
Atopic dermatitis and skin disease

IL10 polymorphisms influence neonatal immune responses,
atopic dermatitis, and wheeze at age 3 years
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Background: IL10 encodes for IL-10, an important anti-
inflammatory cytokine with pleiotropic effects. It is crucial for
development of immune tolerance, downregulates expression of
TH1 cytokines, and is relevant for T-cell regulation. Several IL10
single nucleotide polymorphisms (SNPs) were associated with
inflammatory diseases, such as atopic diseases, which might
have their onset during early immune maturation.
Objective: We hypothesized that IL10 SNPs are associated with
decreased regulatory T (Treg) cell numbers, TH2-skewed
immune responses, and decreased IFN-g levels in cord blood
parallel with increased proinflammatory markers, subsequently
leading to increased atopic diseases until 3 years.
Methods: Eight genetic IL10 variants, represented by 4 linkage
disequilibrium blocks (R2 > 0.80) and 2 distal promoter SNPs,
were genotyped in cord blood mononuclear cells of 200 healthy
neonates. Cord blood mononuclear cells were cultured
unstimulated or after stimulation with lipid A, peptidoglycan,
PHA, house dust mite (Der p 1), or Der p 1 plus lipid A. mRNA
expression of Treg cell–associated genes (forkhead box protein
P3 [FOXP3], glucocorticoid-induced TNF receptor [GITR],
lymphocyte activation gene 3 [LAG3]), TH1/TH2 cytokines,
TNF-a, and GM-CSF were assessed. Atopic and respiratory
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outcomes (atopic dermatitis [AD] and wheeze) were assessed by
means of questionnaire at age 3 years.
Results: Carriers of 3 IL10 SNP blocks and both distal promoter
SNPs showed reduced expression of Treg cell markers, reduced
IL-5 levels, proinflammatory TNF-a and GM-CSF, and
partially increased IFN-g levels. The same SNPs presented as
determinant for AD, wheeze, or symptoms of AD, wheeze, or
both at age 3 years.
Conclusions: Polymorphisms in IL10 influenced Treg cell
marker expression and TH1/TH2 and proinflammatory cytokine
secretion early in life. This was relevant for further development
of immune-mediated diseases, such as AD and wheeze, in early
childhood. (J Allergy Clin Immunol 2013;131:789-96.)

Key words: Atopy, atopic dermatitis, cord blood, cytokines, IL-10,
single nucleotide polymorphisms, regulatory T cells, wheeze

Human IL-10 is a protein of 160 amino acids existing as a
37-kDa homodimer.1 IL-10 is a pleiotropic cytokine produced by
a variety of cells, such as TH1, TH2, and a subset of TH17
lymphocytes, B cells, eosinophils, mast cells, myeloid dendritic
cells, and alveolar macrophages.2 Additionally, IL-10 is produced
by ‘‘conventional’’ regulatory T (Treg) cells, certain TH3 clones,
and regulatory TR1 cells,

2-4 where IL-10 can drive the conversion
of conventional T cells to TR1 cells.

5 For TH1 and TH17 cells, pro-
duction of IL-10 serves as a negative feedback regulator that con-
trols numerous immune responses and prevents tissue damage.4

IL-10 has important immune regulatory functions that
influence a variety of cells of the immune system.6 IL-10 was
initially known as cytokine synthesis–inhibiting factor7 based
on its biological activity because IL-10 inhibits cytokine produc-
tion by TH1 and TH2 lymphocytes, mononuclear phagocytes, and
natural killer cells.8 It downregulates the proinflammatory cyto-
kines IL-1b, IL-6, IL-8, TNF-a, and GM-CSF.9 Moreover,
IL-10 inhibits the function of antigen-presenting cells because
it blocks the maturation of dendritic cells and downregulates ex-
pression of MHC II and costimulatory molecules.10 In addition to
the immunosuppressive effect of IL-10 on macrophages, mono-
cytes, and T cells,9 it enhances B-cell proliferation, differentia-
tion, and antibody production. Because IL-10 can regulate
cellular and humoral immunity, it became a candidate gene in
the regulation of autoimmune/inflammatory diseases.9 The IL10
gene is approximately 5.1 kB in size,11 comprises 5 exons, and
is located on chromosome 1q31-32, a genomic region linked to
asthma and related phenotypes.12 Single nucleotide polymor-
phisms (SNPs) in IL10 were shown to be associated with
asthma9,12-14 but also systemic lupus erythematosus,15 rheuma-
toid arthritis,16 psoriasis,17 and infectious diseases.18 Common
to all these diseases is their potential regulation by T cells,
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including Treg cells. However, the effect of IL10 SNPs on T-cell
regulation has not been investigated related to atopic diseases,
particularly during early immune development.
In this study we aimed to assess the effect of IL10 SNPs on

TH1/TH2 lineage and proinflammatory cytokines and Treg cel-
l–associated genes in cord blood. We further aimed to determine
whether IL10 SNPs subsequently have a potential role in the de-
velopment of immune-mediated diseases, such as atopic dermati-
tis (AD) or wheeze, until the age of 3 years.

METHODS

Study population
Umbilical cord blood (n 5 200; 72 samples from atopic mothers and 128

samples from nonatopic mothers) was obtained from neonates born in the

Munichmetropolitan area ofGermany. Subjectswere recruited from July 2005

to September 2007 during the last trimester of pregnancy (for details, see the

Methods section in this article’s Online Repository at www.jacionline.org).

Our previous studies showed that maternal atopy negatively affects Treg cell

quantity and function in cord blood.19,20 Maternal atopy was defined as a

doctor’s diagnosis of asthma and/or eczema and/or hay fever. Maternal total

and specific IgE (RAST) levels were measured. A positive specific IgE level

was defined as 0.35 IU/mL or greater to 1 or more common allergens from a

panel of 20. The laboratory investigators were blinded to clinical information;

samples were analyzed based on sample availability to perform the laboratory

studies. Informedconsentwas obtained from themothers for their participation

in the study, including cord blood collection. Approval was obtained from the

human ethics committee of the Bavarian Ethical Board, LMU Munich,

Germany. Twohundred childrenwere recruited; the number for the single anal-

yses varied because of sample availability or nonparticipation in the follow-up.

Follow-up at the age of 3 years
A follow-up by parental questionnaire was performed. The outcomes

included AD, wheeze, and food allergy. A positive allergen test result was

based on parental reporting of a positive blood or skin test result. Wheeze and

AD were defined by respective symptoms within the last 36 months.

Polymorphisms selection and genotyping
Tagging SNPs were selected based on the American (CEU) and European

(TSI) population samples genotyped in the HapMap project. All SNPs located

from the proximal promoter (24000bp) to the 39 untranslated region andwith a
minor allele frequency of greater than 0.1 in both populations were included in

the analyses. Polymorphisms with R2 values of 0.8 or greater were defined as a

linkage disequilibrium (LD) block (Fig 1). By using Haploview (Version 3.32,

MIT, www.broad.mit.edu/mpg/haploview), 4 tagging SNPs (rs1800890,

rs1800871, rs1878672, and rs3024498) were selected from all 13 frequent

polymorphisms located in the IL10 region (Fig 1). Two further polymorphisms,

rs1800893 and rs3024496, which are in close LD with rs1878672, and 2
putative functional variations, rs79309463 (deletion) and rs10494879, which

are located in the promoter (27616 and 26424 bp), were genotyped.21-24 In

total, 7 polymorphisms and 1 deletion were investigated. The LD plot of all 8

polymorphisms within our study population is shown in Fig E1 in this article’s

Online Repository at www.jacionline.org. Genotypingwas performed by using

matrix-assisted laser desorption/ionization time-of-flight mass spectrometry

(Sequenom, San Diego, Calif).25 PCR assays and associated extension reac-

tions were designed with the SpectroDESIGNER software (Sequenom). All

amplification and extension reaction conditions have been previously de-

scribed.26 Deviations fromHardy-Weinberg equilibrium (HWE)were assessed

for quality control of genotyping procedures. Allele frequencies were com-

paredwith theHapMapCentre d’Etude duPolymorphismeHumainpopulation.

Isolation, culture, and real-time RT-PCR of cord

blood mononuclear cells
Cordbloodwascollected from theumbilical vein after delivery andprocessed

within 24 hours. Cord bloodmononuclear cells (CBMCs)were isolated by using

density gradient centrifugation with Ficoll-Hypaque and cultured unstimulated

or stimulated with lipid A (LpA; 0.1 mg/mL), peptidoglycan (Ppg; 10 mg/mL),

PHA (5 mg/mL), Dermatophagoides pteronyssinus (Der p 1, 30 mg/mL), or a

combination of LpA and Der p 1, as previously described.20 Immune responses

of unstimulated cells reflect the basal state, whereas the Toll-like receptor (TLR)

agonists LpA (TLR4) and Ppg (TLR2/NOD2) as innate stimuli and the allergen

Der p 1 were chosen because of their relevance in allergic diseases and immune

responses, such as lymphocyte proliferation and cytokine secretion, respec-

tively.27-30 The combination of innate stimulus and allergen was used to mimic

one part of the natural farm exposure and was based on effects described in our

previous publication.20,31 After incubation for 3 days, gene expression and cyto-

kine levels were assessed. Details on quantitative RT-PCR are provided in the

Methods section in this article’s Online Repository.

Cytokine assessment
Cytokine concentrations were measured with the Human Cytokine

Multiplex Assay Kit (Bio-Rad, Munich, Germany), according to the manu-

facturer’s instructions. The lower limits of detection were 1.8 pg/mL (IL-5),

0.5 pg/mL (IL-6), 3.0 pg/mL (TNF-a), 0.9 pg/mL (IL-10), 2.1 pg/mL (IL-13),

1.3 pg/mL (IFN-g), 0.5 pg/mL (IL-12), 1.0 pg/mL (GM-CSF), and 0.2 pg/mL

(IL-17). Nondetectable cytokine concentrations were assigned a value of 0.01

for inclusion in the analysis.

Statistical analysis
All SNPs were tested for deviation from HWE by using the x2 test. LD

between all SNPs was calculated by using R2. The R2 threshold was set to

0.80 to determine tagging SNPs, each representing 1 LD block. Genetic data

were analyzed with the x2 test (2 groups) or theMantel-Haenszel test for trend

(3 groups). Data of cytokine concentrations and gene expression, which were

not normally distributed, were analyzed with the Wilcoxon test (2 groups) or

the Kruskal-Wallis rank test (3 groups) and reported as medians (25%-75% in-

terquartile ranges). Data were also reported stratified for maternal atopy. Dip-

lotype frequencies were estimated by using a combination of homozygous

carriers of the selected variations. We did not adjust our data for multiple test-

ing. Statistical significancewas defined as aP value of less than .05. Data anal-

ysis was performed with SAS 9.2 software (SAS Institute, Cary, NC).

RESULTS
Weassessed thegenotypeof 8 genetic variations in the IL10gene

(Table I)with a genotyping success rate of greater than90%.On the
basis of LD analyses, 4 major LD blocks were identified (Fig 1),
each represented by a tagging SNP. Two tagging SNPs
(rs1800890 and rs1878672) slightly deviated fromHWE; however,
they showed similar allele frequencies in comparison to the Hap-
Map reference population Centre d’Etude du Polymorphisme Hu-
main. In the following we focused on reporting immunologic data

http://www.jacionline.org
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FIG 1. LD (R2 plots) for 13 frequent polymorphisms within the American (CEU) and European (TSI) popula-

tion registered in the HapMap project (minor allele frequency >0.1 in both populations). All SNPs were lo-

cated from the proximal promoter (24000 bp) to the 39 untranslated region of IL10. Blocks of tagging SNPs

were defined by R2 values of greater than 0.80. Shades in LD plot (Haploview): white (R2 5 0), gray (0 < R2 <

1), and black (R2 5 1). Tagging SNPs are marked with circles. The numbers describe the location of the ge-

netic variations in this IL10 region; in total, the region comprises 35 genetic variations.

TABLE I. Biological characteristics of the analyzed genetic variants of IL10

SNP/LD block SNP Relative position (bp)* Alleles Location DAA DTF MAF

Distal promoter SNP 1 rs79309463 27616 AGG/2 Promoter 0.21

Distal promoter SNP 2 rs10494879 26365 C/G Promoter 0.36

Block 1 rs1800890 23526 A/T Promoter 2 2 0.32

Block 2 rs1800871 2795 G/A Promoter 2 1 0.25

Block 3 rs1800893 21328 C/T Promoter 2 1 0.44

rs1878672 (tagging SNP) 2127 G/C Intron 2 1 0.44

rs3024496 3976 A/G 39UTR 2 1 0.44

Block 4 rs3024498 4311 T/C 39UTR 2 1 0.24

LD blocks are represented by 1 tagging SNP (R2 > 0.80).

DAA, Predicted result of amino acid change in protein domain based on FastSNP analyses; DTF, predicted result of transcription factor binding site change based on FastSNP

analyses; MAF, minor allele frequency within our study population; UTR, untranslated region.

*Relative position based on SNPper (CHIP Bioinformatic Tools).
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that were differentially regulated in homozygous SNP carriers of
various IL10 polymorphisms reflecting a clear and consistent pat-
tern; single results of particular SNPs were not reported in detail.
IL10 SNPs were associated with downregulated

Treg cell–associated genes but not with IL-10

mRNA and protein levels
We investigated the expression of the Treg cell–associated

genes forkhead box protein P3 (FOXP3), lymphocyte activation
gene 3 (LAG3), and glucocorticoid-induced TNF receptor
(GITR) in CBMCs, genes that are highly correlated with each
other. In carriers of genetic variants from all 4 LD blocks and
1 distal promoter SNP (rs79309463), at least 1 of the 3 investi-
gated Treg cell–associated genes was downregulated compared
with the wild-type (Table II; for raw data, see Table E1 in this
article’s Online Repository at www.jacionline.org). For carriers
of the rs1800871 SNP (block 2), a significant downregulation of
FOXP3 and upregulation of GITR and LAG3 was shown.
FOXP3 currently represents the most specific marker for natural
Treg cells, and SNPs from 3 blocks (blocks 2, 3, and 4) showed
decreased FOXP3 mRNA expression.

Assessing IL-10 protein secretion and mRNA expression,
carriers of the investigated SNPs did not show any significant
differences in IL-10 levels apart from 2 SNPs. For homozygous
carriers of deletion rs79309463, IL-10 protein but not mRNA
levels were decreased before stimulation (P 5 .03), although at
very low levels; for carriers of rs3024496 SNP (block 3), IL-10
protein andmRNA levels were increased after Der p 1 stimulation
(P 5 .05 for both, data not shown).
Genetic variants in IL10 were associated with IL-5

and IFN-g cytokine secretion
Homozygous carriers of all SNPs except rs1800871 (block 2)

showed a significant downregulation of the TH2 cytokine IL-5
(for an overview, see Table II; for raw data, see Table E2 in this
article’s Online Repository at www.jacionline.org). In contrast

http://www.jacionline.org
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TABLE II. Influence of genetic variants of IL-10 on IL-5, IFN-g, TNF-a, and GM-CSF cytokine secretion and gene expression of Treg-

associated genes

LD block/SNP IL-5 IFN-g TNF-a GM-CSF Treg cell marker genes

rs79309463 Y U* ND Y U* Y PHA* Y LAG3 U

LpA*� LpA� LpA� LpA�
Der p 1� Ppg*� Der p 1*� Ppg

Der p 1*� Der p 1 1 LpA� GITR U*

Der p 1 1 LpA�
rs10494879 Y LpA [ U* Y LpA*� Y PHA ND

Der p 1*� Ppg*� Der p 1�
Der p 1� Der p 1 1 LpA*�
Der p 1 1 LpA*�

Block 1 rs1800890 Y Der p 1*� [ U [ U* ND Y GITR U*

Y Ppg�
Block 2 rs1800871 ND ND ND ND Y FOXP3 LpA*

(fd) Ppg*

[ GITR Der p 1

LAG3 Der p 1*

Block 3 rs1878672 Y LpA* [ Der p 1 1 LpA* Y LpA� Y Der p 1*� Y GITR Ppg

Der p 1* Ppg*� (fd)

Der p 1*�
Der p 11 LpA*

Block 3 rs1800893 Y LpA* [ Der p 1 1 LpA* Y LpA� ND Y LAG3 Der p 1

Ppg* Ppg*

Der p 1* Y Ppg* Der p 1*�
Der p 1 1 LpA* Der p 1 1 LpA�

Block 3 rs3024496 Y LpA* [ Der p 1 1 LpA Y LpA*� Y Der p 1 Y FOXP3 U

Ppg Ppg*� GITR U*

Der p 1* Der p 1*� (fd) Ppg*

Der p 1 1 LpA Der p 1 1 LpA* LAG3 U

Block 4 rs3024498 Y LpA* ND Y LpA*� Y PHA� Y FOXP3 Ppg*

Der p 1*� Ppg* LpA*� GITR Ppg

Der p 1*� Der p 1* LAG3 Ppg*

Der p 1 1 LpA� Der p 1 1 LpA*�

Frequencies of single SNPs were variable depending on minor allele frequency (total n 5 200).

[, Secretion/expression upregulated in homozygous carriers of the minor allele; Y, secretion/expression downregulated in homozygous carriers of the minor allele; (fd), gene

expression as fold difference; ND, no difference; U, unstimulated.

*P <_ .05, all other presented results are P <_ .1; P values are from the Kruskal-Wallis test.

�Highest/lowest secretion or gene expression in carriers with increasing number of the minor allele (SNP-heterozygous carrier-wild-type).
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to the consistent association with IL-5, for IL-13 as another im-
portant mediator of allergic inflammation (TH2), a significant re-
duction was only detected for the distal promoter SNP
rs10494879 after Der p 1 stimulation (P 5 .03, data not shown).
Levels of the TH1 cytokine IFN-gwere upregulated in homozy-

gous carriers of SNPs from LD blocks 1 and 3 and the promoter
SNP rs10494879 (Table II). However, the highest secretion was
detected for heterozygous carriers of the SNPs. Concentrations
of IL-12, another TH1 cytokine, were not significantly different
in the investigated IL10 SNPs.
Therewas no consistently different pattern for the TH17marker

cytokine IL-17 in carriers of the different IL10 variants. Yet levels
of the cytokine were significantly upregulated in carriers of the
SNPs rs79309463 and rs1800890 (block 1) without stimulation
(P 5 .004/.01, data not shown).
Downregulation of proinflammatory cytokines

TNF-a and GM-CSF in carriers of IL10 SNPs
Secretion of the proinflammatory cytokines TNF-a and GM-

CSF was reduced in carriers of the distal promoter SNPs and LD
blocks 3 and 4 (Table II; for raw data, see Table E2). Carriers of
the rs1800890 SNP (block 1) showed higher secretion of TNF-a
at baseline and lower secretion after Ppg stimulation. Of note, in-
dependent of genotype, TNF-a and GM-CSF levels were highly
correlated within all stimulation conditions. Concentrations of
the proinflammatory cytokine IL-6 were not significantly differ-
ent in carriers of the investigated IL10 genotypes.
Maternal atopy had a minor influence on the

immune response of IL10 SNP carriers
Becausewe previously described an effect ofmaternal atopy on

T-cell immune responses early in life,20,32 we performed analysis
stratified for maternal atopy (see Table E3 in this article’s Online
Repository at www.jacionline.org). Dependent on the IL10 geno-
type, IL-5 (see Table E2) and IL-13 (see Table E4 in this article’s
Online Repository at www.jacionline.org) secretion was primar-
ily decreased in CBMCs of nonatopic mothers.
The effect of increased IFN-g secretion was primarily observed

in neonates of atopic mothers (see Table E3). For the SNP
rs1878672 (block 3), FOXP3 expression was higher after Der p
1 stimulation without maternal atopy but lower with maternal
atopy. After LpA stimulation, carriers of the rs1800871 SNP
(block 2) from nonatopic mothers showed reduced expression
of FOXP3, whereas expression was increased with maternal

http://www.jacionline.org
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TABLE III. Effect of IL10 SNPs on different clinical outcomes

SNP/LD block Outcome WT, % (n) HT, % (n) SNP, % (n) P value (MH)

rs79309463 Wheeze 0 60 (63) 69 (31) 30 (3) .07

1 40 (42) 31 (14) 70 (7)

AD/wheeze 0 45 (47) 55 (24) 10 (1) .04

1 55 (58) 45 (20) 90 (9)

rs10494879 AD/wheeze 0 47 (31) 50 (33) 23 (5) .03

1 53 (35) 50 (33) 77 (17)

Block 1 rs1800890 AD/wheeze 0 47 (35) 51 (30) 24 (5) .04

1 53 (39) 49 (29) 76 (16)

AD 0 72 (53) 75 (44) 52 (11) .07

1 28 (21) 25 (15) 48 (10)

Block 3 rs1878672 AD/wheeze 0 55 (30) 47 (30) 32 (12) .04

1 45 (25) 53 (34) 68 (26)

Block 3 rs1800893 AD/wheeze 0 54 (29) 46 (30) 29 (10) .02

1 46 (25) 54 (35) 71 (25)

Block 4 rs3024498 Wheeze 0 61 (62) 69 (31) 29 (4) .02

1 39 (39) 31 (14) 71 (10)

AD/wheeze 0 45 (45) 56 (25) 14 (2) .03

1 55 (55) 44 (20) 86 (12)

0, Negative for respective outcome; 1, positive for respective outcome; AD, any symptoms of AD in the first 3 years of life; AD/wheeze, symptoms of AD, wheeze, or both in the

first 3 years of life; HT, heterozygous carrier of the SNP; % (n), Percentage of children with respective genotype and outcome (number of cases); P value (MH), P value of Mantel-

Haenszel test; wheeze, any wheezy symptoms in the first 3 years of life; WT, wild-type.

TABLE IV. SNP diplotypes of the genetic variants of IL10 associated with outcome at age 3 years

Diplotype

SNP SNP SNP SNP SNP SNP SNP pattern Wheeze AD AD/wheeze

1 2 3 4 5 6 N Percent n/N Percent n/N Percent n/N Percent

0 – – – – – – 125 76.7 43/110 39.1 32/109 29.4 57/109 52.3

1 – – – x x – 11 6.8 3/10 30.0 3/10 30.0 5/10 50.0

2 – x x x x – 10 6.1 2/9 22.2 5/9 55.6 6/9 66.7

3 x x x x x x 10 6.1 7/10 70.0 5/10 50.0 9/10 90.0

AD, Any symptoms of AD in the first 3 years of life; AD/wheeze, symptoms of AD, wheeze, or both in the first 3 years of life; SNP 1, distal promoter SNP rs79309463 (deletion);

SNP 2, distal promoter SNP rs10494879; SNP 3, rs1800890 (block 1); SNP 4, rs1878672 (block 3); SNP 5, rs1800893 (block 3); SNP 6, rs3024498 (Block 4); wheeze, any wheezy

symptoms in the first 3 years of life; x, homozygous carrier of the respective SNP/deletion.

J ALLERGY CLIN IMMUNOL

VOLUME 131, NUMBER 3

RAEDLER ET AL 793
atopy (see Table E3). This diametric effect on expression of Treg
cell–associated genes was already observed for TLR2 SNPs, de-
pending on maternal atopy.32
Effect of genetic IL10 variants on clinical outcomes
Clinical outcomes regarding atopy, food allergy, or wheeze

were assessed at 3 years of age, with a follow-up rate of 88%.
Symptoms of AD were present in 29.5% of the children, whereas
37.5% showed wheezy symptoms within the first 3 years of life
(see Table E5 in this article’s Online Repository at www.
jacionline.org). Carriers of the SNPs showed no association
with food allergy. Having the IL10 deletion rs79309463 or
the SNP rs3024498 (block 4) presented as a risk factor for wheeze
(P 5 .07/.02, Table III; see Table E6 in this article’s Online
Repository at www.jacionline.org), and homozygous carriers
of the rs1800890 SNP (block 1) showed an increased risk for
AD (P5.07, Table III). In parallel, symptoms ofADat age 3 years
were associated with lower IL-5, TNF-a, and GM-CSF protein
levels after primarily LpA stimulation and significantly lower
IL10 mRNA expression after innate stimulation (LpA, P 5 .02;
Ppg, P 5 .006) in CBMCs independent of the genotype (see
Table E7 in this article’s Online Repository at www.jacionline.
org). Opposite to the effects of Table II, showing less IL-5 in
the presence of the IL10 SNPs, wheezewas associated with higher
IL-5 levels (see Table E7).
A higher risk for symptoms of AD, wheeze, or both was
detected for homozygous carriers of the 2 distal promoter SNPs
and the SNPs from LD blocks 1, 3, and 4 (all P <_.04, Table III). In
comparison with the tagging SNP from block 3 (rs1878672) and
rs1800893, rs3024496 (block 3) was not significantly associated
with an increased risk for symptoms of AD, wheeze, or both;
however, it showed a trend (P 5 .11, data not shown). Although
we observed an association of 6 SNPs with AD, wheeze, or symp-
toms of AD, wheeze, or both on the single-SNP level, no associa-
tion of the respective IL10 haplotype containing all 6minor alleles
with the observed outcomes was detected (data not shown).
SNP diplotypes
Table IV depicts the most frequent diplotypes of the 6 genetic

variants that were associated with wheeze or AD at age 3 years
(from Table III). Homozygous carriers of the SNPs rs1878672
and rs1800893 (block 3; diplotype 1) showed a similar prevalence
of AD, wheeze, and symptoms of AD, wheeze, or both compared
with children having none of the 6 SNPs (Table IV, diplotype 0).
Homozygous carriers of these 2 SNPs from block 3 in addition to
the SNPs rs10494879 (distal promoter SNP 2) and rs1800890
(block 1) (diplotype 2) showed an increase in AD prevalence
from 29.4% (diplotype 0) to 55.6% (diplotype 2). In homozygous
carriers of the 4 SNPs (diplotype 2), IL-5 (Der p 1) and IFN-g
(LpA and Der p 1) levels were decreased, whereas GM-CSF
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secretion was increased at the baseline level (see Table E8 in this
article’s Online Repository at www.jacionline.org). Homozygous
carriers of all 6 SNPs (diplotype 3) showed a higher AD preva-
lence and increased wheeze from 39.1% (diplotype 0) to 70.0%
(diplotype 3, Table IV). Carriers of all 6 SNPs (diplotype 3)
showed lower IL-5, TNF-a, and GM-CSF secretion (see
Table E8).
DISCUSSION
In this study the effect of genetic variation in the IL10 gene on

secretion of TH1/TH2 lineage and proinflammatory cytokines and
expression of Treg cells was assessed in cord blood. Additionally,
the potential role of IL10 SNPs on the development of immune-
mediated diseases, such as AD or wheeze, until the age of 3 years
was investigated. We detected a distinct pattern of T-cell lineage
fate in carriers of IL10 polymorphisms in cord blood because they
were primarily associated with decreased expression of Treg cell
marker genes and TNF-a and GM-CSF secretion and in parallel
partially increased IFN-g concentrations. Three of 4 IL10 LD
blocks and both distal promoter SNPs presented as determinants
for wheeze, AD, or symptoms of wheeze, AD, or both at age
3 years. We have seen a consistent pattern independent of the
SNP blocks, and thus we believe that these effects of different
blocks are relevant.
We observed decreased mRNA expression of Treg cell marker

genes (FOXP3, LAG3, and GITR) in carriers of the IL10 SNPs.
Reduced Treg cell numbers and potentially subsequently changed
balance in immune regulation in SNP carriers might be in line
with an increased risk for wheeze. Borrego et al33 described di-
minished FOXP3mRNA expression and reduced CD41CD25high

cell numbers for wheezy children at the age of 8 to 20months. For
adults with AD, however, normal or increased Treg cell numbers
were reported compared with those seen in healthy control
subjects,34,35 whereas we observed a reduced expression of
Treg cell markers and the suppressive cytokine IL-10 in children
with AD at age 3 years.
The assessment of Treg cell–associated markers by mRNA

might be a first indication for Treg cell modulation. Measuring
CD41CD251FOXP31 cells would enhance specificity for Treg
cells, but this was not feasible in all subjects of this birth cohort
study, which assessed a wide range of immune parameters in par-
allel. Differences in Treg cell regulation within the aforemen-
tioned 2 studies and our study might potentially be attributable
to different ages that cannot be compared directly and differences
in assessed Treg cell markers, respectively.
Moreover, in carriers of the IL10 SNPs, levels of the TH2 cy-

tokine IL-5 and the proinflammatory cytokines TNF-a and GM-
CSF were significantly decreased in homozygous carriers of the
SNPs. In parallel, carriers of 5 SNPs showed increased IFN-g
(TH1) secretion, although IL-10 was originally discovered as
cytokine synthesis inhibitory factor,7 which is capable of sup-
pressing the TH1 response.36 Although IL10 is mainly expressed
by TH2 and Treg cells, polymorphisms in the IL10 gene seem to
have an effect on the TH1 lineage because IFN-g secretion was
affected. However, IFN-g results have to be evaluated carefully
and need to be reconfirmed in further studies because effects
were primarily driven by heterozygous carriers and cytokines
were assessed in bulk culture supernatants; consequently, the
origin of the secreting cell cannot be ascribed to TH1 cells
only. Interestingly, we observed significantly increased IFN-g
secretion in carriers of 3 single IL10 SNPs, both unstimulated
and after Der p 1 plus LpA stimulation, but IFN-g levels were de-
creased under the same in vitro conditions in children with dip-
lotype 2, carrying a combination of these IL10 SNPs.
Additionally, children with diplotype 2 showed a higher preva-
lence of AD. This shift in IFN-g toward decreased levels in
children with diplotype 2 could, for instance, be mediated by
antigen-presenting cells, which strongly produce prostaglandin
E2 in patients with AD; prostaglandin E2 is known to be able
to modulate T-cell responses and especially decrease IFN-g pro-
duction by T cells.37

This difference between single SNPs and diplotype might be
explained by the number of subjects and a heterozygous effect.
Because TNF-a, GM-CSF, and IL-5 are 3 important mediators

involved in allergic inflammation and a decrease in these
cytokines parallel to an increase in IFN-g levels was observed,
this might point to an atopy-protective state of immune develop-
ment already in cord blood.
We observed more prominent effects on IL-5 secretion after

LpA compared with Ppg stimulation, which might be explained
by a stronger effect of TLR4 in comparison with TLR2/NOD2
stimulation. Previously, we observed the strongest effects on IL-5
secretion after LpA stimulation.38 Effects on IL-5 seem to be
mainly mediated through TLR4 stimulation.39 The reduction
we described for IL-5 and IL-13 levels in CBMCs of nonatopic
mothers would correspond to a predisposition toward a lower
risk of later allergies.
Although we observed this shift from TH2 toward TH1 in the

cytokine profile and reduced proinflammatory cytokine levels in
newborn IL10 SNP carriers, several of these IL10 SNPs presented
as risk factors for AD or wheeze in the follow-up analysis at age
3 years. Therefore polymorphisms in IL10 seem to have an effect
on early immune maturation before manifestation of clinical
disease, favoring an atopy-prone immune development for AD.
The predictive power for the children to have allergic diseases
later in life would be mainly based on AD but not wheeze.40

In contrast to our hypothesis, TH2 cytokine levels were de-
creased and IFN-g (TH1) levels were increased in carriers of the
IL10 SNPs, who are prone to having AD or wheeze at the age
of 3 years. One possible explanation for this could be that Treg
cells, which were decreased in IL10 SNP carriers, play a more
fundamental role at this stage of early immune development com-
pared with TH1/TH2 cytokine lineages.

Hee et al41 proposed IL10 to be controlled at the transcriptional
level, most likely by regulatory sequences present in the promoter
region of the IL10 gene, whereas their bindingmight be influenced
by polymorphisms in these sites, affecting IL-10 production. In this
study carriers of the SNPs, of which 5were located in the promoter
region, showed no significant changes in IL-10 mRNA levels and
protein secretion. In line with our findings, Rees et al42 reported
no consistent effect of the IL-10 genotype on IL-10 production.
Moreover, Hayden et al43 did not observe an association between
IL10 promoter SNPs and IL-10 production in house dust mite–
stimulated PBMCs of 11-year-old children, yet they observed an
association of IL10 SNPs with TH2 cytokine levels, indicating a
pivotal role for IL-10 in the control of TH2 cytokine secretion. Al-
though IL10 SNPs were associated with increased TH2 levels in
their study, we observed a decrease in IL-5 but not IL-13 levels
for carriers of most of the investigated IL10 SNPs. Potential differ-
ences might be due to the assessment at different times of immune
maturation and thus different influences over time.
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Intrauterine Treg cell development might already be affected in
carriers of IL10 polymorphisms. For example, one could imagine
that binding of a transcription factor, such as activator protein 1,
which is both relevant for activation of the IL-10 promoter and
also for Treg cell regulation,44,45 might be modulated. However,
the exact underlying mechanism needs to be determined.
To date, conflicting results regarding IL10 SNPs and their asso-

ciation with asthma or atopy were reported. In our study the
majority of IL10 SNPs presented as risk factors for AD, wheeze,
or symptoms of AD, wheeze, or both. Boss�e et al13 observed an as-
sociation with adult asthma in the Canadian Saguenay-Lac-Saint-
Jean study population for 5 IL10 SNPs, including rs1800871,
which we assessed, whereas we did not find an association with
any outcome at age 3 years. In theChildhoodAsthmaManagement
Program study population and in Costa Rican children, homozy-
gous carriers of the minor allele rs3024496 were reported to have
augmented levels of IgE and increased risk of occurrence and fre-
quency of asthma at high levels of dust mite exposure.12 In this
study population we found a higher prevalence of AD, wheeze,
or both for homozygous carriers of 2 SNPs from LD block 3, in-
cluding SNP rs3024496.
Moreover, theminor allele of rs3024498was described as a risk

allele for childhood asthma in the Canadian Asthma Primary
Prevention Study (CAPPS) study population and presented as a
risk factor forwheeze andAD in our study,whereas the same allele
was observed to be protective in children of the Study of Asthma
Genes and the Environment cohort, and no association with
asthma was observed within the Saguenay-Lac-Saint-Jean popu-
lation and a German asthma family study.13 Although no associa-
tion with AD was found for several IL10 polymorphisms,46 Sohn
et al47 showed an association for rs1800871 and rs1800872 with
AD in children. In our studywedid not find any association for car-
riers of the rs180871 SNPwith the development of atopic diseases
until age 3 years. It is interesting that the IL10 SNPs presented as
risk factors for both AD and wheeze, 2 potentially distinct dis-
eases. Conflicting results about the association of polymorphisms
with a disease outcome might result from differences in time of
analysis, different assessment of the clinical phenotype, or failure
to model gene-environment interactions adequately.12

It needs to be examined in the further follow-up of this and
other studies whether these immune phenotypes result in asthma,
which cannot be diagnosed by using objective parameters at age
3 years, or whether these children might be protected.
Because carriers of 6 IL10 SNPs were associated with clinical

outcomes at age 3 years, one could speculate that there exists a
high-risk haplotype. However, carriers of the haplotype contain-
ing all 6 minor alleles associated with AD, wheeze, or symptoms
of AD, wheeze, or both for carriers of the single SNPs were not
associated with these outcomes. This might be explained by the
higher number of heterozygous SNP carriers in the haplotype
analysis, of which the majority showed a lower prevalence of
wheeze and AD than homozygous SNP carriers.
The diplotype analysis showed that the distal promoter SNPs

rs10494879 and/or rs1800890 (block 1) might be involved in the
development of AD and that the SNP rs3024498 (block 4), the
deletion rs79309463, or both might be involved in the develop-
ment of wheeze in childhood. However, these 2 homozygous
SNP/deletion genotype combinations alone did not occur within
our study population, and thus their single effects cannot be
disentangled. Additionally, prevalences of both SNPs are low, and
therefore data need to be interpreted with caution.
Although impaired IFN-g secretion at 3 months was associated
with increased risk of recurrent wheeze during the first year,48 no
association between IFN-g levels in cord blood and wheeze at age
1 year was found by Guerra et al48 and Ly et al49 and within our
study for wheeze up to 3 years of age. Additionally, there was no
association of IFN-g levels and AD within the first 3 years of life.
We performed a stratified analysis for maternal atopy because it

was shown to be relevant for Treg cell numbers and function.20

Additionally, an influence of TLR polymorphisms on neonatal
Treg cells was shown by our group, depending on the maternal
atopy status.32 For the investigated IL10 polymorphisms, stratify-
ing for maternal atopy partly affected the observed cytokine
secretion or Treg cell marker gene expression. The effect of in-
creased IFN-g secretion by SNP carriers was primarily influenced
by atopic mothers, whereas we previously reported lower IFN-g
levels for CBMCs of atopic mothers, not taking the genotype
into account.20 This might point to an immunomodulatory effect
throughmaternal atopy; however, themechanisms are still not un-
derstood. An important point that needs to be considered is that
results were not adjusted for multiple testing. It did not seem ad-
equate for this study because the measurement of immunologic
data in relation to the IL10 SNPs was exploratory, the immuno-
logic data were highly correlated, and the focus in this article
was not on the SNP analysis per se. Consequently, the results
require further replication in other studies.
However, we believe that the strength of this study is a detailed

investigation of the immune system in relation to the IL10 geno-
types at the earliest possible time point, namely in cord blood.
Moreover, we observed an effect on wheeze and atopy during
the first 3 years. Finally, we will be able to follow these children
to precisely assess atopic phenotypes until school age, including
wheeze during later childhood and childhood asthma.

We thank the families for their participation in the study and midwives and

doctors of the gynecology department for taking the cord blood samples. We

thank Isolde Schleich for excellent technical assistance andMartin Depner for
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Clinical implications: These data support a critical role of IL10
polymorphisms for early immune maturation and potentially
for the development of AD and wheeze in childhood.
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