 13 39698787 0.1708 3366 Passed
rs9548645 9.15E-06  imputed 13 39721225 0.1747 3246 Passed
rs6563127 7.21E-05 typed 13 80216147 0.0814 3366 Passed
rs9556980 9.15E-05  typed 13 99249554 0.3363 3366 Passed
rs7328957 8.56E-05  typed 13 104557841  0.1171 3366 Passed
rs1151455 1.14E-05  typed 13 112140849  0.3072 3366 Passed
rs17097766 4.58E-05 typed 14 24294206 0.02466 3366 Passed
rs11160030 6.57TE-05  typed 14 27305570 0.2249 3366 Passed
rs4589552 8.37E-05  typed 16 767519 0.1673 3366 Passed
rs8058889 8.58E-05  typed 16 9089962 0.104 3366 Passed
rs7498385 8.70E-05  typed 16 20446839 0.3648 3366 Passed
rs17705438 6.73E-05  typed 16 26948830 0.3333 3366 Failed
rs9806952 3.68E-05 typed 16 26949796 0.3547 3366 Passed
rs12051010 5.15E-05  typed 16 26952896 0.2436 3366 Passed
rs2370287 1.00E-05 typed 16 29263902 0.3752 3366 Passed
rs8068625 8.42E-06 imputed 17 36766280 0.4634 2954 Passed
rs9889300 7.39E-06  imputed 17 36770130 0.4001 2722 Passed
rs1551247 5.90E-05  typed 18 55929965 0.2668 3366 Failed
rs10422323 8.66E-05  typed 19 13104027 0.1387 3366 Failed
rs6053378 9.72E-05  typed 20 5395483 0.2311 3366 Passed
rs285198 8.41E-05 typed 20 42364734 0.3503 3366 Passed
rs6099642 4.12E-05 typed 20 56051451 0.4557 3366 Passed
rs6128767 5.84E-05  typed 20 58717961 0.05377 3366 Passed
rs2212606 6.81E-05 typed 21 40044940 0.4899 3366 Passed
rs5758828 4.31E-06  typed 22 22924995 0.07665 3366 Passed
rsh758832 3.77E-06  imputed 22 22925702 0.07616 3348 Passed
rs2330579 8.36E-05  typed 22 24024430 0.3158 3366 Passed

MAF, Minor allelic frequency; NCHROBS, Non-missing allele count (posterior probability >0.9)
Chr= chromosome
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7.6 Appendix: Genome-wide association study of per-
sistence of serological immunity to tetanus toxoid

following immunisation - Stage 2

7.6.1 Background

This section describes stage 2 of a two-stage genetic association study to assess the genetic determinants of TT-
specific serological immunity, following childhood immunisations with TT-containing vaccines. The principle

behind this tiered study design was described in subsection ‘7.4.1[[Background’.

7.6.2 Materials and methods

7.6.2.1 Stage 2 participants

Participants included in this section were a subset of those described in chapte B, for whom post-vaccination
TT-specific IgG concentrations, or sera, were available. This subset comprised of children from studies I, III

and IV, described in subsection ‘7.4.2.1[[Stage 2 participants’.

7.6.2.2 Vaccines

All participants described in this section received three infant doses of a TT-containing vaccine: at 2, 3 and 4
months of age. In addition, some individuals received further doses of TT-containing vaccines at 1 year old of

age or as toddlers, as described in subsection ‘4.4.3.9|[Vaccines’.

7.6.2.3 Immunological measurements

The VEU measured TT-specific IgG for study I and RIVM measured TT-specific IgG for study III, using assays
described in subsection ‘4.4.3.J[mmunological measurements’. Aventis Pasteur, Toronto, measured TT-specific
IgG for study IV using an ELISA with an in-house reference standard. The LLQ for this assay was 0.11U/mL,

with measures below this recorded as half the LLQ.

7.6.2.4 SNP selection

SNPs from stage 1 analysis were chosen for assessment in stage 2, using the selection algorithm described in

subsection ‘7.4.2.5 8NP selection’.
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7.6.2.5 Genotyping

Sequenom MassARRAY® assays were completed at the Genome Institute of Singapore, as described in subsec-
tion ‘2.2.3.(JGenotyping’. A number of stage 2 SNPs were within the HLA locus, due to the polymorphic nature
of this locus iPLEX primer design is problematic. TagMan® SNP assays, which are more conducive to allelic
discrimination in polymorphic regions of the genome were used to genotype the HLA SNPs selected for stage
2 analysis. TagMan® SNP genotyping assays are based on the TaqMan® probe and primer chemistry. The
incorporation of a minor groove binder enables the use of short probes, which are more suited to polymorphic
regions of the genome than long probes. Two allele specific probes, each incorporating a different fluorescent dye
and a non-fluorescent quencher, specifically anneal to denatured template DNA. Allele specific dye detection is
achieved by the exonuclease cleavage of the allele-specific 5" dye label during the polymerisation reaction.

The TaqMan® SNP genotyping approach is suited to projects assessing only a few genetic markers. To
maximise the efficiency of this methodology, conditional linear regression analysis was used to assess for in-
dependent signals among the HLA SNPs associated with TT-specific IgG concentrations. Conditional linear
regression analyses were undertaken by ‘forward’ and ‘backwards’ procedures, using the statistical package ‘stats’
in R (I53). Imputed SNP genotypes were called based upon posterior probabilities of > 0.7. Only complete
cases were included in conditional analysis. Covariates described in subsection ‘4.4.3.5Quantitative trait loci

analysis’ were included in conditional regression analysis.

7.6.2.6 Quantitatively trait loci analysis

Analysis of this two-stage GWAS was described in subsection ‘7.4.2.7JQuantitatively trait loci analysis’.

7.6.3 Results

7.6.3.1 Stage 2 demographics

Participant demographics of the two-stage GWAS of the persistence of TT-specific IgG concentrations following
immunisation with TT-containing vaccines are displayed in Tabld[7.23.
Table 7.23: Demographics of the two-stage genome-wide association study of the persistence

of tetanus toxoid (TT)-specific IgG concentrations following childhood immunisation with TT-
containing vaccines.

Stage  Study Male/Female Time since vaccination days* (IQR)  Age at vaccination days* (IQR)  Reference
Study 1 36/25 275.5 (263.3 - 287.8) 123 (118 - 128) (145)
1 Study 3 121/117 256 (248.5 - 264) 122 (118 - 127) (283)
" 1/2  Study 2 & Study I 413/375  616.0 (299.0 - 1497.5) 1185 (365 -1185) | @82
S GwdyTE T aejsa T sa7 (a3 SaEn T T T N CR T Rty G
2 Study IV 45/53 1054.5 (983.8 - 1132.3) 365 (365 - 365) (@00)

IQR= interquartile range, * = median
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7.6.3.2 SNP selection

Eight hundred and eighty-six SNPs from stage 1 were associated with the persistence of TT-specific IgG concen-
trations with a p-value of <1x10~4 (Figureﬂ? .15a). Seventy-seven SNPs from stage 1 were selected for assessment
in stage 2, using the selection algorithm described in subsection ‘7.4.2.5{5NP selection’ (Figureﬂ? .15b). Twenty-

two of these SNPs failed Sequenom design, leaving 55 SNPs for Sequenom genotyping in stage 2 (Tableﬂ? .27).

7.6.3.3 Human leukocyte antigen SNPs

Four hundred and seven participants had called genotypes for all 18 HLA SNPs selected for stage 2 genotyping
(subsection ‘7.6.3.@NP selection’ ), and were included in conditional regression analysis. Backward stepwise
analysis resulted in the selection of eight SNPs, whereas forward stepwise analysis resulted in selection of four
SNPs, with two SNPs being selected by both methods. The results of these procedures are displayed in Tabld]7.24

and Tableﬂ? .25. The four SNPs selected using the forward method were chosen for TaqMan® genotyping.
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Figure 7.15: Manhattan plots illustrating the selection of stage 1 single-nucleotide polymor-
phisms for stage 2 genotyping in the genome-wide association study of the persistence of tetanus
toxoid (TT)-specific IgG concentrations following immunisation with TT-containing vaccines. a)
All SNPs in the imputed dataset with p-values <1x10 in stage 1 of the genome-wide associ-
ation study of the persistence of log;g TT-specific IgG concentrations following vaccination, b)
SNPs selected for stage 2 analysis using linkage disequilibrium pruning, as described in subsection
‘7.4.2.5 NP selection’
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Table 7.24: Human leukocyte antigen (HLA) single nucleotide polymorphisms (SNPs) remaining
in the regression model of tetanus toxoid (TT)-specific IgG concentrations following backward
stepwise elimination procedures.

Estimate SE t.value  p-value
Intercept -0.2495 0.0882 -2.83 0.005
rs2523663 -0.0843 0.0466 -1.81 0.071
152523650 -0.0714 0.0447 -1.60 0.111
rs2507964 0.1316 0.0744 1.77 0.078
rs9268877 0.1597 0.1010 1.58 0.114
rs2894221 -0.0974 0.0697 -1.40 0.163
rs186229361 -0.1120 0.0673 -1.66 0.097
rs147882356 -0.2288 0.1030 -2.21 0.027
rs9272374 -0.0771 0.0524 -1.47 0.142
Age_at_vaccination  -0.0011 0.0003 -3.59 3.73e-4
Study_2 0.5978 0.0643 9.30 9.74e-19
Study_1 0.2979 0.0795 3.75 2.06e-4
PC6 12.6709 6.1500 2.06 0.040
PC7 -40.0504 19.0000 -2.11 0.036

The ‘Estimate’ for the explanatory variables is the beta coefficient,

SE= standard error

Table 7.25: Human leukocyte antigen (HLA) single nucleotide polymorphisms (SNPs) incorpo-
rated in the regression model of tetanus toxoid (TT)-specific IgG concentration following forward
stepwise inclusion procedures.

Estimate SE t.value p-value
Intercept -0.0840 0.0784 -1.07 0.284
Study_3 -0.3545 0.0550 -6.44 3.36e-10
rs145763900 -0.1274 0.0410 -3.11 0.002
Time_since_vaccination  0.0001 2.59e-05  3.93 9.89e-05
rs2894221 -0.0600 0.0397 -1.51 0.131
rs9272374 -0.0915 0.0457 -2.00 0.046
rs3094188 -0.0735 0.0403 -1.82 0.070

The ‘Estimate’ for the explanatory variables is the beta coefficient,
SE= standard error.

7.6.3.4 Association analysis

Genotyping was ongoing at the time this report was written.

Table 7.26: Results of association analysis between imputed classical human leukocyte antigen
alleles and the persistence of tetanus toxoid (TT)-specific IgG concentrations following childhood
immunisations with T'T containing vaccines.

HLA allele

Continued on next page
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HLA allele Estimate  p-value
HLAA 0101 -0.0893 0.02009
HLAA 0201 0.0676 0.06146
HLAA_0202 -0.0125 0.77411
HLAA_0205 0.3545 0.01721
HLAA_0206 -0.1786 0.15840
HLAA_0301 0.0585 0.19969
HLAA_0302 -0.0628 0.63119
HLAA_1101 -0.0392 0.55779
HLAA_2301 -0.1434 0.26085
HLAA 2402 0.0966 0.08595
HLAA 2403 -0.1801 0.72580
HLAA 2501 0.0561 0.63133
HLAA_2601 -0.0808 0.68034
HLAA_2608 -0.0524 0.88528
HLAA 2902 -0.1424 0.05355
HLAA_3001 -0.1485 0.36533
HLAA_3002 0.1607 0.16452
HLAA 3004 -0.0125 0.77411
HLAA_3101 -0.0951 0.30894
HLAA_3201 0.0204 0.85746
HLAA_3303 0.0756 0.68046
HLAA_3402 -0.4874 0.33873
HLAA 6601 -0.0852 0.73986
HLAA 6801 -0.0563 0.55075
HLAA_6802 -0.1533 0.55114
HLAA_7406 -0.0801 0.68128
HLAA_7410 -0.0125 0.77411
HLAB_0702 0.1238 0.00837
HLAB_0801 -0.1342 0.00210
HLAB_1302 0.0789 0.52256
HLAB 1401 0.1033 0.54718
HLAB_1402 -0.1436 0.19558
HLAB_1501 -0.0831 0.24666
HLAB_1503 1.0805 0.03534
HLAB_1507 -0.0125 0.77411
HLAB_1510 -0.0125 0.77411
HLAB_1516 -0.0125 0.77411
HLAB_1517 0.2339 0.26285
HLAB_1518 0.2018 0.31390
HLAB_1524 -0.0125 0.77411
HLAB_1801 0.0993 0.23137
HLAB_ 2701 0.1866 0.19274
HLAB_2702 0.5351 0.29633
HLAB_2705 -0.1961 0.05717
HLAB_3501 -0.0242 0.68036
HLAB_3502 0.1084 0.51845
HLAB_3503 0.0905 0.51692
HLAB_3508 -0.0806 0.75366
HLAB_3701 0.0434 0.70472
HLAB 3801 -0.0238 0.86152
HLAB_3901 0.0845 0.66462
HLAB_3905 -0.0125 0.77411
HLAB_3906 1.8050 0.00046
HLAB_4001 -0.1094 0.13390
HLAB_4002 0.2247 0.11870
HLAB 4101 0.1595 0.59199
HLAB_4102 -0.0562 0.75928
HLAB_4402 0.0205 0.69090
HLAB_4403 -0.1497 0.03017

Continued on next page
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HLA allele Estimate  p-value
HLAB_4404 0.2559 0.48557
HLAB_4405 0.3238 0.27716
HLAB_4501 0.2556 0.16495
HLAB_ 4701 0.2101 0.47809
HLAB 4901 0.0252 0.81364
HLAB_5001 0.3079 0.11425
HLAB_ 5101 0.0713 0.32219
HLAB_5108 -0.0125 0.77411
HLAB_5201 -0.2212 0.36553
HLAB_ 5301 -0.4663 0.37068
HLAB_ 5501 0.2805 0.05989
HLAB 5601 -0.1137 0.58836
HLAB_5701 -0.0081 0.92392
HLAB_5702 -0.0125 0.77411
HLAB 5801 -0.1942 0.28870
HLAC_0102 0.0887 0.31968
HLAC_0202 0.1087 0.14596
HLAC_0302 -1.1435 0.02677
HLAC_0303 0.0441 0.55699
HLAC_0304 -0.1168 0.07931
HLAC_0401 -0.0232 0.61238
HLAC_0501 -0.0214 0.67644
HLAC_0602 0.0659 0.24095
HLAC_0701 -0.0808 0.03616
HLAC_0702 0.1340 0.00375
HLAC_0704 0.1711 0.11340
HLAC_0801 -0.0125 0.77411
HLAC_0802 -0.0687 0.44519
HLAC_1202 -0.2212 0.36553
HLAC_1203 0.0308 0.69808
HLAC_ 1402 0.0483 0.79556
HLAC_1502 -0.0828 0.44969
HLAC_1505 -0.0125 0.77411
HLAC_1601 -0.1442 0.05061
HLAC_1602 -0.0125 0.77411
HLAC_1701 0.0765 0.64184

HLADQA_0101  0.0258 0.54797
HLADQA_0102 0.1073 0.00593
HLADQA_0103  -0.0365 0.57391
HLADQA_0201 -0.0201 0.64218
HLADQA_0301 -0.0031 0.93943
HLADQA_0401 0.0176 0.87759
HLADQA_0501 -0.0861 0.01449
HLADQB_0201 -0.1741 0.00010
HLADQB_0202 -0.0720 0.17889
HLADQB_0203 0.1637 0.47707
HLADQB_0301 0.0474 0.23733
HLADQB_0302 -0.0145 0.78743
HLADQB_0303 0.0318 0.64233
HLADQB_0304 0.0635 0.69731
HLADQB_0305 -0.0125 0.77411
HLADQB_0402 0.0141 0.90178
HLADQB_0501 -0.0061 0.89659
HLADQB_0502 0.1561 0.27268
HLADQB_0503 0.1184 0.25033
HLADQB_0504 -0.3076 0.39673
HLADQB_0601 -0.2524 0.36032
HLADQB_0602 0.1324 0.00276
HLADQB_0603 -0.0156 0.81006

Continued on next page
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HLA allele Estimate  p-value
HLADQB_0604 -0.0013 0.98851
HLADQB_0609 -0.0661 0.77394
HLADRB_0101  -0.0152 0.79292
HLADRB 0102 -0.0621 0.66575
HLADRB 0103 0.2215 0.29072
HLADRB_0104 0.0038 0.97156
HLADRB_0301 -0.1656 0.00021
HLADRB_0401  0.1087 0.03877
HLADRB_0402 -0.0217 0.94141
HLADRB_0403 -0.2884 0.13816
HLADRB_ 0404 -0.1725 0.06288
HLADRB 0405 -0.0727 0.84060
HLADRB_0407  0.0007 0.99657
HLADRB 0701 -0.0193 0.65342
HLADRB 0801 -0.0114 0.92642
HLADRB_0803 0.1880 0.52989
HLADRB_0804 -0.0125 0.77411
HLADRB 0901 -0.1146 0.40774
HLADRB_1001  0.0749 0.68540
HLADRB_1101 0.2917 0.00443
HLADRB_1102  0.5707 0.05372
HLADRB_1103 0.1672 0.51585
HLADRB_1104 -0.0390 0.79297
HLADRB_ 1201  -0.0896 0.39572
HLADRB_1202 -0.1003 0.73463
HLADRB_1301  -0.0063 0.92548
HLADRB_1302 -0.0180 0.82108
HLADRB_1303 0.0254 0.88926
HLADRB_1305 -0.0125 0.77411
HLADRB_1310 -0.0125 0.77411
HLADRB 1401  0.1269 0.24516
HLADRB_1404 -0.0125 0.77411
HLADRB_1501  0.1454 0.00103
HLADRB_ 1502 -0.2524 0.36032
HLADRB_1601  0.1263 0.40937
HLADRB_1602 0.3213 0.38854

Estimate = B coefficient

Table 7.27: Single-nucleotide polymorphisms (SNPs) selected for stage 2 of the genome-wide
association study of the persistence of tetanus toxoid (TT)-specific IgG concentrations following
childhood immunisation with TT containing vaccines.

SNP p-value SNP type Chr Position MAF NCHROBS  Sequenom design
rs1075473 5.48E-05  typed 1 65098136 0.06833 3366 Passed
rs4915236 9.38E-05 typed 1 201537485  0.2802 3366 Passed
rs4233516 5.57TE-05  typed 1 223632876  0.1263 3366 Passed
rs6428904 6.89E-05  typed 1 245363423  0.1649 3366 Passed
rs6697031 4.14E-05  typed 1 245367423  0.1034 3366 Passed
rs982353 7.34E-05 typed 2 36573454 0.2166 3366 Passed
rs12617125 9.91E-05 typed 2 81472511 0.2635 3366 Passed
rs2371260 8.41E-05 typed 3 28180249 0.2403 3366 Passed
rs17005475 4.84E-05 typed 4 83067671 0.03951 3366 Passed
rs8192049 3.91E-05 typed 4 140597052  0.04337 3366 Passed
rs7669258 3.94E-05  typed 4 148308126  0.1809 3366 Passed
rs72732116 2.41E-06  imputed 4 152783376  0.1455 3278 Passed
rs76463503 1.23E-06  imputed 4 153626438  0.02227 3188 Passed
rs31223 7.45E-05  typed 5 156625279  0.3791 3366 Passed

Continued on next page
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SNP p-value SNP type Chr Position MAF NCHROBS  Sequenom design
rs7720980 7.57E-07 imputed 5 159296102  0.2663 3282 Passed
rs1432675 1.89E-05 typed 5 159298474  0.1904 3366 Passed
rs891902 4.54E-06 imputed 5 159308795  0.1972 3362 Passed
rs13179580 8.82E-07  typed 5 159320525  0.2712 3366 Passed
rs7712049 5.36E-05  typed 5 159325351  0.3431 3366 Passed
rs10072006 6.75E-07  imputed 5 159326237  0.2744 3320 Failed
rs4921240 8.10E-05 typed 5 159327355  0.2445 3366 Passed
rs71603644 1.19E-06  imputed 5 159336790 0.1664 3064 Passed
rs3094188 2.19E-05 typed 6 31142245 0.3446 3366 Failed
rs2523663 9.67E-05  typed 6 31439740 0.3381 3366 Failed
rs2523650 2.47E-05  typed 6 31449022 0.3131 3366 Failed
rs2507964 8.90E-05 typed 6 31458157 0.3158 3366 Failed
rs2894221 4.87E-06  imputed 6 31461771 0.4039 3340 Failed
rs2894254 5.75E-05 typed 6 32345689 0.1227 3366 Failed
rs115365653 4.79E-06  imputed 6 32394913 0.3268 3366 Failed
rs9268877 9.16E-05 typed 6 32431147 0.4043 3366 Failed
rs9268880 2.01E-05  typed 6 32431358 0.2876 3366 Failed
rs186229361  3.74E-06 imputed 6 32435955 0.1083 3020 Failed
rs147882356  3.93E-06 imputed 6 32441679 0.3333 2814 Failed
rs145763900 7.40E-06 imputed 6 32445270 0.2972 3176 Failed
rs7749057 9.94E-05  typed 6 32448904 0.1637 3366 Failed
rs149028172 5.38E-06  imputed 6 32449523 0.3011 2654 Failed
rs114822165 8.92E-06 imputed 6 32583831 0.1101 3196 Failed
rs9272374 2.42E-06  imputed 6 32604669 0.1996 2780 Failed
rs9273327 8.35E-05  typed 6 32623223 0.139 3366 Failed
rs1794282 4.84E-05  typed 6 32666526 0.1209 3366 Failed
159442907 8.13E-05 typed 6 74123363 0.183 3366 Passed
rs7820882 6.66E-05  typed 8 68389059 0.3491 3366 Passed
rs11986395 7.64E-05  typed 8 75419366 0.4192 3366 Passed
rs7847373 8.96E-05  typed 9 1845946 0.109 3366 Passed
rs7019385 1.16E-06  typed 9 1849664 0.07903 3366 Passed
rs7860262 1.22E-06  imputed 9 1850836 0.08966 3346 Passed
rs10963648 9.98E-05  typed 9 1867013 0.08972 3366 Passed
rs10963660 3.79E-05  typed 9 1868585 0.1025 3366 Passed
rs6559700 1.92E-05 typed 9 85751913 0.1064 3366 Passed
rs113925093 1.37E-06 imputed 9 126234674  0.09241 3322 Passed
rs11819353 7.49E-05  typed 10 80674984 0.1676 3366 Passed
rs3740542 6.56E-06  imputed 10 126199289  0.06254 3342 Passed
rs11245253 6.70E-06  typed 10 126205537  0.06298 3366 Passed
rs10794142 7.91E-05 typed 10 128607787  0.3654 3366 Passed
rs79697632 1.06E-06  imputed 10 132642718  0.045 3222 Passed
rs75727401 1.54E-08 imputed 10 132643632  0.02879 3300 Passed
rs7128942 7.08E-05  typed 11 68387984 0.1673 3366 Passed
rs11228294 1.61E-05  typed 11 68388567 0.2356 3366 Failed
rs2513281 6.69E-05 typed 11 68417094 0.1536 3366 Passed
rs4913449 1.40E-05 typed 12 68835609 0.478 3366 Passed
rs2694403 1.73E-06  typed 12 105961210  0.2231 3366 Passed
rs1526856 1.56E-06  imputed 12 105967003  0.2237 3352 Passed
rs2711740 7.50E-08  typed 12 105978253  0.2406 3366 Passed
rs7974869 8.03E-05 typed 12 108026082  0.2213 3366 Passed
rs7972363 9.90E-05 typed 12 133179464  0.4649 3366 Passed
rs9507111 7.36E-06  typed 13 24093467 0.1771 3366 Passed
rs9510765 6.05E-06  imputed 13 24104109 0.1768 3360 Failed
rs12430762 1.60E-05 typed 13 24125369 0.1898 3366 Passed
rs7981875 7.20E-05  typed 13 44848338 0.09566 3366 Passed
rs4904054 5.24E-05  typed 14 82782185 0.4335 3366 Passed
rs12897855 3.95E-06 imputed 14 82787076 0.4883 3338 Passed
rs4494544 7.21E-06  typed 16 26986654 0.3835 3366 Passed
rs9746000 6.82E-06  imputed 16 26987784 0.3779 3318 Failed
rs7245374 9.53E-05  typed 18 69999553 0.145 3366 Passed
rs6085838 8.46E-05 typed 20 7028871 0.1179 3366 Passed
rs2026056 8.46E-05 typed 20 7029823 0.1182 3366 Passed
rs3787538 4.37E-05  typed 20 61303004 0.4115 3366 Passed

MAF, Minor allelic frequency; NCHROBS, Non-missing allele count (posterior probability >0.9)
Chr= chromosome
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7.6.4 Pleiotropy in immunological responses to routine childhood

immunisations

Table 7.28: Genes with single-nucleotide polymorphisms (SNPs) associated with more than
one of the vaccine-induced serological measures. SNPs with an association p<1x10~* with one
or more of the serological measures are displayed, along with p-value (P) and beta values (53)
corresponding to each of serological measures. P-values <1x10~* are shown in bold. Within each
gene SNPs are displayed in order of their chromosomal position.

Gene SNPs MenC-SBA P MenC-SBA 3 MenC-IgG P MenC-IgG 8 Hib-IgG P PRP-IgG § TT-IgG P TT-IgG 8
SRSF7 rs3112183 2.09E-05 -0.12 8.71E-05 -0.14 2.50E-01 0.04 3.11E-01 -0.06
SRSF7 rs3134630 2.55E-05 -0.12 1.17E-04 -0.14 2.54E-01 0.04 3.11E-01 -0.06
SRSF7 rs3134629 2.52E-05 -0.12 1.16E-04 -0.14 2.50E-01 0.04 3.10E-01 -0.06
SRSF7 rs3134628 2.90E-05 -0.12 8.81E-05 -0.14 2.86E-01 0.04 3.17E-01 -0.06
SRSF7 rs12621103 2.74E-05 -0.12 8.84E-05 -0.14 2.48E-01 0.04 3.23E-01 -0.06
SRSF7 rs12472454 1.40E-05 -0.12 3.02E-04 -0.12 2.80E-02 0.08 8.51E-01 0.01
SRSF7 rs13024811 3.18E-05 -0.12 1.03E-04 -0.14 2.50E-01 0.04 3.29E-01 -0.06
RP11-115H18.1 rs7627215 9.69E-05 -0.11 3.19E-05 -0.15 1.13E-01 -0.06 1.73E-01 -0.08
RP11-115H18.1 rs7649780 9.67E-05 -0.11 3.18E-05 -0.15 1.13E-01 -0.06 1.74E-01 -0.08
RP11-115H18.1 rs9836395 9.72E-05 -0.11 3.19E-05 -0.15 1.13E-01 -0.06 1.74E-01 -0.08
RP11-115H18.1 rs6785039 9.76 E-05 -0.11 3.20E-05 -0.15 1.13E-01 -0.06 1.74E-01 -0.08
RP11-115H18.1 rs6437734 9.84E-05 -0.11 3.22E-05 -0.15 1.14E-01 -0.06 1.73E-01 -0.08
RP11-115H18.1 rs6798341 2.24E-04 -0.11 4.03E-05 -0.15 1.07E-01 -0.06 1.36E-01 -0.09
RP11-115H18.1 rs885190 1.00E-04 -0.11 3.23E-05 -0.15 1.15E-01 -0.06 1.73E-01 -0.08
RP11-115H18.1 rs9845513 1.00E-04 -0.11 2.53E-05 -0.16 7.24E-02 -0.07 1.66E-01 -0.08
RP11-115H18.1 rs41517052 9.53E-05 -0.11 3.36E-05 -0.15 1.07E-01 -0.06 1.60E-01 -0.08
RP11-115H18.1 rs55652157 9.29E-05 -0.11 3.46E-05 -0.15 1.12E-01 -0.06 1.68E-01 -0.08
RP11-115H18.1 rs4597706 9.70E-05 -0.11 3.28E-05 -0.15 1.07E-01 -0.06 1.60E-01 -0.08
RP11-115H18.1 rs13092776 1.06E-04 -0.11 2.41E-05 -0.16 9.00E-02 -0.06 1.59E-01 -0.08
RP11-115H18.1 rs13092989 9.82E-05 -0.11 3.30E-05 -0.15 1.07E-01 -0.06 1.58E-01 -0.08
PIWIL1 rs11060834 8.72E-05 -0.14 2.69E-04 -0.17 4.71E-01 0.03 5.03E-01 -0.05
PIWIL1 rs80287981 2.15E-03 -0.22 8.54E-05 -0.35 6.65E-01 0.04 2.42E-01 -0.18
PIWIL1 rs11060836 8.71E-05 -0.14 6.79E-04 -0.16 6.33E-01 0.02 3.99E-01 -0.06
PIWIL1 rsb5887533 9.97E-05 -0.14 6.09E-04 -0.16 6.44E-01 0.02 3.98E-01 -0.06
PIWIL1 rsb5881231 9.97E-05 -0.14 6.09E-04 -0.16 6.44E-01 0.02 3.98E-01 -0.06
PIWIL1 rs11836499 7.69E-05 -0.14 6.14E-04 -0.16 6.92E-01 0.02 3.94E-01 -0.06
PIWIL1 rs61940168 6.93E-05 -0.15 5.13E-04 -0.16 5.35E-01 0.03 4.55E-01 -0.06
PPARGCI1B rs13167468 7.82E-02 0.08 9.91E-05 0.23 8.97E-01 0.01 1.04E-01 -0.15
PPARGCI1B rs10051894 1.08E-01 0.04 4.66E-05 0.14 4.12E-01 0.03 8.41E-01 0.01
PPARGCI1B rs6579757 1.11E-01 0.04 4.84E-05 0.14 3.86E-01 0.03 7.92E-01 0.01
PPARGCI1B rs17653642 3.97E-02 -0.14 4.65E-01 -0.06 3.60E-05 -0.38 7.82E-03 -0.39
PTPRD rs10758969 9.64E-05 -0.10 1.73E-02 -0.08 5.66E-01 -0.02 3.32E-01 -0.05
PTPRD rs10977022 8.52E-05 -0.11 5.89E-04 -0.12 3.63E-01 -0.03 9.05E-02 -0.10
PTPRD rs10758970 8.43E-05 -0.10 1.81E-02 -0.08 5.79E-01 -0.02 3.32E-01 -0.05
PTPRD rs989813 7.58E-05 -0.10 1.78E-02 -0.08 5.96E-01 -0.02 3.30E-01 -0.05
PTPRD rs989814 4.26E-05 -0.11 1.86E-02 -0.08 5.62E-01 -0.02 5.29E-01 -0.04
PTPRD rs989815 6.63E-05 -0.11 1.64E-02 -0.08 5.54E-01 -0.02 2.98E-01 -0.06
PTPRD rs10815844 2.80E-06 -0.12 5.20E-03 -0.10 1.34E-01 -0.05 3.73E-01 -0.05
PTPRD rs1500327 3.52E-05 -0.11 7.93E-03 -0.09 7.30E-01 -0.01 7.64E-01 0.02
PTPRD rs72704370 6.06E-01 0.02 7.27E-01 0.02 3.37E-05 0.27 8.63E-01 0.02
PTPRD rs72704374 7.60E-01 0.01 7.27E-01 0.02 2.80E-05 0.26 7.69E-01 0.03
PTPRD rs12551425 7.39E-01 0.01 7.27E-01 0.02 3.26E-05 0.26 8.10E-01 0.02
PTPRD rs72704378 7.36E-01 0.01 7.28E-01 0.02 3.40E-05 0.26 8.22E-01 0.02
PTPRD rs72704379 7.36E-01 0.01 7.28E-01 0.02 3.40E-05 0.26 8.22E-01 0.02
PTPRD rs72704381 7.35E-01 0.01 7.29E-01 0.02 3.45E-05 0.26 8.25E-01 0.02
PTPRD rs1433542 7.17E-01 0.02 7.17E-01 0.02 3.81E-05 0.26 8.82E-01 0.01
PTPRD rs12551769 4.96E-01 0.03 6.97E-01 0.02 3.98E-05 0.26 9.73E-01 0.00
PTPRD rs12552171 6.89E-01 0.02 6.95E-01 0.02 5.39E-05 0.25 9.76E-01 0.00
PTPRD rs10511511 6.86E-01 0.02 6.93E-01 0.02 5.66E-05 0.25 9.86E-01 0.00
PTPRD rs12554855 6.54E-01 0.02 6.53E-01 0.03 7.77E-05 0.25 8.03E-01 -0.02
PTPRD rs1897671 7.54E-01 0.01 8.29E-01 0.01 8.09E-05 0.25 9.49E-01 -0.01
PTPRD rs976385 7.33E-01 0.02 7.83E-01 0.02 8.29E-05 0.25 8.98E-01 -0.01
PTPRD rs34657422 7.99E-01 0.01 8.02E-01 0.01 8.61E-05 0.25 9.49E-01 -0.01
PTPRD rs35114587 7.50E-01 0.01 8.29E-01 0.01 7.82E-05 0.25 9.52E-01 -0.01
PTPRD rs1019955 7.82E-01 0.01 7.55E-01 0.02 8.84E-05 0.25 8.99E-01 -0.01
PTPRD rs2016766 7.84E-01 0.01 7.42E-01 0.02 9.04E-05 0.25 9.02E-01 -0.01
PTPRD rs59834115 7.36E-01 0.01 7.80E-01 0.02 8.08E-05 0.25 9.01E-01 -0.01
PTPRD rs12552247 7.41E-01 0.01 7.90E-01 0.02 8.19E-05 0.25 9.06E-01 -0.01
PTPRD rsb7781824 7.42E-01 0.01 8.03E-01 0.01 7.79E-05 0.25 9.15E-01 -0.01
PTPRD rs72706206 7.46E-01 0.01 7.92E-01 0.02 8.05E-05 0.25 9.12E-01 -0.01
PTPRD rs72706213 8.93E-01 0.01 9.34E-01 -0.00 4.74E-05 0.26 7.73E-01 -0.03
PTPRD rs72706215 8.93E-01 0.01 9.34E-01 -0.00 4.74E-05 0.26 7.74E-01 -0.03
PTPRD rs72706217 9.63E-01 0.00 9.95E-01 -0.00 3.53E-05 0.26 7.91E-01 -0.03
PTPRD rs7027460 9.08E-01 0.01 8.67E-01 -0.01 5.02E-05 0.25 8.45E-01 -0.02
PTPRD rs12551480 9.73E-01 0.00 9.10E-01 -0.01 4.56E-05 0.26 8.51E-01 -0.02
PTPRD rs12552617 8.72E-01 0.01 9.42E-01 -0.00 5.96E-05 0.26 7.80E-01 -0.03

Continued on next page
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Gene SNPs MenC-SBA P MenC-SBA 3 MenC-IgG P MenC.IgG 8 Hib-IgG P PRP-IgG g TT-IgG P TT-IgG 8
NTM rs625676 9.19E-03 0.07 3.43E-05 0.15 1.79E-01 0.05 3.41E-01 0.06
NTM rs548559 1.34E-02 0.07 3.38E-05 0.15 1.84E-01 0.05 4.44E-01 0.05
NTM rs525721 1.03E-02 0.07 3.41E-05 0.15 1.38E-01 0.06 2.88E-01 0.06
NTM rs632968 6.33E-03 0.08 9.37E-05 0.15 1.23E-01 0.06 3.47E-01 0.06
NTM rs142025623 3.84E-01 -0.07 8.88E-01 -0.02 4.28E-05 -0.42 2.12E-02 -0.34
RPH3AL rs11150891 4.76E-05 -0.11 2.12E-01 -0.05 1.46E-01 -0.05 8.41E-01 0.01
RPH3AL rs117849583  6.36E-05 0.13 6.18E-02 0.08 2.50E-01 0.05 8.17E-01 0.01
RPH3AL rs4563095 4.14E-01 0.06 7.47E-01 -0.03 8.71E-05 0.39 1.91E-01 0.21
DENND1A rs7851052 2.11E-01 0.04 1.90E-01 0.06 7.96E-05 0.17 9.45E-03 0.17
DENND1A rs10123099 2.00E-01 0.04 1.82E-01 0.06 5.61E-05 0.18 9.84E-03 0.17
DENND1A rs73664359 6.02E-01 0.02 3.38E-01 0.06 1.97E-03 0.20 2.22E-05 0.41
DENNDI1A rs76274475 2.04E-01 0.06 2.85E-01 0.06 7.81E-04 0.21 1.49E-05 0.43
DENND1A rs78861713 2.09E-01 0.06 2.87E-01 0.06 7.56E-04 0.21 1.44E-05 0.43
DENNDI1A rs75339791 2.23E-01 0.06 2.86E-01 0.06 8.86E-04 0.21 1.42E-05 0.43
DENNDI1A rs73575569 4.89E-01 0.03 3.46E-01 0.05 3.15E-03 0.18 3.69E-05 0.40
DENNDI1A rs113925093 2.63E-01 0.05 4.92E-01 0.04 6.49E-04 0.21 1.37E-06 0.46
DENND1A rs57067576 5.03E-01 0.03 3.54E-01 0.05 3.29E-03 0.18 3.44E-05 0.40
DENND1A rs79085337 1.10E-01 0.08 2.20E-01 0.07 4.35E-03 0.19 2.48E-05 0.44
DENNDI1A rs76438231 1.10E-01 0.08 2.19E-01 0.07 4.39E-03 0.19 2.50E-05 0.44
DENNDI1A rs60485679 1.11E-01 0.08 2.14E-01 0.08 4.87E-03 0.18 3.09E-05 0.43
DENNDI1A rs7849651 1.12E-01 0.08 2.08E-01 0.08 5.31E-03 0.18 3.41E-05 0.43
DENNDI1A rs10986082 3.28E-01 0.05 2.00E-01 0.08 2.38E-02 0.14 1.43E-05 0.42
DENND1A rs74524716 2.52E-01 0.06 8.26E-01 0.01 1.38E-02 0.17 6.54E-05 0.41
DENND1A rs113237886 1.62E-01 0.08 2.83E-01 0.08 6.64E-02 0.14 4.17E-05 0.50
DENND1A rs75041694 1.89E-01 0.08 4.71E-01 0.06 4.84E-02 0.15 2.48E-05 0.52
DENND1A rs77587038 2.05E-01 0.07 3.77E-01 0.06 1.27E-02 0.18 4.60E-05 0.46
DENND1A rs112698181 3.19E-01 0.07 2.20E-01 0.11 4.14E-02 0.18 7.88E-05 0.55
DENND1A rs187609854 2.48E-01 0.06 4.51E-01 0.05 1.58E-02 0.17 2.10E-05 0.46
DENND1A rs113702595 2.19E-01 0.06 4.63E-01 0.05 2.36E-02 0.15 4.35E-05 0.43
DOCK1 rs10794142 6.64E-01 0.01 2.42E-01 0.04 5.33E-02 -0.07 7.91E-05 -0.23
DOCK1 rs61874056 7.64E-03 -0.09 1.13E-05 -0.20 4.40E-02 0.09 4.47E-01 0.06
DOCK1 rs11016808 8.09E-03 -0.09 2.72E-05 -0.18 1.56E-01 0.06 4.75E-01 0.05
DOCK1 rs11016809 2.98E-03 -0.09 4.75E-05 -0.16 4.08E-01 0.03 6.35E-01 -0.03
DOCK1 rs11016812 3.04E-03 -0.09 5.41E-05 -0.16 3.94E-01 0.03 6.37E-01 -0.03
DOCK1 rs11016829 8.55E-03 -0.08 3.60E-05 -0.17 1.39E-01 0.06 4.01E-01 0.06
DOCK1 rs35483211 5.44E-03 -0.08 3.68E-05 -0.16 4.38E-01 0.03 7.32E-01 -0.02
DOCK1 rs34168048 4.20E-03 -0.08 7.57E-05 -0.15 3.41E-01 0.04 8.30E-01 -0.01
DOCK1 rs10829607 4.44E-03 -0.08 5.71E-05 -0.15 3.08E-01 0.04 8.42E-01 -0.01
DOCK1 rs10829608 3.35E-03 -0.09 6.42E-05 -0.15 3.66E-01 0.03 8.06E-01 -0.01
DOCK1 rs7098854 4.73E-03 -0.08 9.91E-05 -0.15 3.92E-01 0.03 8.29E-01 -0.01

7.7 Appendix: Transcriptomic analysis following child-

hood influenza vaccination

7.7.1 Gene expression following a single dose of seasonal trivalent
inactivated influenza vaccine
7.7.1.1 Power calculations

Power calculations incorporated a variance estimate derived from a publicly available childhood
gene expression dataset downloaded from the Gene Expression Omnibus http://www.ncbi.
nlm.nih.gov/geo/. The 75" percentile of the standard deviation of transcripts detected in a
set of healthy caucasian child controls (n = 5) from a study conducted by Berry et al, was used

as the generalisable standard deviation estimate (422]).
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7.7.1.2 Gene expression microarray normalisation

Normalisation is necessary to make different microarrays comparable, given potential differences
in samples processing, RNA quantities and labelling efficiency. Conceptually, microarray nor-
malisation is similar to quantitative PCR normalisation, which normalises relative to levels of
housekeeping genes assumed to be constant between experimental conditions. However, instead
of comparing to particular housekeeping genes, microarray normalisation methods are based on
the assumption that the majority of genes will not change with an intervention. Four different
normalisation methods were assessed: Variance Stabilisation and Normalisation (VSN), Robust
spline normalization (RSN), median normalisation and quantile normalisation. With the excep-
tion of the VSN method background subtracted data were forced positive using the ‘lumiB’ R
package, and then to account for the linear relationship between standard deviation and mean
spot intensity were logy transformed (423]). Data were then normalised using the respective

normalisation methods.
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Figure 7.16: RNA microarray quality control on logs transformed background subtracted probe
intensity data from the study of peripheral blood gene expression 21 days after immunisation
with trivalent inactivated influenza vaccine. a) Box and whisker plots showing the distribution
of logy transformed RNA feature intensities. The boxes represent the first, second (median) and
third quartiles. The whiskers represent the rest of the distribution, terminating at the maximum
and minimum intensity values. b) Standard deviations against the ranked mean probe intensities
for loge transformed RNA data. The red dots show the running median estimator, which is
approximately horizontal as there is little evident of standard deviation-mean dependence.
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Boxplots VSN normalised Probe Intensities VSN normalised probe standard deviations versus ranked mean probe expression
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Figure 7.17: RNA microarray quality control on variance stabilising normalised (VSN) back-
ground subtracted probe intensity data from the study of peripheral blood gene expression 21 days
after immunisation with trivalent inactivated influenza vaccine. a) Box and whisker plots showing
the distribution of VSN normalised RNA feature intensities. The boxes represent the first, second
(median) and third quartiles. The whiskers represent the rest of the distribution, terminating at
the maximum and minimum intensity values. b) Standard deviations against the ranked mean
probe intensities for VSN normalised RNA data. The red dots show the running median esti-
mator, which is approximately horizontal as there is little evident of standard deviation-mean
dependence.
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Figure 7.18: RNA microarray quality control on robust spline normalised (RSN) background
subtracted probe intensity data from the study of peripheral blood gene expression 21 days after
immunisation with trivalent inactivated influenza vaccine. a) Box and whisker plots showing the
distribution of RSN normalised RNA feature intensities. The boxes represent the first, second
(median) and third quartiles. The whiskers represent the rest of the distribution, terminating at
the maximum and minimum intensity values. b) Standard deviations against the ranked mean
probe intensities for RSN normalised RNA data. The red dots show the running median estimator,
which is approximately horizontal as there is little evident of standard deviation-mean dependence.
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median i Probe iti Median normalised probe standard deviations versus ranked mean probe expression
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Figure 7.19: RNA microarray quality control on median normalised background subtracted
probe intensity data from the study of peripheral blood gene expression 21 days after immunisation
with trivalent inactivated influenza vaccine. a) Box and whisker plots showing the distribution of
median normalised RNA feature intensities. The boxes represent the first, second (median) and
third quartiles. The whiskers represent the rest of the distribution, terminating at the maximum
and minimum intensity values. b) Standard deviations against the ranked mean probe intensities
for median normalised RNA data. The red dots show the running median estimator, which
is approximately horizontal as there is little evident of dependence of standard deviation-mean
dependence.
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Boxplots quantile normalised Probe Intensities ‘Quantile normalised probe standard deviations versus ranked mean probe expression
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Figure 7.20: RNA microarray quality control on quantile normalised background subtracted
probe intensity data from the study of peripheral blood gene expression 21 days after immunisation
with trivalent inactivated influenza vaccine. a) Box and whisker plots showing the distribution of
quantile normalised RNA feature intensities. The boxes represent the first, second (median) and
third quartiles. The whiskers represent the rest of the distribution, terminating at the maximum
and minimum intensity values. b) Standard deviations against the ranked mean probe intensities
for quantile normalised RNA data. The red dots show the running median estimator, which
is approximately horizontal as there is little evident of dependence of standard deviation-mean
dependence.
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7.7.1.3 Sensitivity analysis

Table 7.29: Sensitivity analysis of the top 25 transcripts ranked in order of statistical evidence
for differential expression 21 days after immunisation with trivalent inactivated influenza vaccine,
with the two possible outlier samples identified in the quality control process excluded (subsection
‘5.2.5.{|Gene transcript microarray quality control’.)

Gene Log FC P Value FDR  Definition

LOC643932 -0.25 0.000061  0.70 PREDICTED: Homo sapiens similar to 40S ribosomal protein S3a
GAPT -0.31 0.000085 0.70 GRB2-binding adaptor protein

C140ORF4 0.24 0.000378  0.88 chromosome 14 open reading frame 4

SIT1 0.22 0.000437 0.88 signalling threshold regulating transmembrane adaptor 1
TRIP/ -0.17 0.000462  0.88 thyroid hormone receptor interactor 4

LOC729798 0.37 0.000605  0.88 similar to ribosomal protein L23a

LOC649210 -0.33 0.000776  0.88 similar to Ig lambda chain V region 4A precursor
CHI3L1 0.39 0.000820 0.88 chitinase 3-like 1

SFI1 0.23 0.000974  0.88 Sfil homolog

ASMTL 0.22 0.001012  0.88 acetylserotonin O-methyltransferase-like
LOC728484 0.27 0.001022 0.88 miscellaneous RNA

RPL23AP13 0.28 0.001051  0.88 ribosomal protein L.23a pseudogene 13

LOC390183 0.27 0.001070  0.88 miscellaneous RNA

TOR2A 0.19 0.001076  0.88 torsin family 2, member A

GAPT -0.23 0.001129 0.88 GRB2-binding adaptor protein

PGRMC1 -0.25 0.001131 0.88 progesterone receptor membrane component 1
LOC100132817 0.31 0.001137 0.88 similar to C200rf69 protein

LOC65025) -0.19 0.001173  0.88 hypothetical protein FL.J40722, transcript variant 1
SLC45A4 0.20 0.001240 0.88 solute carrier family 45, member 4

PLCG1 0.29 0.001298 0.88 phospholipase C, gamma 1

TYSND1 0.21 0.001300 0.88 trypsin domain containing 1

LOC649946 0.25 0.001408 0.88 ribosomal protein L23a pseudogene

VEGFB 0.18 0.001662  0.88 vascular endothelial growth factor B

C160RF13 -0.21 0.001666  0.88 chromosome 16 open reading frame 13

CYSLTR1 -0.28 0.001690 0.88 cysteinyl leukotriene receptor 1

FC= Fold change ; FDR= False discovery rate (Benjamini-Hochberg); ORF= open reading frame
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7.7.1.4 Gene expression study participant information

Table 7.30: Demographics of children in the study of peripheral blood gene expression profiles
21 days following trivalent inactivated influenza vaccine (TIV).

Randomised number  Sex  Previous influenza vaccine  Ethnicity Age at vaccination (months)  Days since TIV
1 M BAXTER Caucasian 83 21
2 M GSK Caucasian 129 21
3 M BAXTER Caucasian 140 21
4 F BAXTER Caucasian 169 21
5 F GSK Caucasian 108 21
6 M BAXTER Caucasian 121 21
7 M BAXTER Caucasian 115 21
8 M GSK Caucasian 152 21
9 F GSK Caucasian 103 21
10 M GSK Caucasian 82 20
11 F GSK Caucasian 140 21
12 F GSK Caucasian 64 21
13 F GSK Caucasian 141 20
14 F BAXTER Caucasian 156 20
15 M BAXTER Caucasian 126 20
16 F BAXTER Caucasian 167 21
17 F BAXTER Caucasian 122 17
18 M GSK Caucasian 99 20
19 F GSK Caucasian 151 21
20 F GSK Caucasian 152 20
21 M BAXTER Caucasian 158 23
22 F GSK Caucasian 139 23
23 F BAXTER Caucasian 98 21
24 F GSK Caucasian 81 21
25 M GSK Caucasian 69 20
26 M GSK Caucasian 94 20
27 F GSK Caucasian 51 21
28 M BAXTER Caucasian 55 21
29 M GSK Caucasian 153 21
30 F GSK Caucasian 89 21

M= male, F= female
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7.7.1.5 Gene Set Enrichment Analysis
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Figure 7.21: The top four upregulated gene sets from gene set enrichment analysis conducted
on peripheral blood gene expression profiles 21 days after immunisation with trivalent inactivated
influenza vaccine.
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Figure 7.22: The top four downregulated gene sets from gene set enrichment analysis conducted

on peripheral blood gene expression profiles 21 days after immunisation with trivalent inactivated
influenza vaccine.
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7.7.1.6 Ingenuity Pathway Analysis

Figure 7.23: The relatedness of networks derived from Ingenuity® Pathway analysis on periph-
eral blood gene expression profiles 21 days after immunisation with trivalent inactivated influenza
vaccine. Networks that share constituents are connected, with the degree of overlap corresponding
to the denoted number.
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7.7.1.7 Relationship between gene expression and immunological responses to
TIV
Table 7.31: The networks produced by Ingenuity® Pathway Analysis of genes with differential

expression in peripheral blood 21 days following immunisation with trivalent inactivated influenza
vaccine associated (p<0.05) with post-vaccination haemagglutination inhibition assay titres.

Score  Focus molecules  Diseases and Functions

34 17 Developmental Disorder, Hereditary Disorder, Skeletal and Muscular Disorders

31 16 RNA Damage and Repair, Cancer, Gastrointestinal Disease

29 15 Cell Signalling, Cell Death and Survival, Renal Necrosis/Cell Death

25 14 Cell-To-Cell Signalling and Interaction, Cellular Movement, Haematological System Development
and Function

23 13 Cancer, Cell Death and Survival, Tumour Morphology

19 11 Lymphoid Tissue Structure and Development, Cardiovascular Disease, Cardiovascular
System Development and Function

9 6 Cell-To-Cell Signalling and Interaction, Haematological System Development and Function,
Immune Cell Trafficking

2 1 Cancer, Cell Death and Survival, Cellular Development

Table 7.32: The top 25 genes with fold-changes 21 days following immunisation with trivalent
inactivated influenza vaccine associated with post-vaccination T-cell immunity to 2009 HIN1
nucleoprotein (NP).

Gene t-value p-value
MCRS1 4.00 3.97E-04
LOC653545 -3.95 4.57E-04
LBH 3.93  4.84E-04
HS. 162734 -3.89 5.41E-04
LOC647691 -3.74  8.10E-04
ACTG1 3.64 1.05E-03
MAX 3.57 1.27E-03
ZFP36L2 3.54  1.38E-03
TNFRSF25 3.52  1.44E-03
RALGPS2 -3.51 1.48E-03
SLC25A20 3.48 1.60E-03
LOC642817 3.43 1.82E-03
MGAT2 3.40 1.98E-03
ABCA7 -3.38  2.09E-03
cCeT7 3.37  2.14E-03
UTP23 -3.33  2.35E-03
LOC100133760 -3.33  2.36E-03
pPsSMcCy 3.32  2.46E-03
LOC286016 -3.31  2.48E-03
LOC642161 3.28 2.71E-03
ERP29 3.24  2.95E-03
DNAJB6 3.21  3.21E-03
SFRS2B 3.18 3.49E-03
LETMD1 3.16  3.69E-03
CENPV -3.16  3.71E-03
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Table 7.33: The networks produced by Ingenuity Pathway Analysis conducted on genes with fold-
changes associated (p <0.015) with 2009 HIN1 nucleoprotein (NP) ELISpots following trivalent
inactivated influenza vaccine (TIV)..

Score  Focus molecules  Diseases and functions

33 17 Organismal Development, Cellular Growth and Proliferation, Nervous System Development
and Function
32 18  Cell-To-Cell Signalling and Interaction, Haematological System Development and Function,
Immunological Disease
31 16  Cell Morphology, Organ Morphology, Reproductive System Development and Function
31 16  Developmental Disorder, Hereditary Disorder, Metabolic Disease
28 15  Cellular Assembly and Organisation, Developmental Disorder, Haematological Disease
27 15  Cell Morphology, Cellular Assembly and Organisation, Cellular Function and Maintenance
2 1  Connective Tissue Disorders, Dermatological Diseases and Conditions, Developmental Disorder
2 1  Developmental Disorder, Hereditary Disorder, Skeletal and Muscular Disorders

Table 7.34: The top 25 genes with fold-changes 21 days following immunisation with trivalent
inactivated influenza vaccine associated with post-vaccination T-cell immunity to 2009 HIN1
matrix protein 1 (M1).

Gene t-value p-value
JAK2 5.39  8.00E-06
LOC729513 -4.77  4.80E-05
TMOD2 4.69 5.80E-05
C10RF19 4.52  9.40E-05
ZNF12/ 4.44 1.20E-04
COG6 4.39 1.35E-04
ATF2 4.29 1.80E-04
NPCDR1 -4.26  1.94E-04
ANKRD49 4.23 2.14E-04
EIF5 -4.21  2.26E-04
CHML -4.15  2.59E-04
NOTCH2NL -4.10 3.00E-04
FNTA 4.05 3.42E-04
TOMMZ20 4.05 3.42E-04
HS. 4453853 -4.05  3.46E-04
STXBP3 4.05 3.47E-04
TRIMS33 4.05 3.49E-04
OGFRL1 4.02  3.74E-04
PPM1A 4.02 3.77E-04
ZNF800 3.98 4.15E-04
HS.555252 -3.98 4.21E-04
HSPA1, 3.97 4.29E-04
CcCDC117 3.97 4.32E-04
RHEB 3.97 4.34E-04
ZDHHC13 3.96 4.42E-04
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Table 7.35: The networks produced by Ingenuity Pathway Analysis conducted on genes with
fold-changes that associated (p <0.015) with 2009 HIN1 matrix protein 1 (M1) ELISpots following
trivalent inactivated influenza vaccine.

Score  Focus molecules Diseases and functions
48 33 RNA Post-Transcriptional Modification, Infectious Disease, Cellular Assembly and Organisation
45 32 Molecular Transport, Protein Trafficking, Cellular Assembly and Organisation
38 29 Post-Translational Modification, Cell Morphology, Hair and Skin Development and Function
34 28 Protein Synthesis, Cell-To-Cell Signalling and Interaction, Cell Signalling
34 27 Cellular Development, Haematological System Development and Function, Haematopoiesis
34 27 Cellular Assembly and Organisation, Gene Expression, Cancer
33 27 Molecular Transport, Lymphoid Tissue Structure and Development, Organ Morphology
32 26 Cancer, Haematological Disease, Small Molecule Biochemistry
32 26 DNA Replication, Recombination, and Repair, Energy Production, Nucleic Acid Metabolism
31 26 RNA Damage and Repair, Cellular Assembly and Organisation, Cellular Compromise
30 25 Cancer, Cell Morphology, Developmental Disorder
27 23 Post-Translational Modification, Cell Death and Survival, Infectious Disease
25 22 Post-Translational Modification, Cell Cycle, DNA Replication, Recombination, and Repair
23 16 Developmental Disorder, Hereditary Disorder, Neurological Disease
23 21 Carbohydrate Metabolism, Lipid Metabolism, Post-Translational Modification
23 24 Protein Synthesis, Cellular Development, Respiratory System Development and Function
21 20 Cell-To-Cell Signalling and Interaction, Cellular Assembly and Organisation, Tissue Development
21 20 Auditory Disease, Hereditary Disorder, Immunological Disease
21 20 Lipid Metabolism, Molecular Transport, Small Molecule Biochemistry
20 19 Cell Cycle, Cellular Assembly and Organisation, Cell Morphology
20 19 Cell Signalling, Cellular Movement, Haematological System Development and Function
20 19 Cell Cycle, Dermatological Diseases and Conditions, Hereditary Disorder
20 19 Cell Cycle, Cell Morphology, Cell-mediated Immune Response
19 19 Cell Cycle, Developmental Disorder, Gastrointestinal Disease
18 18 Increased Levels of AST, Dermatological Diseases and Conditions, Infectious Disease
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Table 7.36: The top 25 genes with fold-changes 21 days following immunisation with trivalent
inactivated influenza vaccine associated with post-vaccination T-cell immunity to 2009 HIN1
nonstructural protein 1 (NSI).

Gene ID t-value p-value
ZNF330 4.42 1.26E-04
HS.162734 -4.14 2.73E-04
MOSPD2 -3.89 5.40E-04
ABCA7 -3.85 5.94E-04
B3GNTS -3.63 1.09E-03
ARL5B -3.60 1.16E-03
RBM41 3.50 1.51E-03
MARS2 3.49 1.55E-03
FBXL17 3.46 1.69E-03
ZRANB2 -3.45 1.75E-03
ACTG1 3.39 2.05E-03
G3BP2 3.36 2.19E-03
ZCCHC6 -3.33 2.35E-03
LOCT728188 3.31 2.46E-03
ACOT2 3.30 2.53E-03
C1ORF55 3.30 2.59E-03
BRWD1 -3.28 2.68E-03
HS.573541 -3.27 2.75E-03
DKFZP761P0423 3.23 3.10E-03
OPN3 3.19 3.43E-03
LOC648695 3.15 3.73E-03
VPS13C -3.15 3.73E-03
ARID4B -3.14 3.80E-03
B3GAT3 -3.14 3.85E-03
MAP2K4 -3.13 3.98E-03

Table 7.37: The networks produced by Ingenuity Pathway Analysis conducted on genes with fold-
changes associated (p<0.015) with 2009 HIN1 nonstructural protein 1 (NS1) ELISpots following
trivalent inactivated influenza vaccine.

Score  Focus.Molecules Diseases and functions

40 20 Cell Cycle, Cellular Assembly and Organisation, Cellular Function and Maintenance

38 19 Cell Morphology, Cell Death and Survival, Embryonic Development

30 16 DNA Replication, Recombination, and Repair, Gene Expression, Cell Morphology

30 16 Cell Signalling, Post-Translational Modification, Protein Synthesis

29 16 Embryonic Development, Organ Development, Organ Morphology

23 13 Cell Cycle, Cell-To-Cell Signalling and Interaction, Haematological System Development and Function
11 7 Cancer, Organismal Injury and Abnormalities, Reproductive System Disease

2 1 Connective Tissue Disorders, Dermatological Diseases and Conditions, Developmental Disorder
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7.7.1.8 Comparison of gene changes following trivalent inactivated influenza vac-
cine between individuals who previously received adjuvanted or non-adjuvanted
2009 pandemic influenza vaccination
Table 7.38: The networks produced by Ingenuity Pathway Analysis conducted using genes with
p-values less than <0.015 in the linear regression model between gene fold-change following triva-

lent inactivated influenza vaccine and which of the pandemic vaccines was administered the pre-
vious year.

Score  Focus molecules  Top diseases and functions

26 12 DNA Replication, Recombination, and Repair, Cell Morphology, Cellular Function and
Maintenance

24 11  Cancer, Dermatological Diseases and Conditions, Hereditary Disorder

24 11  Cellular Movement, Connective Tissue Development and Function, Cell-To-Cell Signalling

and Interaction
13 7  Biliary Hyperplasia, Cancer, Developmental Disorder
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7.7.2 Assessment of serum microRNA following childhood immuni-

sation with pandemic influenza vaccine

7.7.2.1 MicroRNA microarray normalisation

Boxplots of log transformed normalised miRNA probe intensities

25 3.0 3.5

Log 2 Intensity
Standard deviation
20

1.5

T T T T
0 50 100 150
Samples rank(mean)

(a) (b)

Figure 7.24: MicroRNA microarray quality control on logo transformed patched probe intensity
data from the study of serum microRNA following immunisation with pandemic influenza vaccine.
a) Box and whisker plots showing the distribution of logy transformed MicroRNA feature inten-
sities. The boxes represent the first, second (median) and third quartiles. The whiskers represent
the rest of the distribution, terminating at the maximum and minimum intensity values. b) Stan-
dard deviations against the ranked mean probe intensities for logy transformed microRNA data.
The red dots show the running median estimator, which is approximately horizontal as there is
little evident of standard deviation-mean dependence.
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Figure 7.25: MicroRNA microarray quality control on variance stabilising normalised (VSN)
patched probe intensity data from the study of serum microRNA following immunisation with
pandemic influenza vaccine. a) Box and whisker plots showing the distribution of VSN nor-
malised MicroRNA feature intensities. The boxes represent the first, second (median) and third
quartiles. The whiskers represent the rest of the distribution, terminating at the maximum and
minimum intensity values. b) Standard deviations against the ranked mean probe intensities for
VSN normalised microRNA data. The red dots show the running median estimator, which is
approximately horizontal as there is little evident of dependence of of standard deviation-mean
dependence.
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Figure 7.26: MicroRNA microarray quality control on robust spline normalised (RSN) back-
ground patched intensity data from the study of serum microRNA following immunisation with
pandemic influenza vaccine. a) Box and whisker plots showing the distribution of RSN normalised
MicroRNA feature intensities. The boxes represent the first, second (median) and third quartiles.
The whiskers represent the rest of the distribution, terminating at the maximum and minimum
intensity values. b) Standard deviations against the ranked mean probe intensities for RSN nor-
malised microRNA data. The red dots show the running median estimator, which is approximately
horizontal as there is little evident of dependence of standard deviation-mean dependence.
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Figure 7.27: MicroRNA microarray quality control on median normalised patched probe inten-
sity data from the study of serum microRNA following immunisation with pandemic influenza
vaccine. a) Box and whisker plots showing the distribution of median normalised MicroRNA fea-
ture intensities. The boxes represent the first, second (median) and third quartiles. The whiskers
represent the rest of the distribution, terminating at the maximum and minimum intensity val-
ues. b) Standard deviations against the ranked mean probe intensities for median normalised
microRNA data. The red dots show the running median estimator, which is approximately hori-
zontal as there is little evident of dependence of the standard deviation mean.
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Figure 7.28: MicroRNA microarray quality control on quantile normalised patched probe in-
tensity data from the study of serum microRNA following immunisation with pandemic influenza
vaccine. a) Box and whisker plots showing the distribution of quantile normalised MicroRNA fea-
ture intensities. The boxes represent the first, second (median) and third quartiles. The whiskers
represent the rest of the distribution, terminating at the maximum and minimum intensity val-
ues. b) Standard deviations against the ranked mean probe intensities for quantile normalised
microRNA data. The red dots show the running median estimator, which is approximately hori-
zontal as there is little evident of standard deviation-mean dependence.
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—— Pre-vaccination
—— Post-vaccination

Density

1]
N =186 Bandwidth = 0.543

Figure 7.29: Density of microRNA probes with varying variance stabilising normalised (VSN)
patched expression values for each sample from the study of serum microRNA levels following

immunisation with pandemic influenza vaccine
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7.7.2.2 MicroRNA study participant demographics

Table 7.39: Participant demographics in the study of serum microRNA levels following immu-
nisation with pandemic influenza vaccine.

Random No. Visit Time to spin* Sex Vaccine Age at vaccination# Ethnicity Days post-vaccination
1 01:07 . -
! 3 02:24 M Baxter 109 Caucasian 95
2 1 02:25 F . .
3 01:22 F Baxter 142 Caucasian 21
3 I 03:15 F . .
2 18:55 F Baxter 15 Caucasian 28
4 1 01:55 F Mixed
3 01:25 F GSK 58 (Asian & Caucasian) 24
5 I 02:05 M . .
3 02:30 M  Baxter 38 Caucasian o
6 I 02:20 F , .
3 01:00 F Baxter 107 Caucasian 21
7 1 02:40 M , .
3 01:30 M Baxter 112 Caucasian 21
8 1 01:48 F , -
3 02:55 r GSK 89 Caucasian o6
9 1 02:33 M , -
3 01:25 M Baxter 69 Caucasian 25
10 1 02:30 M . -
3 02:05 M  Baxter 41 Caucasian o1
11 1 02:00 M . -
3 16:30 M Baxter 145 Caucasian 25
2 1 01:37 M , -
3 03:00 M GSK 45 Caucasian o6
13 1 02:50 F . -
3 00:45 F Baxter 71 Caucasian 91
4 1 01:29 M _ .
3 02:50 M GSK 115 Caucasian 2%
5 1 01:45 F _ -
3 16:35 F GSK 125 Caucasian 25
16 1 02:10 M _ .
3 02:00 M GSK 18 Caucasian 9
7 1 01:30 F _ .
3 01:05 F GSK 11 Caucasian 25
8 1 02:05 M _ .
3 01:00 M Baxter 124 Caucasian 91
9 1 23:10 F , .
3 00:40 F GSK 67 Caucasian 08
20 1 02:05 F . -
3 01:22 F Baxter 21 Caucasian 18
21 1 00:59 F . -
3 02:05 F GSK 51 Caucasian 95
22 1 00:50 F Mixed -
3 18:05 F Baxter 15 (Asian & Caucasian) 25
Random No. = Randomisation number , *=hh:mm, V1= Visit 1(vaccination), # = months)
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7.7.2.3 Table of detected microRNA in serum

Table 7.40: MicroRNAs detected in at least 65% of serum samples in the study assessing mi-
croRNA levels following immunisation with pandemic influenza vaccine.

hsa.miR.575
hsa-miR-~1207-5p
hsa-miR~1202
hsa-miR-4270
hsa-miR-~638
hsa-miR-483-5p
hsa-miR-2861
hsa-miR-~3679-5p
kshv-miR-K12-3
hsa-miR-3141
hsa-miR-~3196
hsvl-miR-H17
hsa-miR-30b
hsa-miR-3656
hsa-miR-~1915

hcmv-miR-UL70-3p

hsv2-miR-H25
hsa-miR-642b
hsa-miR-142-3p
hsv2-miR-H10
hsa-miR-~671-5p
hsa-miR-129-3p
hsa-miR-~634
hsa-miR-~1225-5p
hsa-miR~3648
hsa-miR-1280
hsa-miR-3138
hsa-miR-23b
hsa-miR-~939
hsa-miR~550a
hsa-miR-765
hsa-miR~4257
hsa-miR-1234
hsa-miR-4284

hsa.miR.4298
hsa-miR-1268
hsa-miR-129*
hsa-miR-3180-5p
hsa-miR-572
hsvl-miR-H8
hsa-miR-933
hsa-miR-940
hsa-miR-1228
hsa-miR-1471
hsa-miR-26a
hsvl-miR-H6-5p
kshv-miR-K12-8*
hsa-miR-494
hsa-miR-423-5p
hsa-miR-3665
hsa-miR-1238
hsa-miR-30d
hsa-miR-1225-3p
hsa-miR-103a
hsa-miR-22
hsa-miR-199a-5p
hsa-miR-130a
hsa-miR-1825
hsa-miR-134
hsa-miR-1275
hsa-miR~720
hsa-miR-188-5p
hsa-miR-320d
kshv-miR-K12-12*
hsa-miR-1281
hsa-miR-483-3p
hsa-miR-148a
hsa-miR-223

hsvl.miR.H6.3p
hsa-miR-766
hsa-miR-4281
hsa-miR-92a
hsa-miR-4259
hsa-miR~142-5p
hsa-miR-~1260b
hsa-miR~151-5p
hsa-miR-4323
hsa-miR-4327
hsa-miR-32*
hsa-miR-320c
hsa-miR-146a
hsa-miR-4286
hsa-miR-150*
hsa-miR-140-5p
hsa-miR-466
hsa-miR-29b
hsa-miR-185
hsa-miR-151-3p
hsa-miR-4306
hsa-miR-15b
hsa-miR-~221
hsvl-miR-H7*
hsa-miR-718
hsa-miR-320b
hsa-miR-3195
hsa-miR-191*
hsa-miR-320e
hsa-miR-~126
hsa-miR-27b
hsa-miR~29a
hsa-miR~425
hsa-miR-1260

hsa.miR.486.5p
hsa-miR-21
hsa-miR-199a-3p
hsa-miR-15a
hsa-miR-3663-3p
hbv-miR-B2RC
hsa-miR-27a
hsa-miR-1224-5p
hsa-miR-762
ebv-miR-BART16
hsa-miR-130b
hsa-miR-144
hsa-miR-320a
hsa-miR-3149
hsa-miR-23a
hsa-miR-877*
hsa-miR-~107
hsa-miR-342-3p
hsa-miR-101
hsa-miR-296-5p
hsa-miR-17
hsa-miR-451
hsa-miR-630
hsa-miR-361-5p
hsv2-miR-H24
hsa-miR-106b
hsa-miR-19b
hsa-miR-148b
hsa-miR-3610
hsa-miR-16
hsa-miR-324-3p
hsa-miR-26b
hsa-miR-574-5p
hsa-miR-4313

hsa.miR.19a
hsa-miR-3188
ebv-miR-BART12
hsa-miR-1249
hsa-miR~29c
hsa-miR-25

hsa-miR-1274b_v16.0

hsa-miR-24
hsa-miR-20a
hsa-miR-30e
hsa-miR-1246
hsa-miR-4271
hsa-miR-3676
hsa-miR-140-3p
hsa-miR-20b
hsa-miR-3162-5p
hsa-miR-424
hsa-miR-93
hsv2-miR-H6
hsa-miR-~192
hsa-miR~150
hsa-miR-595
hsa-miR~498
hsa-miR-590-5p
hsa-miR~1290
hsa-miR-1914*
hsa-miR-135a*
hsa-miR-328
hsa-miR-~197
hsa-miR-574-3p
hsvl-miR-H1*

hcmv =human cytomegalovirus, hsv= herpes simplex virus, kshv= karposi sarcoma-associated herpesvirus

hsa= homo sapiens, miR= mature microRNA sequence, *= minor product of the miRNA hairpin, 5p= 5’, 3p= 3’
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Table 7.41: Results of the Ingenuity Pathway Analysis microRNA target filter on the 22 dif-
ferentially expressed (false discovery rate <0.05) serum microRNAs following immunisation with
pandemic influenza vaccine. Ingenuity Knowledge Base microRNA target data were filtered for
only experimental results and mRNA involved in cellular and/or humoral immune response

MicroRNA identification

Loga fold-change

Database source

mRNA target

hsa-miR-3679-5p
hsa-miR~142-3p
hsa-miR-142-3p

hsa-miR-30b
hsa-miR-30b
hsa-miR-30b
hsa-miR-30b
hsa-miR-30b
hsa-miR-30b
hsa-miR-30b
hsa-miR-30b
hsa-miR-30b
hsa-miR-30b
hsa-miR-30b
hsa-miR-30b
hsa-miR-642b

0.43
-0.37
-0.37
-0.32
-0.32
-0.32
-0.32
-0.32
-0.32
-0.32
-0.32
-0.32
-0.32
-0.32
-0.32

0.26

Ingenuity Expert Findings

TargetScan Human,miRecords
Ingenuity Expert Findings

TarBase, TargetScan Human

TarBase, TargetScan Human

Ingenuity Expert Findings, TargetScan Human
TarBase

TarBase, TargetScan Human,miRecords
TarBase

TarBase

TarBase

TarBase

TarBase

TarBase, TargetScan Human
miRecords

Ingenuity Expert Findings

MAPK1
ADCY9
BCL2L1
AP2A1
ATP2A2
BCL6
F2
GNAI2
ITGA2
JUN
LMNB2
MET
PPP2R4
PPP3CA
TP53
Sos
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