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Summary

Activated interleukin (IL)-4Ra stimulates production of IgE through signal
transducer and activator of transcription-6 (Stat6) activation in lymphocytes.
Genetic studies have shown an association between polymorphisms in the
genes encoding IL-4Ra and Stat6 and elevated serum IgE in patients with
atopic disease. Some authors, including us, have reported an association of
Graves’ disease and elevated serum IgE. To analyse the relationship between
IL-4Ra and Stat6 polymorphisms and elevated serum IgE in patients with
Graves’ disease, 169 patients with Graves’ disease were studied. We investi-
gated whether these polymorphisms affect IL-4Ra–Stat6 signalling in cul-
tured human lymphocytes. A high frequency of both the Ile50 polymorphism
in IL-4Ra and 13GT repeat variants of the Stat6 gene was observed in patients
with Graves’ disease and elevated serum IgE (Ile50 allele; P < 0·05, 13GT
allele; P < 0·01 versus controls) but not in subjects with normal IgE. Cultured
human lymphocytes with the Ile50 IL-4Ra polymorphism and the 13GT
repeat variant of Stat6 showed increased IL-4 (and/or IL-13)-induced Stat6
activation (2·7-fold; P < 0·05 and 2·2-fold; P < 0·05, respectively). These find-
ings suggest that polymorphisms in the IL-4Ra and Stat6 genes play an
important role in elevation of serum IgE through increased Stat6 action in
patients with Graves’ disease.
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Introduction

Elevated circulating immunoglobulin E (IgE) is a hallmark
of allergic disease [1,2]. IgE is a key regulator of allergic
reactions such as asthma and atopy through various media-
tors [3]. IgE production in lymphocytes is regulated by
cytokines including interleukin (IL)-4 and IL-13; activation
of these receptors by IL-4 or -13 stimulates IgE production
through the activation of signal transducer and activator of
transcription-6 (Stat6) [4–6]. The IL-4 receptor consists of
the 140-kDa IL-4Ra chain and the common g-chain (gc), a
shared component of the receptors for IL-2, IL-7, IL-9 and
IL-15 [7,8]. The IL-13 receptor consists of the IL-4Ra chain,
IL-13Ra1 and IL-13Ra2 [9]. Once IL-4 or -13 activate
these receptors, activated IL-4Ra leads to tyrosine-
phosphorylation of Stat6 through Janus kinase (Jak). Phos-
phorylated Stat6 molecules subsequently form homodimers,
translocate to the nucleus, and then induce IgE production
by promoting gene transcription [10–13]. Inhibition of
IL-4Ra results in decreased IL-4/IL-13-driven Stat6

activation and reduced IgE synthesis in cultured lympho-
cytes [14]. Similarly, lymphocytes from Stat6-deficient
animals fail to produce IgE [13]. Additionally, consistent
with the above data, circulating IgE is completely diminished
in IL-4Ra–/– or Stat6–/– mice [4,5,15]. These findings show
that IL-4Ra–Stat6 signalling in lymphocytes is critical for
IgE production. Genetic studies have suggested that poly-
morphisms of IL-4Ra or Stat6 may associate with allergic
diseases and elevated serum IgE. A high frequency of the
IL-4Ra Ile50 polymorphism was found in patients with
atopic asthma [16], while a high frequency of the IL-4Ra
Arg551 polymorphism was found in patients with hyper-IgE
syndrome [17,18]; however, some studies were unable to
confirm these associations [19,20]. Besides IL-4Ra, recent
studies have reported that a high frequency of the Stat6
13GT repeat variant is found in patients with allergic disease
[21,22]. In cultured lymphocytes, the substitution of isoleu-
cine (Ile) for valine (Val) at amino acid 50 of human IL-4Ra
augments IL-4 stimulated Stat6 activation [16]. Moreover,
the 13GT repeat variant of Stat6 might enhance the
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transcriptional function of Stat6 [22]. The findings of these
studies suggest that these polymorphisms may cause eleva-
tion of IgE through augmentation of IL-4Ra–Stat6 signal-
ling in lymphocytes, leading subsequently to the
pathogenesis of allergic diseases.

Graves’ disease is an autoimmune disorder characterized
by increased thyroid receptor antibodies (TRAb) [23]. We
have reported that about 30% of patients with untreated
Graves’ disease have increased concentrations of serum IgE
[24–26]. Graves’ patients with elevated IgE show a low rate of
remission after treatment with thiamazole and a high recur-
rence rate even after remission [26]. This may be due to a
close cross-talk between the allergic and immune reactions
in Graves’ disease.

Therefore, the aim of this study was to determine whether
these polymorphisms in the genes encoding IL-4Ra and/or
Stat6 affect IL-4Ra–Stat6 signalling in lymphocytes and
cause an elevation in the level of serum IgE in Graves’
patients.

Materials and methods

Subjects

One hundred and sixty-nine patients with untreated Graves’
disease (34 men and 135 women, aged 18–79 years) were
analysed in this study. None of the patients had other
autoimmune diseases. One hundred and sixty-four normal
subjects (67 men and 97 women, aged 22–72 years) were also
analysed. All participants gave their written informed
consent before participating in the study. This study was
approved by the ethics committee of the Ryukyu Medical
University.

Biochemical measurements

The diagnosis of Graves’ disease was based on clinical symp-
toms and signs of hyperthyroidism with the presence of
ophthalmopathy, diffuse goitre, elevated levels of serum thy-
roxine (T4) and triiodothyronine (T3), and an elevation of
thyroid stimulating hormone (TSH)-binding inhibiting
immunoglobulin (TBII) or thyroid-stimulating antibody
(TSAb). Blood samples were obtained at the time of diagno-
sis to measure the levels of T3, T4, TSH, anti-thyroid peroxi-
dase (TPO) antibody, thyroid stimulating hormone binding
inhibitory immunoglobulin (TBII), thyroid stimulating
antibody (TSAb) and immunoglobulin E (IgE) as reported
previously [24–26]. Levels of the anti-TPO antibody, TBII,
TSAb and IgE were measured at the Mitsubishi Kagaku
Bio-Clinical Laboratory (Tokyo, Japan). Under normal
conditions, TBII is < 10%, and TSAb is < 180% [24–26].
An anti-TPO antibody level of > 0·2 IU/ml was considered
to be positive. A normal IgE concentration was defined
as < 170 IU/ml based on previous reports [24,26].

DNA analysis

Genomic DNA was prepared from peripheral blood cells
using a standard column extraction technique (Qiagen,
Heiden, Germany). The Ile50Val genotypes of IL-4Ra and
the GT repeat variants in exon 1 of Stat6 gene were deter-
mined by direct sequencing. The sequence of the sense
oligonucleotide primer for the IL-4Ra gene was
5′-AGTCTGATGCGGTTCCTGGAG-3′ and that of the
anti-sense primer was 5′-CAGCTGTGGGAACACACCCA-
3′; these primers were designed to flank Ile50Val variant
region allowing the detection of a 297-base pairs (bp)
fragment. The sequences of the oligonucleotide primer
designed to flank the GT repeat variant region in first
exon of Stat6 gene were: sense 5′-GAGGGACCTGGG
TAGAAGGA-3′; and anti-sense 5′-CACCCCCATGCACTC
ATAG-3′; these primers enabled the detection of a 324–
332-bp fragment. For genotyping the Arg551Gln variant of
the IL-4Ra gene, polymerase chain reaction (PCR)
single-stranded conformational polymorphism (SSCP)
analysis was performed using the following primers, as
described previously: sense 5′-CTCTCTGAGCCAACCAC
TGT-3′; anti-sense 5′-CTTGTAACCAGCCTCTCCTG-3′
[17,21]. The accuracy of this method was confirmed by
direct sequencing of samples from each genotype (Arg/Arg,
Arg/Gln, Gln/Gln).

Lymphocyte isolation and cell culture

Heparinized blood samples were collected from 20 Graves’
patients. All of these subjects were confirmed to have
homozygous Ile50Val and GT variants by direct sequencing.
Peripheral blood mononuclear cells (PBMCs) were isolated
subsequently by Ficoll-Hypaque (Pharmacia Biotech,
Uppsala, Sweden) density gradient centrifugation and sepa-
rated into human B or T cells using a MagCellect T Cell/B
Cell Isolation Kit (Funakoshi, Tokyo, Japan). Each cell prepa-
ration was cultured in RPMI-1640 medium containing 10%
fetal calf serum (FCS), 5 ¥ 10-5 M b-mercaptoethanol,
100 U/ml of penicillin and 100 mg/ml of streptomycin. For
Western blotting, B and T cells were either unstimulated or
stimulated with 1 nM of recombinant human (rh) IL-4,
5 nM of rhIL-13 or a combination of rhIL-4 and rhIL-13, for
the indicated period. RhIL-4 and rhIL-13 were purchased
from Wako Chemicals (Osaka, Japan).

Western blot analysis

Cells were lysed at 4°C with NP-40 lysis buffer (1% NP-40,
50 mM Tris-HCl, 150 mM NaCl) containing proteinase and
phosphatase inhibitors (Sigma, Tokyo, Japan). Subsequently,
total protein (20 mg) from each sample were subjected to
10% denaturing sodium dodecyl sulphate-polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred onto nitro-
cellulose membranes (Millipore, Billerica, MA, USA). After
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blocking with Tris-buffered saline containing 5% non-fat
milk, the membrane was reacted with an anti-
phosphotyrosine Stat6 (Tyr641) antibody (Cell Signalling
Technology, Beverly, MA, USA) and detected with horserad-
ish peroxidase-conjugated anti-rabbit IgG using an
enhanced chemiluminescence (ECL) system (Amersham,
Little Chalfont, UK). The membrane was then stripped of
the bound antibody and reprobed with an anti-Stat6 anti-
body (s-20; Santa Cruz Biotechnology Inc., Santa Cruz, CA,
USA) to reveal the location and intensity of the 119-kDa-
labelled band.

Statistical analysis

Results are presented as numbers (%) or means � standard
deviation (s.d.). The proportion of genotypes or alleles were
compared by one way analysis of variance (anova), c2 test
with Yates’ correction or Fisher’s exact probability test. A
P-value of less than 0·05 was considered to indicate statistical
significance. These analyses were performed using the Stat-
View program for Windows (version 5·01; SAS Institute,
Cary, NC, USA).

Results

Clinical characteristics of Graves’ patients

Elevation of serum IgE (� 170 IU/ml) was found in 70
(41·4%) of the 169 untreated hyperthyroid patients with
Graves’ disease (Table 1). The serum levels of T3, T4, anti-
TPO antibody positivity, concentrations of TBII and TRAb
were almost the same in the 70 Graves’ patients with elevated
IgE and the 99 Graves’ patients with normal IgE.

Polymorphisms of IL-4Ra and Stat6 associate with
elevated serum IgE in patients with Graves’ disease

To examine a possible genetic correlation between poly-
morphisms in the IL-4Ra gene and Graves’ disease we

determined the genotype of the Ile50Val and Arg551Gln poly-
morphism in the above subjects (Table 2). Although there
was no difference in the frequency of the Ile50 allele among
controls (34·8%) and Graves’ patients with normal IgE
(33·3%), the frequency of the Ile50 allele (46·4%) was sig-
nificantly higher in Graves’ patients with elevated IgE than
in other subject groups (P = 0·0174 and 0·0149, respec-
tively). Indeed, the odds ratio for the non-Val50 genotype
was significantly higher in Graves’ patients with elevated
IgE than in controls [odds ratio (OR) 2·26, P = 0·0269]. On
the other hand, another polymorphism Arg551Gln did not
achieve statistical significance. We next genotyped the
dinucleotide (GT) repeat variant of exon 1 of the Stat6
gene in the same subjects. The frequency of 13GT repeat
allele was significantly higher in Graves’ patients with
elevated IgE, compared with those with normal IgE and
control subjects (Table 3, P = 0·0011 and 0·0015, respec-
tively). The logarithmic levels of IgE in hyperthyroid
Graves’ patients are shown in Fig. 1. A trend was obtained
for the average IgE concentration (log-transformed)
between Ile/Ile and the other genotypes [Ile/Ile;
407·12 IU/ml (2·20), n = 64, Ile/Val; 370·30 IU/ml (2·04),
n = 81, Val/Val; 239·43 IU/ml (1·93), n = 25], but did not
achieve statistical significance (Ile/Ile versus Ile/Val;
P = 0·2892, Ile/Ile versus Val/Val; P = 0·0777, respectively)
(Fig. 1a). Similarly, there was no significant difference in
the levels of IgE between Arg/Arg and the other genotype
(Arg/Gln and Gln/Gln) in the same gene (data not shown).
On the other hand, a significant association between the
13GT allele and IgE level was demonstrated by comparing
the IgE levels between subjects with the 13GT allele and
those with the 15GT allele (13GT allele versus 14GT allele;
P = 0·9848, 13GT allele versus 15GT allele; P = 0·0452,
13GT allele versus 16GT allele; P = 0·2927) (Fig. 1b);
however, this association was not seen in the homozygous
state (13GT/GT versus 15GT/GT; P = 0·0954), due probably
to the small number of subjects homozygous for 13GT
(n = 12).

Table 1. Serum immunoglobulin E (IgE) and thyroid function in untreated Graves’ patients.

Graves’ disease

with elevated IgE

Graves’ disease

with normal IgE

Normal

controls

No. of subjects 70 99 164

Gender (M : F) 14 : 56 20 : 79 67 : 97

Age (years) 42 � 13 41 � 13 40 � 7

Anti-TPO antibody positivity 65% 63% –

Thyroxine (mg/dl) 18·4 � 1·4 19·5 � 1·3 –

Triiodothyronine (ng/dl) 327 � 22 354 � 25 –

TSH (mIU/ml) 0·001 � 0·02 0·02 � 0·01 –

TBII (%) 53·3 � 12·3 43·7 � 12·5 –

Tsab (%) 560 � 81 540 � 73 –

IgE (IU/ml) 352 � 168 56 � 36 –

Data are means � s.d. Anti-TPO antibody: anti-thyroid peroxidase antibody; TSGL thyroid stimulating hormone; TBII: thyrotropin-binding

inhibiting immunoglobulin; TSab: thyroid stimulating antibody. Conversion factors to SI unit: TSH (mU/l), 1·0; thyroxine (nmol/l), 12·87; triiodot-

hyronine (nmol/l), 0·01536.
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Polymorphisms in IL-4Ra and Stat6 are associated
with increased Stat6 activation in cultured human
lymphocytes

To investigate the effects of the Ile50Val substitution and the
GT repeat, Stat6 phosphorylation was assessed by Western
blotting using B and T cells separated from human
monocytes. Band density was measured using NIH Image J;
the relative phosphorylation in each band was calculated
from the ratio of the density obtained from probing the
membrane with the anti-phosphotyrosine antibody to that

obtained from probing the same membrane with the anti-
Stat6 antibody. As shown in Fig. 2, when stimulating B cells
by rhIL-4 or rhIL-13 the total Stat6 level in cells with the
Ile/Ile genotype was slightly higher than that in cells with the
Val/Val genotype; however, no significant difference was
observed by image analysis. However, the phosphorylated/
total Stat6 ratio was substantially different between these
genotypes (approximately 2·7-fold). A similar result was
obtained even upon co-treatment with rhIL-4 (1 nM) plus
rhIL-13 (5 nM), suggesting that IL-4 and IL-13 are unlikely
to compete for the binding of their common receptor,

Table 2. Frequencies of genes and alleles of interleukin (IL)-4Ra in Graces’ patients and normal controls.

Graves’ disease (GD)

ControlsTotal

With elevated IgE

(� 170 IU/ml)

With normal IgE

(< 170 IU/ml)

Val50/Val50 64/169 (37·9) 22/70 (31·4) 42/99 (42·4) 69/164 (42·1)

Ile50/Val50 81/169 (47·9) 32/70 (45·7) 48/99 (48·5) 76/164 (46·3)

Ile50/Ile50 25/169 (14·8) 16/70 (22·9) 9/99 (9·1) 19/164 (11·6)

P value*† P = 0·0268 P = 0·5251

Odds ratio (95% CI) *† 2·26 (1·09–4·72) 0·76 (0·33–1·76) 1·0

Ile50 allele 131/338 (38·8) 65/140 (46·4) 66/198 (33·3) 114/328 (34·8)

P value*‡ P = 0·0174 P = 0·7390

Odds ratio (95% CI)†‡ 1·63 (1·09–2·43) 0·94 (0·65–1·36) 1·0

Arg551/Arg551 3/169 (1·8) 2/70 (2·9) 1/99 (1·0) 7/164 (4·3)

Arg551/Gln551 49/169 (29·0) 20/70 (28·6) 29/99 (29·3) 52/164 (31·7)

Gln551/Gln551 117/169 (69·2) 48/70 (68·6) 69/99 (69·7) 105/164 (64·0)

P value†§ P = 0·886 P = 0·2627

Odds ratio (95% CI)*† 0·66 (0·13–3·26) 0·23 (0·03–1·89) 1·0

Arg551 allele 55/338 (16·3) 24/140 (17·1) 31/198 (15·7) 66/328 (20·1)

P value†¶ P = 0·5450 P = 0·2008

Odds ratio (95% CI)†¶ 0·82 (0·49–1·38) 0·74 (0·46–1·18)

Data are no. of subjects (%). Statistical analysis using c2 test or Fisher’s exact probability test. *Ile50/ILE50 versus Ile50/Val50 + Val50/Val50.

†Controls versus each group of Graves’ disease patients. ‡Ile50 versus Val50. §Arg551/Arg551 versus Arg551/Gln551 + Gln551. ¶Arg551 versus Gln551.

Table 3. Frequencies of GT repeat alleles of the signal transducer and activator of transcription-6 gene in Graves’ patients and normal controls.

Allele

Graves’ disease (GD)

ControlsTotal

With elevated IgE

(� 170 IU/ml)

With normal IgE

(< 170 IU/ml)

13GT 68/338 (20·1) 40/140 (28·6) 28/198 (14·1) 52/198 (15·9)

P value* P = 0·0015 P = 0·5963

Odds ratio (95% CI)* 2·12 (1·33–3·40) 0·87 (0·53–1·44) 1·0

14GT 4/338 (1·2) 4/140 (2·9) 0/198 (0·0) 2/328 (0·6)

P value* P = 0·1260 – –

Odds ratio (95% CI)* 4·79 (0·86–26·48) – 1·0

15GT 227/338 (67·2) 83/140 (59·3) 144/198 (72·5) 222/328 (67·7)

P value P = 0·0808 P = 0·2231

Odds ratio (95% CI)* 0·70 (0·46–1·05) 1·27 (0·086–1·88) 1·0

16GT 39/338 (11·5) 13/140 (9·3) 26/198 (13·1) 52/328 (15·9)

P value* P = 0·0599 P = 0·3947

Odds ratio (95% CI)* 0·54 (0·29–1·03) 0·80 (0·48–1·33) 1·0

Data are no. of subjects (%). Statistical analysis using c2 test or Fisher’s exact probability test. *Controls versus each group of Graves’ disease patients.
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IL4Ra. In T cells, rhIL-4 induced phosphorylation of Stat6
to a similar level as seen in B cells (data not shown); expect-
edly, rhIL-13 failed to promote Stat6 activation in T cells as
IL-13, in contrast to rhIL-4, does not act on human T cells
[27]. In the next series of experiments investigating the effect
of the GT repeat variant, Western blot analysis revealed that
the amount of Stat6 phosphorylation stimulated by rhIL-4
or rhIL-13 was markedly enhanced in human B cells with a
homozygous 13GT genotype, in the presence of the same
level of total Stat6 protein. The phosphorylated/total Stat6
ratio was significantly higher in cells with this genotype than
in cells with other genotypes (Fig. 3).

Discussion

IgE is a key regulator of the allergic reactions that are impor-
tant in the pathogenesis of allergic diseases such as asthma

and atopy [1–3]. The IL-4Ra chain of the IL-4 or IL-13
receptor, and Stat6, play a critical role in regulating serum
concentration of IgE. There is growing evidence that poly-
morphisms in IL-4Ra and Stat6 might be associated with
allergic diseases mediated by IgE. We have reported previ-
ously that Graves’ patients with elevated serum IgE have a
lower rate of remission after treatment with thiamazole, and
a high recurrence even after remission [26]. This is the first
analysis of polymorphisms in the IL-4Ra and Stat6 genes in
Graves’ patients. We compared the frequency of these poly-
morphisms between Graves’ patients with normal IgE, those
with elevated IgE and normal control subjects. In addition,
we investigated the functional effects of these polymor-
phisms on IL-4Ra–Stat6 signalling in lymphocytes.

We found a high frequency of the Ile50 allele of IL-4Ra in
Graves’ patients with elevated serum IgE. However, we found
no increased in the frequency of this or other polymor-
phisms in Graves’ patients with normal IgE. Similarly, the
frequency of the 13GT allele, one of the GT repeat variants in
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the first exon of the Stat6 gene, was significantly higher in
Graves’ patients with elevated IgE. We also postulated that
IgE concentrations were fracturing in Graves’ patients.
However, in contrast to GT variants, the Ile50Val genotype
was not shown to have an obvious correlation with the level
of total serum IgE in our patients. It is difficult to account for
these results, and therefore further studies are warranted.

There have been several reports about the functional
aspects of the Ile50 allele, and a gain-of-function of the Ile50
variant has been shown [16,28]. The Ile50 substitution
occurs in the extracellular domain of human IL-4Ra next to
Cys49; therefore, a conformational change or an alteration in
binding affinity is hypothesized on the basis that a similar
extracellular variant, Thr49Ile, in the IL-4Ra chain of BALB/c
mice, might alter the ligand-binding affinity of IL-4R [29].
Using an electrophoretic mobility-shift assay (EMSA), Mit-
suyasu and co-workers demonstrated that the Ile50 variant

augments the activation of Stat6 by 1·6–1·8 fold, compared
with the Val50 variant [16,28]. The Ile50 variant of IL-4Ra
significantly up-regulates the response to IL-4 and/or IL-13,
with resultant increased activation of Stat6, and hence
increased IgE production. However, some other investigators
deny the association between Ile50 and elevated IgE [19].

On the other hand, the human Stat6 gene is located at
12q13·3–q14·1 and it is also associated with atopy and total
serum IgE concentration in various populations [30].
Dinucleotide repeats are distributed widely throughout the
human genome and their high flexibility has the potential to
alter DNA structures. Indeed, some of them have been
shown to affect transcriptional activity in different genes and
cell types [31–33]. The GT repeat in exon 1 of Stat6 is located
near transcription sites, which makes it possible that this
repeat can modulate transcriptional activity in human B and
T cells.

We have demonstrated marked Stat6 phosphorylation in
lymphocytes from individuals with the Ile50 genotype com-
pared with those from individuals with the Val50 genotype.
Furthermore, among the GT repeats, the 13GT variant was
associated with a higher degree of Stat6 phosphorylation
compared with the other variants under the same
conditions. These results from our present studies suggest
that polymorphisms in the genes encoding IL-4Ra and Stat6
contribute independently to the regulation of immune
responses in Graves’ disease through phosphorylation of
Stat6.

Gain-of-function mutations in IL-4Ra and Stat6 have
been reported to be associated with atopic asthma patients
with elevated IgE [16,22,28]. These mutations might be
present in Graves’ patients with elevated IgE, even if periph-
eral IL-4 or IL-13 is within the normal range or not detected
[26]. Although these mechanisms need further investigation,
it can be concluded that the elevation in the level of IgE in
Graves’ patients is caused by increased levels of IL-4 and/or
IL-13-induced Stat6 activation.

In conclusion, this is the first analysis of polymorphisms
in the IL-4Ra and Stat6 genes in Graves’ patients. We showed
an association between these polymorphisms and Stat6
action in lymphocytes.
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Fig. 3. Western blot analysis of total and phosphotyrosine

(pTyr)-signal transducer and activator of transcription-6 (Stat6) in

cultured human B cells. Human B cells bearing the Val/Val genotype

of interleukin (IL)-4Ra and the 13GT, 15GT or 16GT repeat variant

of Stat6 from each of five donors with Graves’ disease, and human B

cells bearing the Val/Val genotype of IL-4Ra and the 14GT repeat

variant of Stat6, from each of two donors with Graves’ disease, were

stimulated with 1 nM of hIL-4 or 5 nMM of hIL-13 for 30 min,

lysed, separated by sodium dodecyl sulphate-polyacrylamide gel

electrophoresis and subjected to Western blotting. Levels of

pTyr–Stat6 were normalized to the expression levels of the respective

total Stat6 proteins. The phospho/total Stat6 ratio was significantly

higher in 13GT-bearing B cells compared with B cells bearing the

other variants. Values are presented as means � standard deviation.

*P < 0·05; **P < 0·01.
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