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bstract

ackground: Significant differences in immune responses upon vaccination have been described, suggesting genetics are important in
etermining the magnitude of vaccine responses. The interleukin (IL)-4 pathway, including IL-4, IL-13 and the IL-4 receptor � chain (IL-4
�), is central to humoral responses and therefore could have an impact on vaccine responsiveness.
bjective: To investigate whether single nucleotide polymorphisms (SNPs) in the IL-4, IL-13 and IL-4 RA genes influence pneumococcal

erotype-specific IgG antibody responses.
ethods: SNPs in the IL-4 gene (C −589T, G2979T), the IL-13 gene (G −1112A, Arg130Gln) and in the IL-4 RA gene (Ile50Val,
ln551Arg) were investigated in isolation and in combination, for their influence on serotype-specific IgG antibody responses upon combined
neumococcal conjugate and polysaccharide vaccinations in children with a history of recurrent otitis media.
esults: Lower antibody responses were observed for alleles previously associated with atopy, IL-4 −589T, IL-4 2979T and IL-4 R� 551Gln.
ffects were stronger in gene haplotype combinations or in multiple haplotype combination analyses.
onclusion: This study highlights the importance of host genetic factors in vaccine responses. Furthermore, it supports the approach of
tudying the effect of combinations of multiple alleles, in haplotypes or in combinations of haplotypes, on complex phenotypes within a
iological pathway.
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. Introduction

Streptococcus pneumoniae may cause severe invasive
nfections including sepsis, and meningitis or lower respi-

atory tract infections, like pneumonia. It is also the most
ommonly reported bacterial cause of upper respiratory tract
nfections such as otitis media [1,2]. Host defense against S.
neumoniae depends largely on opsonization by antibodies
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nd complement [3], followed by phagocytosis and intracel-
ular killing by leukocytes and macrophages [4,5]. Prevention
y vaccination is the favoured strategy against pneumococcal
nfection because of the persisting mortality and morbid-
ty associated with pneumococcal diseases despite antibiotic
reatment, and the rapid emergence of multi-drug resistant
. pneumoniae [6]. Current pneumococcal vaccines contain
apsular polysaccharides from the most prevalent pneumo-
occi and aim to induce protective anti-capsular serotype-
pecific opsonizing IgG antibodies.

The optimal design of vaccines requires understanding of
he factors controlling disease and immune pathways. Sig-
ificant differences in immune responses upon vaccination
etween individuals and different ethnic groups have been
escribed, suggesting genetic influences are important in
etermining the magnitude of vaccine responses [7,8]. The
elative contributions of genetic and environmental factors to
accine responses are yet to be determined, but associations
etween specific genes and vaccine antibody responses have
een described [8,9]. To date, research on genetic influences
n vaccine responses has mainly focused on human leuko-
yte antigen (HLA) alleles [10,11] and the immunoglobulin
llotype genes [12,13]. Clearly, many additional genes may
e involved and therefore a systematic approach is needed to
rioritise which genes to examine. We investigated genetic
ariation in interleukin 4 (IL-4), IL-13 and the IL-4 receptor
chain (IL-4 R�), as they are components of the pathway

egulating antibody responses by B cells. IL-4 and IL-13 are
leiotropic cytokines produced by mast-cells, basophils, and
cells [14]. They are T helper 2 cytokines that trigger isotype

witching from IgM to IgE in B cells [15]. Furthermore, they
nhance the expression of surface molecules, such as the IL-4
� chain, the low affinity receptor for IgE (Fc�RII, CD23)
nd MHC class II, and down-regulate the IgG type I recep-
or (Fc�RI). Moreover, IL-4 is necessary for the promotion
f its own production [16]. IL-13 shares several biological
unctions with IL-4 [17,18], but also has unique roles in medi-
ting immune responses [19,20]. The receptors for IL-4 and
L-13 share a common � chain: IL-4 R�. IL-4 R� dimer-
zes with the common � chain in the IL-4 receptor, which is
xpressed on T and B cells, and with the IL-13 R�1 chain in
he IL-13 receptor, which is expressed on B cells only [14,21].
olymorphisms in genes coding for these cytokines and their
hared receptor, including IL-4 C −589T [22], IL-4 G2979T
23], IL-4 R� Ile50Val [24], IL-4 R� Gln551Arg [25], IL-
3 G −1112A [26], and IL-13 Arg130Gln [27] have been
ssociated with atopy and asthma phenotypes. Furthermore,
topy has been associated with altered kinetics of the matu-
ation of vaccine responses [28] and atopic eczema has been
ssociated with delayed maturation of the antibody response
o pneumococcal vaccine [29]. Therefore, this study inves-
igated the hypothesis that single nucleotide polymorphisms

SNPs) in IL-4, IL-4 RA and IL-13, genes previously asso-
iated with atopy, in isolation and in combination, would be
ssociated with impaired antibody responses upon combined
neumococcal conjugate and polysaccharide vaccinations.
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. Materials and methods

.1. Patients and vaccinations

Serum and DNA was available from 121 randomly
elected children with recurrent otitis media participating in
ne of two randomised controlled pneumococcal vaccination
rials investigating prevention of recurrence of otitis media in
he Netherlands [30,31]. Both studies were approved by the
thical committees of participating hospitals and institutions.

ritten informed parental consent was obtained from all sub-
ects.

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

The first trial group consisted of 89 children aged 1–7
ears who had a history of two or more physician diagnosed
pisodes of acute otitis media (AOM) in the previous 12
onths. These children received the seven-valent pneumo-

occal conjugate vaccine (Prevnar®, Wyeth Pharmaceuticals,
hiladelphia, PA, PCV7). Children below 24 months of age
eceived a second dose of PCV7 4 weeks later. After pneumo-
occal conjugate vaccination all children received a 23-valent
neumococcal polysaccharide booster vaccination 6 months
ater (Pneumune®, Wyeth Pharmaceuticals, Philadelphia, PA,
PV23).

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

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

PCV7 consists of 2 �g each of capsular polysaccharides
f pneumococcal serotypes 4, 9V, 14, 19F, and 23F, 4 �g
f serotype 6B polysaccharide, and 2 �g of serotype 18C
ligosaccharide, each conjugated individually to mutant non-
oxic diphtheria toxin (CRM197). PPV23 consists of 25 �g
f capsular polysaccharides of each of the pneumococcal
erotypes 1, 2, 3, 4, 5, 6B, 7F, 8, 9N, 9V, 10A, 11A, 12F,
4, 15B, 17F, 18C, 19F, 19A, 20, 22F, 23F, and 33F.

.2. Genotyping and haplotyping

Genomic DNA was extracted from whole blood, collected
t study entry, using a QIAamp DNA Blood Kit (Qiagen,
ilden, Germany). Patients were genotyped for SNPs in

L-4 (C −589T, G2979T), IL-4 R� (Gln551Arg) and IL-13
G −1112A) using polymerase chain reaction (PCR) and

estriction enzyme digestion. The IL-4 R� Ile50Val and
L-13 Arg130Gln SNPs were determined using denatur-
ng high-performance liquid chromatography (dHPLC)
sing an automated Varian HPLC system (Varian Helix-
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Table 1
Investigated SNPs, amplification primers and restriction digestion enzymes

SNPa dbSNP identifier Primer Restriction enzyme

IL-4 C −589T rs2243250 F: ACTAGGCCTCACCTGATACG; R: GTTGTAATGCAGTCCTCCTG BsmFI
IL-4 G2979T rs2227284 F: TAGGTCCTGGGCTTCACAG; R: TTAGCTCTCTTTGGTAAATAGGGAA Hinfl
IL-4 R� Ile50Val rs1805010 F: GCAAGAGAGGCAACCCTA; R: GCCTCCGTTGTTCTCAG dHPLC
IL-4 R� Gln551Arg rs1801275 F: GCCCCCGTCTCGGCCCCCACCAGTGGCTACC; R:

GCCCCAAACCCACATTTCTCTGG
MspI

IL-13 G −1112A rs1800925 F: CGAGGACAGGACGGAGGGAGCCT; R: GTCGCCTTTTCCTGCTCTTCCCG BstUI
IL-13 Arg130Gln rs20541 F: CTTCCGTGAGGACTGAATGAGACAGTC; R:

GAAG
dHPLC
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nderlined base in primers indicate a base change to create restriction enzy
a Amino acids numbered from the beginning of the mature protein.

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

.3. Pneumococcal antibody responses

Blood samples for determination of pneumococcal anti-
odies were obtained 4 weeks after the pneumococcal
olysaccharide booster vaccination. Serum was isolated and
tored at−20 ◦C until analysis. Post vaccination IgG antibody
evels to all PCV7 serotypes, 4, 6B, 9V, 14, 18C, 19F and 23F,
ere measured by ELISA as described previously [36]. Min-

mal detection levels for these pneumococcal serotypes in our
ssay were 0.03, 0.09, 0.12, 0.61, 0.05, 0.11, and 0.08 �g/ml,
espectively. All sera were pre-incubated overnight at 4 ◦C
ith pneumococcal cell wall polysaccharide (CPS) in dilut-

ng buffer for blocking of non-specific anti-CPS antibodies
50 �g/ml; Statens Serum Institute, Copenhagen, Denmark)
37]. The pneumococcal antibody reference serum (lot 89-
F) was used for assay standardisation [38].

.4. Statistical analyses

The IgG antibody levels appeared to be positively skewed.
onsequently, their geometric means (GM) were calculated
fter applying a logarithmic transformation. A general linear
odel was used to compare the geometric means between the

enotypes and haplotypes, adjusted for the covariates of inter-
st, namely age, gender, type of ear disease, number of PCV

accinations and total IgE levels. When one of the homozy-
ous genotype frequencies was less than 10%, this genotype
as pooled with the heterozygotes before testing. Multiple

omparisons were not adjusted for as the analyses were based

a
e
G
a

able 2
′ scores indicating linkage between SNPs on the same chromosome

IL-4 G2979T IL-13 G −1112A

L-4 C −589T 0.89 0.30
L-4 G2979T 0.49
L-13 G −1112A
L-4 R� Ile50Val

< 0.0001, except for *p = 0.004.
TTTCAGTGGA

.

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

nalyses.

. Results

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

.1. Analyses by genotype

Pneumococcal-specific IgG antibody responses were
nalysed for each of the six individual SNPs (Table 3). For
he IL-4 C −589T and IL-4 G2979T SNPs, antibody lev-
ls against all seven pneumococcal serotypes were lowest in
hose carrying a CT/TT and GT/TT genotype, respectively.
or the IL-4 C −589T SNP these differences were significant
hen using a model recessive for the C allele for antibodies

gainst serotypes 4 and 23F (p = 0.002 and 0.05). For the
2979T SNP a trend was observed for antibodies against

hese same serotypes when using a model recessive for the G
llele (p = 0.07 and 0.06). For the IL-4 R� Gln551Arg SNP,

ntibodies against all seven serotypes were highest in carri-
rs of Gln/Arg and Arg/Arg genotypes compared to common
ln/Gln homozygotes. These differences were significant for

ntibodies against serotypes 4, 18C and 14 (p = 0.001, 0.02

IL-13 Arg130Gln IL-4 R� Gln551Arg

0.46
0.76
0.62

0.36*

http://www.stat.washington.edu/stephens/software.html
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nd 0.04, respectively). For these three SNPs showing signifi-
ant differences, a percentage difference in the pneumococcal
erotype-specific IgG antibody response between the poly-
orphic genotypes and the common genotype was calculated

Fig. 1).
For the IL-13 G −1112A SNP, lower antibody levels were

ound in those with polymorphic GA/AA genotypes com-
ared to common GG homozygotes, except for antibodies
gainst serotype 23F. Differences did not reach significance.
or the IL-13 Arg130Gln and IL-4 R� Il50Val SNPs, no sig-
ificant differences in antibody levels were observed.

.2. Analyses by haplotype

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

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

For the IL-4 R� haplotypes, composed of the IL-4 R�
le50Val and IL-4 R� Gln551Arg SNPs, the predicted high
esponder haplotype was Ile·Arg, whereas the predicted low
esponder haplotype was Val·Gln. Antibody levels against all
neumococcal serotypes indeed were highest in those with an
le·Arg haplotype, except for antibodies against serotype 23F.
ifferences in antibody levels between those with Ile·Arg and
al·Gln haplotypes were significant for antibodies against
erotypes 4 and 18C (p = <0.001 and 0.03, respectively) and
trend was observed for serotype 14 (p = 0.07).

For the IL-13 Arg130Gln SNP no clear high or low respon-
er genotype was observed, so no clear high or low responder
aplotype could be predicted. No consistently higher anti-
ody levels against the seven pneumococcal serotypes were
bserved with any individual haplotype.

Since significant differences with both the IL-4 and the
L-4 R� haplotypes were observed for antibodies against
neumococcal serotype 4, we investigated combinations of
hese two haplotypes. Carriers of both low responder haplo-

ypes IL-4 T·T and IL-4 R� Val·Gln showed lower antibody
evels (GM 2.6 �g/ml) than when only the two individual
aplotypes were investigated (GM of 2.9 �g/ml in IL-4 T·T
nd 3.2 �g/ml IL-4 R� 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 R� 551GlnGln, respectively, is set at 100%.

Table 4
Geometric mean pneumococcal conjugate vaccine serotype-specific IgG antibody concentrations (�g/ml) according to IL-4, IL-4 R� and IL-13 haplotypes

IL-4 C −589T·G2979T IL-4 R� Ile50Val·Gln551Arg IL-13 G −1112A·Arg130Gln

C·G T·T p Ile·Arg Val·Gln p G·Arg A·Gln p

N 185 33 15 82 185 27
4 4.1 2.9 0.04 7.9 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
9V 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

Fig. 2. Schematic overview of geometric mean antibody level against pneumococcal serotype 4 according to IL-4 and IL-4 R� 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.



Vaccin

e
a
w
b

4

a
c
I
l
S
m
T
i
r
a
t
m
c
t
m

r
s
t
e
t
h
I
I
d
e
t
t
r
i
t
d
4
p
b
r
t

b
s
t
e
a
t
b
o
r

t
m
r
a
T

n
o
c
l
i
g
l

l
i
r
c
p
l
o
i
a
p
a
o
b
i

g
s
d
I
c
a
o
g
b
t
m
c
e
i
c

s
s
h
w
b
a
a

S.P. Wiertsema et al. /

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

. Discussion

This study demonstrates associations of individual SNPs
nd haplotypes in IL-4 and IL-4 RA with pneumococcal vac-
ine antibody responses. The IL-4 −589T, IL-4 2979T and
L-4 R� 551 Gln alleles were associated with significantly
ower pneumococcal antibody levels in single SNP analyses.
everal lines of evidence suggest that the IL-4 −589T allele
ay be associated with dys-regulated immune responses.
he IL-4 −589T allele has previously been associated with

ncreased IgE levels [22,41,42], an increased frequency and
ate of progression of disease in HIV-infected patients [43]
nd increased susceptibility to Kawasaki’s disease [44]. Fur-
hermore, it was shown that amongst children with severe

alaria, total IgE levels were significantly elevated in those
arrying the IL-4 −589T allele, suggesting the possibility
hat there is a relationship between susceptibility to severe

alaria, IgE production and genetic variation in IL-4 [45].
IL-4 induces B cell activation and modifies humoral B cell

esponses to both T cell-dependent and T cell-independent
timuli [46]. The IL-4 −589T allele enhances IL-4 transcrip-
ion in vitro [47]. Therefore, prima facie, the T allele might be
xpected to be associated with increased humoral responses
o vaccines. However, Vos et al. showed T cell-independent
umoral responses to be enhanced by short-term exposure to
L-4, in the absence of IFN�, but suppressed by persistent
L-4 exposure [48]. Thus, humoral responses may be depen-
ent upon the cytokine microenvironment and the length of
xposure to this microenvironment. Therefore, under cer-
ain conditions an IL-4 allele associated with increased IL-4
ranscription might be associated with decreased humoral
esponses. These effects may be further modified by the coex-
stence of genetically mediated alterations of IL-4 R� func-
ion. Furthermore a gene–environment interaction between
ay-care attendance in the first 6 months of life and the IL-
R� Ile50Val locus on lipopolysaccharide induced IFN�

roduction has been shown [49]. Therefore, relationships
etween individual alleles or haplotypes and vaccination
esponses may be further dependent on microenvironmen-
al, macroenvironmental and developmental influences.

As for the IL-4 −589T allele, the IL-4 2979T allele has
een associated with asthma [23]. However, no functional
tudies on this SNP have been reported. Functional data on
he IL-4 R� Arg551Gln SNP is conflicting [50,51]. How-
ver, the 551Gln allele has been associated with asthma and
topic phenotypes [52–54]. That the IL-4 and IL-4 RA alleles

hat have been associated with atopy show a diminished anti-
ody response in our study is consistent with the association
f atopy with altered kinetics of the maturation of vaccine
esponses and of atopic eczema with delayed maturation of

c
h
a
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he antibody response to pneumococcal vaccine [28,29]. This
ight suggest a relationship between atopy, genotype and the

esponses upon pneumococcal vaccination, possibly brought
bout by an altered cytokine milieu secondary to an altered
h1/Th2 balance.

Significant associations with genotype or haplotype were
ot demonstrated for antibody responses to all serotypes and
f the studied pneumococcal serotypes, serotype 4 was most
onsistently associated with genotype. Potential reasons for
ack of consistent replication across all serotypes in this study
nclude: true variation in the underlying association between
enotype and outcome (effect heterogeneity), type 1 error or
ack of power [55].

Possible biological explanations for variation in the under-
ying association of genotype with individual serotypes
nclude differing immunogenicities between serotypes,
elated to variations in the chemical structure of polysac-
haride capsules, and/or variations in the magnitude of
olysaccharide-specific response dependent on the preva-
ence of specific serotypes, and thus the presence or absence
f natural priming. It is possible that the effect of the stud-
ed SNPs might be insufficient to significantly augment IgG
ntibody responses against poorly immunogenic and/or low
revalent serotypes. Conversely, with high immunogenic
nd/or highly prevalent serotypes the relative contribution
f genetic variation may be small. Thus an association would
e most likely to be revealed in serotypes of intermediate
mmunogenicity and/or prevalence.

Studying haplotypes of multiple polymorphisms in one
ene has been described to be more informative than analy-
is of single SNPs in genetic association studies of complex
iseases [56]. Accordingly, haplotypes composed of IL-4 and
L-4 RA SNPs, showed a higher discriminative power in vac-
ine responsiveness compared to SNP analyses, indicating
synergistic influence on antibody responses of haplotypes
ver individual SNPs. The importance of investigating gene-
ene interactions in complex biological pathways has also
een demonstrated [54]. In our study comparing combina-
ions of the IL-4 and IL-4 R� genes revealed the greatest

agnitude of difference in antibody responses, specifically
arriers of two poor responding haplotypes had the low-
st antibody levels. However, replication of our data in an
ndependent cohort would be valuable to draw general con-
lusions.

In this study, multiple comparisons were performed to
tudy the associations between IgG antibody responses and
elected genotypes, previously associated with atopy. We
ave not corrected for multiple testing since (i) the analyses
ere based on an a priori hypothesis and (ii) this method can
e overly conservative. Instead we have chosen to describe
ll statistical analyses carried out and to discuss the results
ccordingly [39,40].
The additive effect of haplotype and haplotype–haplotype
ombination analyses, compared to single SNP and single
aplotype analyses respectively, reported herein supports the
pproach of studying the effect of combinations of multiple
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oci, both within and between genes, on complex phenotypes.
urthermore, the findings of this study provide additional
upport for the importance of host genetic factors in vac-
ine responses. Understanding these influences is likely to
e important for the development of improved and novel
accines.
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