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The polymorphisms S503P and Q576R in the interleukin-4 receptor a gene are
associated with atopy and influence the signal transduction
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SUMMARY

Interleukin-4 (IL-4) plays a major role in immunoglobulin E (IgE) production. Its signal is
conferred to effector cells through binding to the a chain of the IL-4 receptor (IL-4Ra). We
present further evidence for polymorphisms in the IL-4Ra gene having an effect on IgE regulation.
For two of four common polymorphisms, S503P and Q576R, we found an association with
lowered total IgE concentrations (P=0·0008 if occurring together). The polymorphism S503P has
not yet been described and is located within the I4R motif of the receptor. In vitro analyses using
synthetic peptides of this region showed that the tyrosine kinase Janus kinase 1 (JAK1), as well
as IRS-1 and IRS-2 bind to the I4R motif irrespective of the polymorphism or a tyrosine
phosphorylation. In vivo immunoassays using T cells of four different groups of individuals
(S503/Q576; P503/Q576; S503/R576; P503/R576) revealed that only in case of both polymorphisms
the phosphorylation of IRS-1 and IRS-2, but not JAK1 was increased. We found no binding of
STAT6 to the I4R synthetic peptides; however, the phosphorylation was reduced in the presence
of any of the two polymorphisms, including P503 alone. We discuss possible conformational
changes of the receptor leading to the observed effects on the phosphorylation status of IRS-1,
IRS-2 and STAT6, in addition to previous findings that Q576R alters STAT6 binding. We conclude
that P503 and R576 influence the signal transduction pathways through the IL-4Ra, an effect
that is magnified by the presence of both polymorphisms. This could explain the observed
association effects with lowered total IgE concentrations.

INTRODUCTION pating in the T helper cell (Th0/Th2) shift.5–7 The IL-4 signal
is conferred to effector cells through binding to IL-4 receptors.Atopy is the familial syndrome underlying bronchial asthma,
These represent complex transmembrane receptors composedatopic eczema and allergic rhinoconjunctivitis. It is charac-
of a 140 000 MW high affinity binding chain (IL-4Ra) andterized by the presence of specific immunoglobulin E (IgE)
optionally the common c chain shared by several interleukinantibodies to common allergens and elevated total IgE concen-
receptors8 or the IL13Ra chain,9 both of them modifying thetrations. The development of allergic symptoms is largely
signal on IL-4 binding.10 All chains are members of thedetermined by genetic factors.1 Because of high prevalence,
haematopoietin receptor superfamily.11 The IL-4Ra chainage-dependent penetrance and assumed heterogeneity, it has
binds IL-4 and mediates its effect through kinases of the Janusproved difficult to characterize the mode of inheritance and
kinase (JAK ) family leading to tyrosine phosphorylation ofthe genes involved in IgE responsiveness.2 Marsh and col-
several substrates. Among those are the receptor by itself, theleagues showed linkage of markers on chromosome 5q31–33
insulin-receptor-like substrates IRS-1, IRS-2 (4PS), and theto a gene controlling total serum IgE concentration in a non-
STAT6 transcription factor.12–14 The coding gene for IL-4Racognate fashion,3 a finding that has caused controversial
has been localized to the short arm of chromosome 16discussion.4 Besides other candidates, the gene coding for the
(16p12.1).15interleukin-4 (IL-4) molecule is situated in this region. IL-4

In respect of numerous functions in IgE regulation, as wellplays a major role in stimulating B-cell proliferation, influenc-
as B- and T-cell differentiation, the IL-4Ra gene represents aing B-cell differentiation towards IgE production and partici-
candidate gene for atopy.

Our interest has been to analyse common polymorphismsReceived 1 August 1998; revised 25 October 1998; accepted 25
October 1998. of the IL-4Ra gene, their association with atopic phenotypes

and their functional implications in order to underline theCorrespondence: Dr K. A. Deichmann, University Children’s
potential involvement of the gene in the initiation and mainten-Hospital, University of Freiburg, Mathildenstr. 1, D 79106 Freiburg,

Germany. ance of allergic processes.
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MATERIALS AND METHODS SSCP-analysis20
The amplified products were resolved on non-denaturing 12%

Individuals
polyacrylamide gels at 20° for 2 hr. Glycerol concentrations

The individuals were recruited from two different groups of
in the gel were for E400A 10% and for Q576R 5%. For S503P

nuclear families. Population 1: recruited through a population-
no glycerol was added. The gels were silver-stained as described

based study,16 64 families participated. Population 2: 45
elsewhere.21 Two known homozygote individuals and one

families, recruited through our outpatient department, partici-
heterozygote individual as confirmed by sequencing were

pated. In both populations an atopic child served as the index
included in each reaction. The genotyping was performed by

patient. A medical history was recorded, skin prick tests were
two investigators unaware of the phenotypes.

performed (using the same aero-allergens) and blood was
drawn.

Determination of allele frequencies was performed in the Restriction fragment length polymorphism (RFLP) analysis
parents of the families regarding them as independent Phenotyping of the C431R polymorphism made use of a
individuals. Tsp45I-RFLP present in the allele coding for arginine.

The genotyping and the association studies were performed Restriction was performed in a volume of 10 ml containing
in the children of the families aged from 6 to 22 years (mean 5 ml of the PCR-product and the buffer recommended by the
15 years); 91% of them were atopic according to the definition supplier for 90 min at 65°. The fragments were resolved on a
stated below, 77% showed total IgE concentrations above 12% polyacrylamide gel. The individuals with known pheno-
100 kU/l, and 87% specific sensitization to common inhalant types were included in each reaction. The genotyping was
allergens. performed by two investigators unaware of the phenotypes.

Phenotype analysis
Statistical analysisSpecific IgE was detected by enzyme-linked immunosorbent
The number of alleles for each polymorphism was counted inassay (ELISA) against grass pollens, Dpt, cat dander and
all 181 children of the study populations as far as the genotypebirch pollens (Magic Lite; ALK, Denmark). The cut-off point
could be determined unequivocally. To count for the individ-for a positive titre was 1·43 ML units.17 Detectable IgE to one
uals being siblings and to adjusted for age and sex of theof the four allergens or a positive skin prick test response to
study-population, regression analysis have been applied.one of them were the criteria for ‘any specific sensitization’.
Logistic regression analysis and linear regression analysis forMeasurement of total serum IgE was carried out by an enzyme
the explanation of the phenotypes ‘specific sensitization toallergosorbent test (Phadezym; Pharmacia, Uppsala, Sweden)
common inhalant allergens’ treated as a dichotomic parameterand measured continuously. Atopy was defined as at least one
and ‘total serum IgE’ treated as a continuous parameter on apositive specific IgE titre or an elevated total IgE titre above
logarithmic scale by the genotypes ‘presence of the poly-100 kU/l.18
morphic allele’ were performed. Analysis followed the method
of Zeger and Liang accounting for the correlation between

Amplification of genomic DNA by polymerase chain reaction
sibs.22

(PCR)
A P-value below 0·025 was considered significant counting

DNA was extracted from peripheral blood leukocytes follow-
for multiple testing. The average IgE concentration in individ-

ing standard protocols and column purified (DNA midi kit;
uals bearing one of the polymorphisms is calculated by 10 to

Qiagen, Germany). To amplify the target DNA in the poly-
the estimate.

morphic regions we used four oligonucleotide primer pairs:
E400A, 5∞-TGGAGATCAGCAAGACAGTC-3∞ and 5∞-
GGTCCAGGAACAGGCTCTCT-3∞; C431R, 5∞-TGTGGCC- In vitro binding assays
CGGCTAACAGAGA-3∞ and 5∞-AGGGTTGCCTGCGA- The following synthetic peptides corresponding to the I4R-
TGACGA-3∞; S503P, 5∞-AAGTCCTCCTGCCAGCCCGA-3∞ motif of the IL-4Ra were used: wildtype unphosphorylated
and 5∞-TTTCTGGCTCAGGTTGGGGC-3∞; Q576R, 5∞- Y497 (NH2-LVIAGNPAYRSFSNSLSQSP-COOH), wildtype
CTCTCTGAGCCAACCACTGT-3∞ and 5∞-GCTCCACCG- phosphorylated Y497 (NH2-LVIAGNPA(pY )RSFSNS-
CATGTACAAAC-3∞. PCR was carried out in a volume of LSQSP-COOH) and mutant phosphorylated Y497 (NH2-10 ml containing 30 ng DNA, 5 pmol of each primer, 0·06 U LVIAGNPA(pY )RSFSNPLSQSP-COOH) (all from SNPE
Taq-Polymerase (Pharmacia, Uppsala, Sweden) and 2 mmol GmbH, Frankfurt, Germany). The peptides were coupled to
dinucleoside triphosphate (dNTP)-mix with the buffer rec- Affigel 10 beads (BioRad Laboratories, München, Germany)
ommended by the supplier. Annealing temperatures were 60° at a ratio of 3 mg peptide per ml of beads. To assess the
(Q576R), 62° (S503P and C431R) or 64° (E400A). binding of cellular proteins to the peptides, 20 ml of peptide-

The numbers of amino acids corresponded to the IL-4a conjugated beads were incubated either with 100 ng recombi-
chain precursor as published by Idzerda et al.8 They differ nant IRS-1 (Upstate Biotechnology, New York, NY ) or with
from the numbers as published earlier from our group, those T-cell lysates (3×107 cells). The peptide associated IRS-1,
referring to the mature protein.19 IRS-2, JAK1 and STAT6 were analysed by immunoblotting

with specific antibodies (anti-IRS-1, anti-IRS-2 Upstate
Biotechnologies; anti-JAK1 Santa Cruz Laboratories, SantaSequencing

Sequencing by the dideoxy chain termination method was Cruz, CA; anti-STAT6 Transduction Laboratories, Lexington,
KY ) and developed using a chemiluminescence kit (ECL,performed on an automated sequencer (ALF DNA Analysis

System, Pharmacia, Germany). Amersham, Germany).
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Table 1. Allelic frequencies as determined in 141 independentCell culture and IL-4 stimulation
individualsPeripheral-blood mononuclear cells derived from four different

groups of probands (wildtype: S503/Q576; P503/Q576;
Frequency FrequencyS503/R576 and P503/R576) and least least two different

Allele (%) Allele (%)individuals in each group were grown for 48–72 hr at 37° and
5% CO2 in the presence of 3 mg/ml phytohaemagglutinin E400 89·4 S503 84·5
(Gibco BRL, Eggenstein, Germany) in RPMI-1640 containing A400 10·6 P503 15·5
2 m -glutaminee, 20 m HEPES, 100 U/ml penicillin, C431 91·1 Q576 79·1
50 mg/ml streptomycin and 10% fetal calf serum (FCS) (PAN R431 8·9 R576 20·9
Systems GmbH, Aidenbach, Germany).

Cells were made quiescent for 5–16 hr in RPMI-1640/ Frequency=calculated frequency.
glutaminee/HEPES/penicillin/streptomycin and 1% FCS.
T cells (2±107) were stimulated with 100 n human IL-4 expected IgE level in the presence of P503 or R576 was 53%

of the level in wildtype individuals.(PAN Systems GmbH ) for 5–15 min at 37°. Cell pellets were
then stored at −80°. The most prominent result was seen in individuals

presenting both alleles P503 and R576 (P=0·0008).
Immunoprecipitation and immunoblot
After thawing, cells were suspended in lysis buffer (10 m Tris Linkage disequilibrium
(pH 7·8), 5 m ethylenediamine tetra-acetic acid (EDTA),

We found substantial linkage disequilibrium in the IL-450 m NaCl, 30 m pyrophosphate, 50 m sodium fluoride,
receptor gene. For the polymorphic alleles P503 (allele fre-20 m sodium orthovanadate, 1% Triton-X-100, 1 m phenyl-
quency 15·5%) and R576 (allele frequency 20·9%), 76% of themethylsulphonyl fluoride, 5 mg/ml aprotinin, 1 mg/ml pepstatin
R576 allele carriers are also carriers for P503. Vice versa, 95%A and 10 mg/ml leupeptin; 108 cells/ml buffer) and incubated
of the P503 allele-carriers are also carriers for R576.for 60 min at 4°. Insoluable material was removed by centrifu-

gation and equal amounts of cell lysates (BioRad protein
assay, BioRad Laboratories) were incubated with the 1 mg/ml In vitro binding assays
of the appropriate antibodies (IRS-1, IRS-2, Jak1 or STAT6)

Performing the in vitro assays revealed that IRS-1, IRS-2 andfor 16 hr at 4°. Antibodies were precipitated with protein A
JAK1 bind to all three synthetic peptides tested, including thesepharose beads (Pharmacia). After four washes with lysis
unphosphorylated wildtype peptide (Fig. 1), but STAT6 (inbuffer, proteins were analysed on sodium dodecyl sulphate–
cell lysates) does not bind to any of them (result not shown).polyacrylamide gel electrophoresis (SDS–PAGE) and trans-
Therefore, STAT6 served as a specificity control.ferred onto polyvinylidene difluoride filters (Millipore,

Bedford, UK). The residual binding sites on the filters were
blocked with triphosphate-buffered saline (TPBS: 150 m Immunoassays
sodium chloride, 3 m potassium chloride, 1 m potassium

To elucidate the functional aspects of the polymorphisms wedihydrogen phosphate, 7 m disodium hydrogen phosphate,
performed immunoassays in groups of probands presenting0·05% Tween 20) and 5% non-fat dried milk over night. The
wildtype alleles, one polymorphic allele, respectively, or bothfilters were incubated with antiphosphotyrosine antibodies
polymorphic alleles. We could not detect a difference in the(Santa Cruz Laboratories), the appropriate horseradish peroxi-
self-phosphorylation pattern of JAK1 in T cells of any of thedase (HRP)-coupled secondary antobodies (Dako GmbH,
groups (results not shown).Germany) and developed with ECL (Amersham). Filters were

However, the phosphorylation rate of IRS-1 and IRS-2stripped, washed in TPBS and immunostained with the
was increased in proband cells bearing both polymorphismsrespective antibody used for precipitation to control protein
(P503/R576). Phosphorylation of STAT6 was reduced inconcentrations.
proband cells bearing any single or both of the polymor-
phisms (Fig. 2).

RESULTS

Allele frequencies DISCUSSION

We determined the frequencies of the four alleles diverging By applying linkage analysis in affected sib-pairs evidence for
from the published genotype as being between 8·9 and 20·9%8 a gene at the chromosomal region 16p12–11 influencing IgE
(Table 1). This defines them as polymorphisms rather than responsiveness was found.23 Association studies with common
mutations. polymorphisms in the coding part of the candidate gene

IL-4Ra demonstrated a possible involvement of this gene in
atopy.19,23,24

Association studies
We concentrated on four polymorphisms, two of them

already known E400A and C431R,19 one recently found to beThe two polymorphisms S503P and Q576R showed significant
association with total IgE concentrations, but not with the associated with atopy (Q576R)24 and one which has not yet

been described (S503P). Regarding the seven known polymor-phenotype ‘specific sensitization’ (Table 2). The less frequent
alleles, P503 and R576, were associated with lower total IgE phisms leading to amino acid exchanges, these four are situated

in the intracellular part of the receptor close to significantconcentrations. Regarding the parameter estimates, the
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Table 2. Logistic regression analysis and linear regression analysis for the explanation of the phenotypes ‘specific sensitization to common
inhalant allergens’ treated as a dichotomic parameter and ‘total serum IgE’ treated as a logarithmic linear parameter by the genotypes ‘presence

of the allele P503 or R576, respectively’

Specific sensitization log (IgE)

Confidence interval Confidence interval
Polymorphism Odds ratio (95%) P Parameter estimate (95%) P

E400A 1·10 0·28/4·24 0·89 −0·15 −0·40/0·10 0·25
C431R 1·37 0·30/6·27 0·68 −0·11 −0·39/0·39 0·45
S503P 0·51 0·15/1·76 0·29 −0·27 −0·45/−0·09 0·003
Q576R 0·36 0·13/1·02 0·055 −0·28 −0·45/−0·11 0·002
S503P and Q576R −0·30 −0·47/−0·120·0008

The level of significance was adjusted to P<0·025 to account for multiple testing. The negative parameter estimate indicates lower total IgE
levels in individuals bearing the respective polymorphisms, it allows calculating the average IgE levels.

wt wtP P503 K

(a)

(b)

(c)

wt wtP P503

wt wtP P503 K

Figure 1. In vitro binding assay with three synthetic peptides (wildtype
unphosphorylated=wt; wildtype phosphorylated at Y497=wtP; poly-
morphism S503P phosphorylated=p503) corresponding to the I4R
motif of IL-4Ra. Peptides were incubated with T-cell lysates (3±107
cells) or recombinant IRS-1 (100 ng), and immunoblotted. JAK1,
IRS-1 and IRS-2 bind equally to all three peptides. (a) Binding of
JAK1 (cell-lysate); (b) binding of IRS-2 (cell-lysate); (c) binding of
IRS-1 (recombinant); K=control of initial substrate concentration. 1 2 3 4

(a)

(b)

5 6 7 8

1 2 3 4 5 6 7 8 9

1 2 3 4 5 6 7 8 9

1 2 3 4 5 6 7 8 9

1 2 3 4 5 6 7 8 9

Anti-P

Anti IRS-2

Anti-P

Anti STAT6

Control

Figure 2. Representative pictures of in vivo immunoassays with T-cell
lysates (5±107) derived from four different groups of individuals.substrate binding sites. They cover the functionally important
Phenotypes for lanes 1, 2, 3 P503/R576; lanes 4, 5 S503/R576; lanesparts of the receptor at fairly equal distances. We applied
6, 7 P503/Q576; lanes 8, 9 wildtype. Control picture ofassociation studies in a population of children and young
STAT6-phosphorylation: lanes 1–4 unstimulated cells; lane 5 wildtype;adults aged between 6 and 22 years in order to distinguish
lane 6 P503/Q576; lane 7 S503/R576; lane 8 P503/R576. Incubations

between affected and non-affected individuals. This represents were performed with antiphosphotyrosine (151000) and the respective
the most reliable test population, eliminating the possibility of antibodies (151500) against the substrates as a control. P503/R576
sensitization being not yet or no longer detectable. individuals show enhanced phosphorylation of IRS-2, whereas STAT6

Association was seen at the known polymorphic site Q576R phosphorylation is reduced in presence of any mutation. (a) IRS-2;
and to an equal extent at the polymorphic site S503P. The (b) STAT6.
association was only seen regarding lower total serum IgE
concentrations. This is striking, as there normally is a great
overlap in the phenotypes ‘specific sensitization’ and ‘elevated the atopic phenotype has been shown.24 Substrates of this site

are STAT6 and the phosphatase SHP-1. The exchange tototal serum IgE’.
The most prominent result has been seen in individuals arginine introduces an additional positive charge and probably

alters the binding site for these substrates. On the basis ofcarrying both polymorphic alleles, P503 and R576. This might
merely be a statistical artefact, however, it might also indicate enhanced CD23 expression the authors of the former study

postulate an upregulatory effect in individuals being hetero-interactions of both polymorphic sites.
Very recently association of the polymorphism Q576R with zygous and homozygous for R576 (n=8). Their results stand

© 1999 Blackwell Science Ltd, Immunology, 96, 365–371
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(a)  Wild type

(c)  S503/R576

(b)  P503/Q576

(d)  P503/R576

Figure 3. Model of possible conformational and functional changes in the IL-4Ra signal transduction related to two common
polymorphisms in the I4R motif and the tyrosine (Y ) rich region (575–631). The polymorphisms P503 and R576 independently
influence STAT6 interactions with IL-4Ra, but only in the presence of both is the IRS pathway altered. (a) Wildtype situation:
substrates IRS and STAT6 bind, phosphorylation status normal (P); (b) polymorphism S503P: conformational change, IRS
pathway unaltered; STAT6 binding impaired ( XXX ), phosphorylation of STAT6 reduced; (c) polymorphism Q576R: introduction
of a positive charge (+), IRS pathway unaltered; STAT6 binding impaired ( XXX ), STAT6 phosphorylation reduced; (d)
polymorphisms S503P and Q576R: conformational change and positive charge; IRS phosphorylation increased; STAT6 binding
impaired ( XXX ), STAT6 phosphorylation reduced.
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in direct contrast to our findings. Homo- and heterozygous mational changes in the receptor cytoplasmatic region
lead to the observed effects (Fig. 3). Of course, tertiaryindividuals for R576 (n=66) showed significantly lower IgE

levels than those who are homozygous for Q576 (n=113). structure analysis of IL-4R has to be performed in order
to verify our proposals.Moreover, the interpretations are rendered more difficult as

S503P stands in direct linkage disequilibrium with Q576R, 2 The introduction of a positive charge at position 576
leading to enhanced binding of STAT6, as has already76% of the R576 allele carriers are also P503 allele carriers.

In order to explain these contradictions and to elucidate been shown.24
the importance of both polymorphisms in cells, functional

Phosphorylated STAT6 forms dimers and controls cellstudies were performed.
differentiation and the trancription of genes, such as the IL-4The amino acid at position 503 is part of the insulin-IL-4
expression.28 As IL-4 is an important factor in the initializationreceptor motif (I4R). This motif contains a tyrosine residue
of B-cell proliferation, reduced amounts consequently couldat position 495, which is phosphorylated by JAK1 in response
lead to a reduction in IgE concentrations.to IL-4. Furthermore, it has been shown to be crucial for

We conclude that S503P and Q576R independently influ-binding and tyrosine-phosphorylation of IRS-1 and IRS-2,
ence STAT6 binding and lead to lowered total IgE levels. Inwhich consequently initiates signal transduction cascades
addition, both polymorphisms occurring together influencestowards cell proliferation.25
the IRS pathways, also leading to lowered total IgE levels.The serine-proline substitution results in a change in
This would imply a magnification of effects in the presence ofpolarity of the receptor and could well affect its conformation
both polymorphisms, and interestingly, would correlate nicely(possibly interrupting a b-turn according to secondary struc-
with our association results. We would recommend furtherture predictions; data not shown).
studies with recombinant receptor molecules bearing differentFor the first time our analyses showed that JAK1 exactly
combinations of polymorphisms in order to study the influencebinds to the I4R motif. This was seen regardless of the
on proliferation and IgE production, as they have been appliedpolymorphism S503P. Futhermore, its self-induced phos-
for the Ile50Val polymorphism.29phorylation status is not influenced by either polymorphism,

S503P or Q576R. Therefore, alterations of the signal transduc-
tion cascades can not be caused by altered binding or ACKNOWLEDGMENTS
phosphorylation capacities of the JAK1 kinase.
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