Available online at www.sciencedirect.com

ScienceDirect

%ieegiﬁ&

www.elsevier.com/locate/vaccine

ELSEVIER Vaccine 25 (2007) 306-313

Impact of genetic variants in IL-4, [L.-4 RA and IL-13 on the
anti-pneumococcal antibody response

Selma P. Wiertsema®? 1, Gareth Baynamb’l, Siew-Kim Khoo?!, Reinier H. Veenhoven®,
Niels van Heerbeek 9, Guicheng Zhang, Ingrid A. Laing®, Ger T. Rijkers ¢,
Jack Goldblatt®f, Elisabeth A.M. Sanders®, Peter N. Le Souéfb-*

& Department of Paediatric Immunology, Wilhelmina Children’s Hospital, University Medical Center Utrecht,
3584 EA Utrecht, The Netherlands
b School of Paediatrics and Child Health, University of Western Australia, Perth, 6008 WA, Australia
¢ Department of Paediatrics, Spaarne Hospital, Hoofddorp, The Netherlands
4 Department of Otorhinolaryngology, Radboud University Nijmegen Medical Centre, The Netherlands
¢ Department of Medical Microbiology and Immunology, St. Antonius Hospital, Nieuwegein, The Netherlands
f Genetic Services of Western Australia, Perth, 6008 WA, Australia

Received 21 December 2005; received in revised form 30 June 2006; accepted 20 July 2006
Available online 2 August 2006

Abstract

Background: Significant differences in immune responses upon vaccination have been described, suggesting genetics are important in
determining the magnitude of vaccine responses. The interleukin (IL)-4 pathway, including IL-4, IL-13 and the IL-4 receptor o chain (IL-4
Ra), is central to humoral responses and therefore could have an impact on vaccine responsiveness.

Objective: To investigate whether single nucleotide polymorphisms (SNPs) in the IL-4, IL-13 and IL-4 RA genes influence pneumococcal
serotype-specific IgG antibody responses.

Methods: SNPs in the IL-4 gene (C —589T, G2979T), the IL-13 gene (G —1112A, Argl30Gln) and in the IL-4 RA gene (Ile50Val,
GIn551Arg) were investigated in isolation and in combination, for their influence on serotype-specific IgG antibody responses upon combined
pneumococcal conjugate and polysaccharide vaccinations in children with a history of recurrent otitis media.

Results: Lower antibody responses were observed for alleles previously associated with atopy, IL-4 —589T, IL-4 2979T and IL-4 Ra 551GlIn.
Effects were stronger in gene haplotype combinations or in multiple haplotype combination analyses.

Conclusion: This study highlights the importance of host genetic factors in vaccine responses. Furthermore, it supports the approach of
studying the effect of combinations of multiple alleles, in haplotypes or in combinations of haplotypes, on complex phenotypes within a
biological pathway.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Streptococcus pneumoniae may cause severe invasive
infections including sepsis, and meningitis or lower respi-
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commonly reported bacterial cause of upper respiratory tract
infections such as otitis media [1,2]. Host defense against S.
pneumoniae depends largely on opsonization by antibodies


mailto:plesouef@paed.uwa.edu.au
dx.doi.org/10.1016/j.vaccine.2006.07.024

S.P. Wiertsema et al. / Vaccine 25 (2007) 306-313 307

and complement [3], followed by phagocytosis and intracel-
lular killing by leukocytes and macrophages [4,5]. Prevention
by vaccination is the favoured strategy against pneumococcal
infection because of the persisting mortality and morbid-
ity associated with pneumococcal diseases despite antibiotic
treatment, and the rapid emergence of multi-drug resistant
S. pneumoniae [6]. Current pneumococcal vaccines contain
capsular polysaccharides from the most prevalent pneumo-
cocci and aim to induce protective anti-capsular serotype-
specific opsonizing IgG antibodies.

The optimal design of vaccines requires understanding of
the factors controlling disease and immune pathways. Sig-
nificant differences in immune responses upon vaccination
between individuals and different ethnic groups have been
described, suggesting genetic influences are important in
determining the magnitude of vaccine responses [7,8]. The
relative contributions of genetic and environmental factors to
vaccine responses are yet to be determined, but associations
between specific genes and vaccine antibody responses have
been described [8,9]. To date, research on genetic influences
on vaccine responses has mainly focused on human leuko-
cyte antigen (HLA) alleles [10,11] and the immunoglobulin
allotype genes [12,13]. Clearly, many additional genes may
be involved and therefore a systematic approach is needed to
prioritise which genes to examine. We investigated genetic
variation in interleukin 4 (IL-4), IL-13 and the IL-4 receptor
a chain (IL-4 Ra), as they are components of the pathway
regulating antibody responses by B cells. IL-4 and IL-13 are
pleiotropic cytokines produced by mast-cells, basophils, and
T cells [14]. They are T helper 2 cytokines that trigger isotype
switching from IgM to IgE in B cells [15]. Furthermore, they
enhance the expression of surface molecules, such as the IL-4
Ra chain, the low affinity receptor for IgE (FceRII, CD23)
and MHC class II, and down-regulate the IgG type I recep-
tor (FcyRI). Moreover, IL-4 is necessary for the promotion
of its own production [16]. IL-13 shares several biological
functions with IL-4 [17,18], but also has unique roles in medi-
ating immune responses [19,20]. The receptors for IL-4 and
IL-13 share a common a chain: IL-4 Ra. IL-4 Ra dimer-
izes with the common <y chain in the IL-4 receptor, which is
expressed on T and B cells, and with the IL-13 Ra1 chain in
the IL-13 receptor, which s expressed on B cells only [14,21].
Polymorphisms in genes coding for these cytokines and their
shared receptor, including IL-4 C —589T [22], IL-4 G2979T
[23], IL-4 Ra Ile50Val [24], IL-4 Ra GIn551Arg [25], IL-
13 G —1112A [26], and IL-13 Argl30GIn [27] have been
associated with atopy and asthma phenotypes. Furthermore,
atopy has been associated with altered kinetics of the matu-
ration of vaccine responses [28] and atopic eczema has been
associated with delayed maturation of the antibody response
to pneumococcal vaccine [29]. Therefore, this study inves-
tigated the hypothesis that single nucleotide polymorphisms
(SNPs) in IL-4, IL-4 RA and IL-13, genes previously asso-
ciated with atopy, in isolation and in combination, would be
associated with impaired antibody responses upon combined
pneumococcal conjugate and polysaccharide vaccinations.

2. Materials and methods
2.1. Patients and vaccinations

Serum and DNA was available from 121 randomly
selected children with recurrent otitis media participating in
one of two randomised controlled pneumococcal vaccination
trials investigating prevention of recurrence of otitis media in
The Netherlands [30,31]. Both studies were approved by the
ethical committees of participating hospitals and institutions.
Written informed parental consent was obtained from all sub-
jects.

Pneumococcal polysaccharide-specific IgG antibody
responses against the seven conjugate vaccine capsular
polysaccharide 4, 6B, 9V, 14, 18C, 19F, and 23F were ascer-
tained.

The first trial group consisted of 89 children aged 1-7
years who had a history of two or more physician diagnosed
episodes of acute otitis media (AOM) in the previous 12
months. These children received the seven-valent pneumo-
coccal conjugate vaccine (Prevnar®, Wyeth Pharmaceuticals,
Philadelphia, PA, PCV7). Children below 24 months of age
received a second dose of PCV7 4 weeks later. After pneumo-
coccal conjugate vaccination all children received a 23-valent
pneumococcal polysaccharide booster vaccination 6 months
later (Pneumune®, Wyeth Pharmaceuticals, Philadelphia, PA,
PPV23).

The second trial group consisted of 32 children aged 2-7
years with a history of at least two prolonged periods of bilat-
eral otitis media with effusion (OME), each lasting 3 months
or longer and documented by an ENT specialist. These chil-
dren were vaccinated with PCV7 once followed by a PPV23
booster vaccination 4 months later.

Since we have previously shown that both groups of chil-
dren display similar antibody responses after vaccination,
these groups were pooled for data analysis [32].

PCV7 consists of 2 g each of capsular polysaccharides
of pneumococcal serotypes 4, 9V, 14, 19F, and 23F, 4 g
of serotype 6B polysaccharide, and 2 ug of serotype 18C
oligosaccharide, each conjugated individually to mutant non-
toxic diphtheria toxin (CRMj97). PPV23 consists of 25 pg
of capsular polysaccharides of each of the pneumococcal
serotypes 1, 2, 3, 4, 5, 6B, 7F, 8, ON, 9V, 10A, 11A, 12F,
14, 15B, 17F, 18C, 19F, 19A, 20, 22F, 23F, and 33F.

2.2. Genotyping and haplotyping

Genomic DNA was extracted from whole blood, collected
at study entry, using a QIAamp DNA Blood Kit (Qiagen,
Hilden, Germany). Patients were genotyped for SNPs in
IL-4 (C —589T, G2979T), IL-4 Ra (GIn551Arg) and IL-13
(G —1112A) using polymerase chain reaction (PCR) and
restriction enzyme digestion. The IL-4 Ra Ile50Val and
IL-13 Argl30GIln SNPs were determined using denatur-
ing high-performance liquid chromatography (dHPLC)
using an automated Varian HPLC system (Varian Helix-
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Table 1
Investigated SNPs, amplification primers and restriction digestion enzymes

SNP? dbSNP identifier Primer Restriction enzyme

IL-4 C —589T 1s2243250 F: ACTAGGCCTCACCTGATACG; R: GTTGTAATGCAGTCCTCCTG BsmFI

IL-4 G2979T 1s2227284 F: TAGGTCCTGGGCTTCACAG; R: TTAGCTCTCTTTGGTAAATAGGGAA Hinfl

IL-4 Ra lle50Val rs1805010 F: GCAAGAGAGGCAACCCTA; R: GCCTCCGTTGTTCTCAG dHPLC

IL-4 Ra GInS551Arg rs1801275 F: GCCCCCGTCTCGGCCCCCACCAGTGGCTACC; R: Mspl
GCCCCAAACCCACATTTCTCTGG

IL-13G —1112A rs1800925 F: CGAGGACAGGACGGAGGGAGCCT; R: GTCGCCTTTTCCTGCTCTTCCCG BstUlI

IL-13 Arg130Gln rs20541 F: CTTCCGTGAGGACTGAATGAGACAGTC; R: dHPLC

GCAAATAATGATGCTTTCGAAGTTTCAGTGGA

Underlined base in primers indicate a base change to create restriction enzyme site.

% Amino acids numbered from the beginning of the mature protein.

System®) [33]. See Table 1 for SNP, primer and restriction
enzyme details. Haplotypes were inferred using PHASE2.1
(http://www.stat.washington.edu/stephens/software.html)
[34,35].

2.3. Pneumococcal antibody responses

Blood samples for determination of pneumococcal anti-
bodies were obtained 4 weeks after the pneumococcal
polysaccharide booster vaccination. Serum was isolated and
stored at —20 °C until analysis. Post vaccination IgG antibody
levels to all PCV7 serotypes, 4, 6B, 9V, 14, 18C, 19F and 23F,
were measured by ELISA as described previously [36]. Min-
imal detection levels for these pneumococcal serotypes in our
assay were 0.03, 0.09, 0.12, 0.61, 0.05,0.11, and 0.08 p.g/ml,
respectively. All sera were pre-incubated overnight at 4 °C
with pneumococcal cell wall polysaccharide (CPS) in dilut-
ing buffer for blocking of non-specific anti-CPS antibodies
(50 pg/ml; Statens Serum Institute, Copenhagen, Denmark)
[37]. The pneumococcal antibody reference serum (lot 89-
SF) was used for assay standardisation [38].

2.4. Statistical analyses

The IgG antibody levels appeared to be positively skewed.
Consequently, their geometric means (GM) were calculated
after applying a logarithmic transformation. A general linear
model was used to compare the geometric means between the
genotypes and haplotypes, adjusted for the covariates of inter-
est, namely age, gender, type of ear disease, number of PCV
vaccinations and total IgE levels. When one of the homozy-
gous genotype frequencies was less than 10%, this genotype
was pooled with the heterozygotes before testing. Multiple
comparisons were not adjusted for as the analyses were based

on an a priori hypothesis, but were dealt with by describing
all statistical analyses carried out [39,40]. p-Values less than
0.05 were considered statistically significant. SPSS 12.0.1 for
windows (SPSS Inc., Chicago, IL) was used for all statistical
analyses.

3. Results

Six SNPs in three genes in a pathway known to influ-
ence antibody production by B cells were studied for their
influence on antibody production (Table 1). All genotype fre-
quencies were in Hardy—Weinberg equilibrium. As expected,
given their co-location on chromosome 5q31, significant link-
age was observed between SNPs in the IL-4 and IL-13 genes
(Table 2).

3.1. Analyses by genotype

Pneumococcal-specific IgG antibody responses were
analysed for each of the six individual SNPs (Table 3). For
the IL-4 C —589T and IL-4 G2979T SNPs, antibody lev-
els against all seven pneumococcal serotypes were lowest in
those carrying a CT/TT and GT/TT genotype, respectively.
For the IL-4 C —589T SNP these differences were significant
when using a model recessive for the C allele for antibodies
against serotypes 4 and 23F (p=0.002 and 0.05). For the
G2979T SNP a trend was observed for antibodies against
these same serotypes when using a model recessive for the G
allele (p=0.07 and 0.06). For the IL-4 Ro. GIn551Arg SNP,
antibodies against all seven serotypes were highest in carri-
ers of GIn/Arg and Arg/Arg genotypes compared to common
GIn/GIn homozygotes. These differences were significant for
antibodies against serotypes 4, 18C and 14 (p=0.001, 0.02

Table 2
D’ scores indicating linkage between SNPs on the same chromosome
IL-4 G2979T IL-13G —1112A IL-13 Argl130GIn IL-4 Ra GIn551Arg
IL-4 C —589T 0.89 0.30 0.46
IL-4 G2979T 0.49 0.76
IL-13G —1112A 0.62

IL-4 Ra Ile50Val

0.36"

p<0.0001, except for “p=0.004.
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Table 3

Geometric mean pneumococcal conjugate vaccine serotype-specific IgG antibody concentrations (pg/ml) according to the six investigated SNPs

IL-13G —1112A IL-13 Arg130GIn

IL-4 Ra GIn551Arg

IL-4 G2979T IL-4 Rax Ile50Val

IL-4 C —589T

p

Arg/Gln;
GIn/GIn
30/4

3.5

1.1

GIn/Gln  Gln/Arg; P GG GA/AA  p Arg/Arg

p

Tle/Tle Ile/Val Val/Val

p

GG GT/TT

p

CT/TT

CcC

Arg/Arg
36/3
5.8

86

35/5
3.1

80

77

41/6 35 64 22

32

1.1

70

3172
2.8

87

0.5

4.1

0.09
0.2

43

0.001
0.3

32
1.1

0.1
224

2.7
1.0

0.002 45 0.07 4.1 4.2
0.5
253

0.5

4.4

0.7

1.2
25.4

0.9

14
26.6

1.5

0.6

14
27.3

1.0

19.0
73.1

1.3
26.2

1.0
17.8

1.3
27.0

6B
)%
14

0.6
0.3

21.6

0.3

19.9

0.2

30.5

0.4

0.4
0.9

21.4

0.1

87.8
8.5

65.4

0.9
0.5

71.0
8.1

69.6

0.04
0.02

72.8 09 595 99.6
0.5

69.0

70.1
8.3

65.8 0.7 71.1
8.5

73.5

0.7

9.1
10.2

9.4
10.9

12.1

7.7
9.9
4.0

9.9 7.5 0.4

9.9
4.6

8.2
11.0

0.7 9.4 0.5
10.2

9.1
104

18C
19F

0.9

0.6 10.8
43

9.3

0.9 12.1
5.0

11.0

0.9 10.2 0.9
32

10.3
3.0
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<
=)

4.2

0.9

4.2

4.2

0.3

0.3

4.8

33

0.06

49

0.05

4.8

23F

When one of the genotype frequencies is <10%, data for heterozygotes and least common homozygotes were pooled.

and 0.04, respectively). For these three SNPs showing signifi-
cant differences, a percentage difference in the pneumococcal
serotype-specific IgG antibody response between the poly-
morphic genotypes and the common genotype was calculated
(Fig. 1).

For the IL-13 G —1112A SNP, lower antibody levels were
found in those with polymorphic GA/AA genotypes com-
pared to common GG homozygotes, except for antibodies
against serotype 23F. Differences did not reach significance.
For the IL-13 Arg130GIn and IL-4 Ra 1150Val SNPs, no sig-
nificant differences in antibody levels were observed.

3.2. Analyses by haplotype

Geometric mean (GM) antibody levels according to hap-
lotypes of each gene were investigated in a linear model
(Table 4). Given the results of single SNP analyses, it was
predicted that those haplotypes composed of two alleles asso-
ciated with high antibody responses would be associated with
the greatest antibody responses. Similarly, it was predicted
that haplotypes composed of two alleles associated with low
antibody responses, would be associated with lowest anti-
body responses. For the purposes of this study these were
designated as “high responder” and “low responder” haplo-
types, respectively.

In accordance with this the predicted IL-4 C-G high
responder haplotype, composed of the IL-4 C —589 and
IL-4 G2979 alleles, was indeed associated with the high-
est antibody responses against all seven pneumococcal
serotypes compared with the T-T low responder haplo-
type. These differences were significant for antibodies
against serotypes 4 and 23F (p =0.04 and 0.05, respectively)
(Table 4).

For the IL-4 Ra haplotypes, composed of the IL-4 Ra
Ile50Val and IL-4 Ra GIn551Arg SNPs, the predicted high
responder haplotype was Ile-Arg, whereas the predicted low
responder haplotype was Val-Gln. Antibody levels against all
pneumococcal serotypes indeed were highest in those with an
Ile-Arg haplotype, except for antibodies against serotype 23F.
Differences in antibody levels between those with Ile-Arg and
Val-Gln haplotypes were significant for antibodies against
serotypes 4 and 18C (p=<0.001 and 0.03, respectively) and
a trend was observed for serotype 14 (p=0.07).

For the IL-13 Arg130GIn SNP no clear high or low respon-
der genotype was observed, so no clear high or low responder
haplotype could be predicted. No consistently higher anti-
body levels against the seven pneumococcal serotypes were
observed with any individual haplotype.

Since significant differences with both the IL-4 and the
IL-4 Ra haplotypes were observed for antibodies against
pneumococcal serotype 4, we investigated combinations of
these two haplotypes. Carriers of both low responder haplo-
types IL-4 T-T and IL-4 Ro Val-Gln showed lower antibody
levels (GM 2.6 pg/ml) than when only the two individual
haplotypes were investigated (GM of 2.9 wg/ml in IL-4 T-T
and 3.2 pg/ml IL-4 Ra Val-Gln carriers; Fig. 2). Thus, a syn-
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Fig. 1. Percentage difference in mean serotype-specific pneumococcal IgG antibody levels between most common genotype and polymorphic variants.
Most common genotype, IL-4 —589CC, IL-4 2979GG and IL-4 Ra 551GInGln, respectively, is set at 100%.

Table 4

Geometric mean pneumococcal conjugate vaccine serotype-specific IgG antibody concentrations (png/ml) according to IL-4, IL-4 Ra and IL-13 haplotypes

IL-4 C —589T-G2979T

IL-4 Ra Ile50Val-GIn551Arg

IL-13 G —1112A-Arg130GIn

C.G T-T )4 Ile-Arg Val-Gln P G-Arg A-GIn p
N 185 33 15 82 185 27
4 4.1 2.9 0.04 79 3.2 <0.001 4.0 3.5 0.8
6B 1.3 1.0 0.4 1.5 1.2 0.5 1.2 1.0 0.5
PAY 25.3 20.2 0.4 32.3 25.5 0.5 25.1 22.0 0.6
14 71.4 66.0 0.8 127.4 66.1 0.07 69.7 84.4 0.5
18C 9.1 8.1 0.5 14.4 8.1 0.03 9.1 8.0 0.5
19F 10.5 10.3 0.9 12.9 10.3 0.6 10.8 13.0 0.5
23F 4.4 2.9 0.05 4.0 4.6 0.6 4.2 4.5 0.7
S
IL-4 C-589T
IL-4 G2979T IZILI;
- =
E % Haplotyp&
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2 )
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Fig. 2. Schematic overview of geometric mean antibody level against pneumococcal serotype 4 according to IL-4 and IL-4 Ra genotype, haplotype and
haplotype combination. Synergistic effect and thus a greater discriminating power of individual haplotypes vs. single loci and of haplotype combination vs.

individual haplotypes.
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ergistic effect was observed, resulting in significantly lower
antibody levels against pneumococcal serotype 4 in those
with both low responder haplotypes compared to those with
both high responder haplotypes (p =0.004).

4. Discussion

This study demonstrates associations of individual SNPs
and haplotypes in IL-4 and IL-4 RA with pneumococcal vac-
cine antibody responses. The IL-4 —589T, IL-4 2979T and
IL-4 Ra 551 Gln alleles were associated with significantly
lower pneumococcal antibody levels in single SNP analyses.
Several lines of evidence suggest that the IL-4 —589T allele
may be associated with dys-regulated immune responses.
The IL-4 —589T allele has previously been associated with
increased IgE levels [22,41,42], an increased frequency and
rate of progression of disease in HIV-infected patients [43]
and increased susceptibility to Kawasaki’s disease [44]. Fur-
thermore, it was shown that amongst children with severe
malaria, total IgE levels were significantly elevated in those
carrying the IL-4 —589T allele, suggesting the possibility
that there is a relationship between susceptibility to severe
malaria, IgE production and genetic variation in IL-4 [45].

IL-4 induces B cell activation and modifies humoral B cell
responses to both T cell-dependent and T cell-independent
stimuli [46]. The IL-4 —589T allele enhances IL-4 transcrip-
tion in vitro [47]. Therefore, prima facie, the T allele might be
expected to be associated with increased humoral responses
to vaccines. However, Vos et al. showed T cell-independent
humoral responses to be enhanced by short-term exposure to
IL-4, in the absence of IFNv, but suppressed by persistent
IL-4 exposure [48]. Thus, humoral responses may be depen-
dent upon the cytokine microenvironment and the length of
exposure to this microenvironment. Therefore, under cer-
tain conditions an IL-4 allele associated with increased IL-4
transcription might be associated with decreased humoral
responses. These effects may be further modified by the coex-
istence of genetically mediated alterations of IL-4 Ra func-
tion. Furthermore a gene—environment interaction between
day-care attendance in the first 6 months of life and the IL-
4 Ra Ile50Val locus on lipopolysaccharide induced IFNvy
production has been shown [49]. Therefore, relationships
between individual alleles or haplotypes and vaccination
responses may be further dependent on microenvironmen-
tal, macroenvironmental and developmental influences.

As for the IL-4 —589T allele, the IL-4 2979T allele has
been associated with asthma [23]. However, no functional
studies on this SNP have been reported. Functional data on
the IL-4 Ra Arg551GIn SNP is conflicting [50,51]. How-
ever, the 551Gln allele has been associated with asthma and
atopic phenotypes [52—-54]. That the IL-4 and IL-4 RA alleles
that have been associated with atopy show a diminished anti-
body response in our study is consistent with the association
of atopy with altered kinetics of the maturation of vaccine
responses and of atopic eczema with delayed maturation of

the antibody response to pneumococcal vaccine [28,29]. This
might suggest a relationship between atopy, genotype and the
responses upon pneumococcal vaccination, possibly brought
about by an altered cytokine milieu secondary to an altered
Th1/Th2 balance.

Significant associations with genotype or haplotype were
not demonstrated for antibody responses to all serotypes and
of the studied pneumococcal serotypes, serotype 4 was most
consistently associated with genotype. Potential reasons for
lack of consistent replication across all serotypes in this study
include: true variation in the underlying association between
genotype and outcome (effect heterogeneity), type 1 error or
lack of power [55].

Possible biological explanations for variation in the under-
lying association of genotype with individual serotypes
include differing immunogenicities between serotypes,
related to variations in the chemical structure of polysac-
charide capsules, and/or variations in the magnitude of
polysaccharide-specific response dependent on the preva-
lence of specific serotypes, and thus the presence or absence
of natural priming. It is possible that the effect of the stud-
ied SNPs might be insufficient to significantly augment IgG
antibody responses against poorly immunogenic and/or low
prevalent serotypes. Conversely, with high immunogenic
and/or highly prevalent serotypes the relative contribution
of genetic variation may be small. Thus an association would
be most likely to be revealed in serotypes of intermediate
immunogenicity and/or prevalence.

Studying haplotypes of multiple polymorphisms in one
gene has been described to be more informative than analy-
sis of single SNPs in genetic association studies of complex
diseases [56]. Accordingly, haplotypes composed of IL-4 and
IL-4 RA SNPs, showed a higher discriminative power in vac-
cine responsiveness compared to SNP analyses, indicating
a synergistic influence on antibody responses of haplotypes
over individual SNPs. The importance of investigating gene-
gene interactions in complex biological pathways has also
been demonstrated [54]. In our study comparing combina-
tions of the IL-4 and IL-4 Ra genes revealed the greatest
magnitude of difference in antibody responses, specifically
carriers of two poor responding haplotypes had the low-
est antibody levels. However, replication of our data in an
independent cohort would be valuable to draw general con-
clusions.

In this study, multiple comparisons were performed to
study the associations between IgG antibody responses and
selected genotypes, previously associated with atopy. We
have not corrected for multiple testing since (i) the analyses
were based on an a priori hypothesis and (ii) this method can
be overly conservative. Instead we have chosen to describe
all statistical analyses carried out and to discuss the results
accordingly [39,40].

The additive effect of haplotype and haplotype—haplotype
combination analyses, compared to single SNP and single
haplotype analyses respectively, reported herein supports the
approach of studying the effect of combinations of multiple
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loci, both within and between genes, on complex phenotypes.
Furthermore, the findings of this study provide additional
support for the importance of host genetic factors in vac-
cine responses. Understanding these influences is likely to
be important for the development of improved and novel
vaccines.
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