
A
�

rchivum Immunologiae et Therapiae Experimentalis, 2000, 4
�

8,�  505–512
P
�

L ISSN 0004-069X

Review

Recent Advances in Understanding How Interleukin 13
Signals Are Involved in the Pathogenesis of Bronchial Asthma
K. Izuhara et al.: IL-13 Signals in Bronchial Asthma

KENJI IZ
�

UHARA1* , RITSUKO UMESHITA-SUYAMA1, MINA AKAIWA1, TA
�

RO SH
�

IRAKAWA2, 
KLAUS A. DE

�
ICHMANN3, KAZUHIKO AR

�
IMA1, NAOTAKA HAMASAKI1 and JULIAN M. HO

�
PKIN2

1 Department of Clinical Chemistry and Laboratory Medicine, Graduate School of Medical Sciences, Kyushu University, Fukuoka,
8
	
12-8582, Japan, 2



 Experimental Medicine Unit, University of Wales Swansea, Swansea, SA2, 8PP, UK, 3

�
 University Children’s Hospital,

U
�

niversity of Freiburg, Freiburg, D 79106, Germany

A



bstract. The prevalence of allergic disease has dramatically increased in recent decades, especial
�
ly in urban

a� nd industrialized areas. Allergic diseases are disorders of the immune system, the results of complex interactions
a� mong various genetic and environmental factors. Among them, the important role of interleu� kin 13 (IL-13),
a�  Th2-type cytokine, has recently emerged in the pathogenesis of bronchial asthma. Based on studies using mice,
g� reat attention has been paid to the direct effects of IL-13 on bronchial tissues. In this revi

�
ew, we describe recent

a� dvances in understanding the signal transduction mechanism of IL-13, the involvement of IL-13 signal-related
g� enes as genetic factors in the pathogenesis of bronchial asthma, and the expression of IL-13 receptor on bronchial
t

�
issues. We describe potential strategies for targeting IL-13 signals to improve allergic st

�
ates.
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Introduction

Interleukin 4 (IL-4) and IL-13 are pleiotropic cyto-
kines primarily produced by Th2-type cells, mast cells
a� nd basophils6

�
, 72. IL-4 and IL-13 have overlapping bi-

o� logical activities, such as class-switching toward IgE
a� nd IgG4, expression of CD23 and MHC class II on
B

�
 cells, anti-inflammatory actions on monocytes, pro-

d
�
uction of chemokines and induction of arachidonic

a� cid-metabolizing enzymes on bronchial epithelial
c� ells3

�
1, 39, 72. On the other hand, IL-4, but not IL-13,

induces expansion of Th2-type cells and proliferation
o� f T cells7

�
2.

Much evidence has accumulated indicating that IL-4
a� nd IL-13 are involved in the pathogenesis of bronchial
a� sthma. It has been shown that IL-4 and IL-13 are high-
ly expressed in lung, and IL-4 and IL-13 levels are high
i

�
n peripheral blood in bronchial asthma patients10, 24, 25,

3
�
5, 46, 57, 66. Furthermore, over-expression of IL-4 or

IL-13 induces a bronchial asthma-like phenotype,
w� hereas blockage of IL-4 or IL-13 signals impairs the
i

�
nduction of a bronchial asthma-like phenotype in

Abbreviations used: IL – interleukin, IL-4Rα�  – IL-4 receptor α�  chain, γ� c�  – the common cytokine receptor γ�  chain, IL-13Rα�  – IL-13R
α�  chain, Jak – Janus tyrosine kinase, STAT – signal transducer and activator of transcriptio� n, PI3 – phosphatidylinositol 3, IRS – insulin
receptor substrate, Val – valine, Ile – isoleucine, PBMC – peripheral blood mononuclear cells, Gln – glutamine, Arg – arginine, SNP
– single nucleotide polymorphism.

*  Correspondence to: Kenji Izuhara, M.D. Ph.D., Department of Biochemistry, Saga Medical School, 5-1-1, Nebeshima, Saga, 849-8501
J
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m ice5
!
, 11, 21, 52, 70, 71. Particularly, based on the results

o� f administration of IL-13 in mice, it is assumed that
IL-13 acts on non-hematopoietic cells, evoking a bron-
c� hial asthma-like phenotype, because murine IL-13
d

�
oes not induce IgE synthesis in B cells nor expand

Th2-type cells.
I

"
n this review, we describe progress in the analysis

o� f IL-13 signals and their involvement in the pathogen-
e# sis of bronchial asthma as well as potential strategies
f

$
or targeting IL-13 signals to treat allergic diseases.

S
%

ignal Transduction of IL-4 and IL-13

I
"
t had been believed that functional IL-4R was com-

p& osed of the IL-4 receptor α chain (IL-4Rα)
'
 and the

c� ommon cytokine receptor γ(  chain (γ( c� )
'
, which is now

c� alled type I IL-4R2



9. γ( c� , which was originally identi-
fied as the IL-2R γ(  chain, has been shown to be in-
v) olved in the cytokine receptors of IL-2, IL-4, IL-7,
I

"
L-9 and IL-153

�
4, 38 (Fig. 1). Thereafter, two IL-13-

-binding units were identified, the IL-13R α chain 1
(IL-13Rα1)

'
 and IL-13Rα2, in both the mouse and

h
*
uman systems1, 7, 16, 23. In addition to type I IL-4R, the

heterodimer consisting of IL-4Rα and IL-13Rα1 has
b

+
een recently shown to act as a functional IL-4R1, 45, 49, so

t
�
hat it is called type II IL-4R. Although the homodimer

o� f IL-4Rα is able to transduce IL-4 signals18, 37, 53,
formation of the heterodimer consisting of IL-4Rα and
e# ither γ( c�  or IL-13Rα1 would be required to transduce
o� ptimal IL-4 signals28, 44, 45, 62. It is controversial
w� hether the heterotrimer type of IL-4R composed of
I

"
L-4Rα, γ( c�  and IL-13Rα1 exists45, 50. The IL-13 recep-

t
�
or is also composed of the heterodimer consisting of

IL-13Rα1 and IL-4Rα1. IL-4Rα is necessary for
I

"
L-13Rα1 to exert substantial binding activity to IL-131.

These results indicate that IL-4 and IL-13 transduce the
same signals when they engage type II IL-4R/IL-13R.
I

"
L-13Rα2

,
 is assumed to act as a decoy receptor, be-

c� ause it has a very short cytoplasmic domain7
�

, 16; how-
e# ver, the details of the function of this molecule remain
u� nclear.

It is known that engagement of IL-4 and IL-13 re-
c� eptors by the ligands induces activation of a variety of
signal-transducing molecules2



9, 47. These molecules

c� onverge into two pathways: the Jak-signal transducer
a� nd activator of transcription (STAT) pathway and the
p& hosphatidylinositol 3 (PI3)-kinase pathway. The Jak-
-STAT pathway includes activation of Jak1, Jak3 and
T

-
yk2 by IL-4, and Jak1 and Tyk2 by IL-13 in hemato-

p& oietic cells, followed by activation of STAT62



9, 47,
w� hich explains the similar biological activities of IL-4
a� nd IL-13. It has been confirmed that STAT6 has a cen-
t

�
ral role in the signal transduction of IL-4 and IL-13,

including IgE synthesis, Th2 differentiation, prolifera-
t

�
ion of B cells and T cells and deactivation of mono-
c� ytes, based on analyses of STAT6-deficient mice and
t

�
hose of the promoter region of the cytokine-targeted

g� enes15, 32, 41, 56, 60, 61. We and others recently demon-
strated that, in addition to STAT6, STAT3 is also acti-
v) ated by IL-4 and IL-13, dependent on expression of
I

"
L-13Rα15

!
0, 64. Tyrosine residues located in the C ter-

minus of IL-13Rα1 are the binding sites for STAT3.
These results demonstrated that the signal pathways are
d

�
ifferent between type I and type II IL-4R, even though

b
+
oth receptors are engaged by IL-4. It is important

w� hich type of receptor is expressed on the targeted cells
t

�
o elucidate the signal transduction mechanism of IL-4

in those cells. To date, the physiological role of STAT3

Fig. 1. Signal transduction pathways of IL-4 and IL-13. A sche-
m. atic model of signal transduction pathways of IL-4 and IL-13 is
d
/
epicted. Note that type II IL-4R/IL-13R transduces the STAT3

p0 athway in addition to the STAT6 pathway

5
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o� n IL-4 and IL-13 signals remain to be resolved. It is
o� f interest to clarify what kinds of genes are induced
b

+
y STAT3. The PI3-kinase pathway includes tyrosine

p& hosphorylation of the insulin receptor substrate 1/2
(IRS-1/2) by Jak molecules, followed by recruitment of
PI3-kinase to the IRS/IL-4R complex29, 47. PI3-kinase
i

�
s assumed to be important for the growth signal of

IL-45
!
8, 68.

G
2

enetic Factors Involved in Bronchial Asthma
a3 mong IL-4- and IL-13- Signal-Transducing
M

4
olecules

A
5

llergic diseases are the results of complex interac-
t

�
ions between genetic factors and environmental in-

fluences. Many attempts have been made to identify
a� llergy or asthma-causing genes2. We here describe
g� enetic factors involved in bronchial asthma among IL-4
a� nd IL-13-signal-transducing molecules which we have
i

�
dentified.

IL-4Rα

A
5

topy is characterized by an inherited tendency to
heighten IgE levels and it leads to clinical symptoms of
a� sthma, eczema and rhinitis. As it has been proved that
t

�
he IL-4Rα gene shows a strong genetic linkage with

a� topy through maternal alleles in a German popula-
t

�
ion14, we applied the candidate gene approach for the

f
$
irst time to identify functional polymorphism in the

IL-4Rα gene. A variant of human IL-4Rα, which sub-
stitutes isoleucine (Ile) for valine (Val), has been ident-
ified9

6
, 26. To test whether this variant might promote

d
�
ysregulation of IgE synthesis, we conducted genetic

a� ssociation studies of serum IgE levels in Japanese and
British populations42 (SHIRAKAWA et al., unpublished
d

�
ata). There was a significant difference in Ile/Val50

g� enotype frequencies between control and atopic sub-
j

7
ects in a Japanese population: Ile50 associated with

a� topic asthma but not non-atopic asthma; Ile50 associat
�
ed

specifically and highly significantly with raised total
serum IgE levels and mite-specific IgE. However, this
v) ariant did not show significant association with atopy
in a British population (SHIRAKAWA et al., unpublished
d

�
ata).

T
-

o evaluate the functional effect of Ile50Val on IgE
synthesis, we transfected the plasmid encoding human
I

"
L-4Rα carrying either Ile50 or Val50 into a mouse

p& ro-B cell line, Ba/F3, and a human Burkitt lymphoma
c� ell line, Jijoye4

8
2 (Fig. 2). The plasmid encoding the

IL-4 responsive element in the promoter region of Iε9

a� nd the reporter gene had been incorporated into these
c� ell lines. In both transfectants, human IL-4 enhanced
t

�
he transcription activity of Iε9  in the Ile50-type three

t
�
imes as much as in the Val50-type. Activation of

STAT6, which is critical for the transcription of Iε9 , was
a� ugmented in the Ile50-type almost two times as much
a� s in the Val50-type, judged by electrophoretic mo-
b

+
ility-shift assay. We next compared IL-4 responsive-

n: ess in peripheral blood mononuclear cells (PBMC)
w� hose IL-4Rα genes were homozygotes of either Ile50
o� r Val504

8
3. Ile50-carrying PBMC produced IgE upon

stimulation of IL-4 almost three times as much as
V

;
al50-carrying ones did. Taken together, these findings

indicate that the Ile50-type of IL-4Rα can transduce
h

*
igher IL-4 signals than the Val50-type. It had been

a� ssumed that, because Ile50Val is located at the extra-
c� ellular domain of IL-4Rα, the Ile50-type would en-
hance the affinity with IL-4 compared with the Val50-
-type; however, there was no difference in the affinity
w� ith IL-4 between the Ile50-type and the Val50-type42, 43.
T

-
o date, the mechanism by which the Ile50-type up-

-regulates the ability to transduce IL-4 signals has not
b

+
een described. As IL-4Rα is utilized also by func-

t
�
ional IL-13R, it would be possible that Ile50Val affects

n: ot only IL-4 signals, but also IL-13 signals. Work is
c� urrently under way to explore such a possibility.

A
5

 cytoplasmic variant of IL-4Rα, in which glu-
t

�
amine (Gln) at amino acid 551 is replaced with ar-

g� inine (Arg), has been found in excess in Caucasian
subjects with hyper-IgE syndrome, severe eczema and
b

+
ronchial asthma3

�
3, 54; however, Arg/Gln551 genotype

frequencies between control and atopic subjects were
i

�
nvariant in both Japanese and British populations5

!
9

(SHIRAKAWA et al., unpublished data) and the frequency

F
<

ig. 2. Ile50Val effects on IL-4 signals. A schematic model of
I
=
le50Val effects on IL-4 signals is depicted. Upon stimulation of

IL-4,  Ile50-typed IL-4Rα�  transduces stronger signals than Val50-
-typed IL-4Rα�

K. Izuhara et al.: IL-13 Signals in Bronchial Asthma 5
1
07



o� f Arg551 tended to be much lower in atopics than in
c� ontrols in a German population3

�
6. We and others, fur-

t
�
hermore, demonstrated that Arg551Gln does not affect

I
"
L-4 signals43, 67.

IL-13

W
>

e have recently identified that a polymorphism,
G

?
 to A, exists at the 4464 base of the IL-13 gene from

t
�
he starting point of translation, which leads to replace-

ment of Arg residue at the 110th amino acid with Gln2



2.
The incidence of homozygous for Gln and heterozy-
g� ous type was higher than that of homozygous for Arg
in bronchial asthma patients in both Japanese and Brit-
i

�
sh populations. The incidence is almost the same be-

t
�
ween atopic and non-atopic asthma. Furthermore, as-

t
�
hmatic patients homozygous for Gln110 had

significantly higher levels of serum IL-13 than those
h

*
omozygous for Arg110. It is noteworthy that this poly-

morphism is correlated with bronchial asthma, irrespec-
t

�
ive of ethnic difference. These results indicate that the

I
"
L-13 gene is a genetic factor of bronchial asthma, but

not of atopy.
Investigation of how this polymorphism affects IL-13

signals is now under way. A computer modeling ana-
lysis suggests that the 110th amino acid is close to Arg
a� t the 10th amino acid sterically, and that the substitu-
t

�
ion of Gln for Arg would change electrostatistic

strength, which may affect the conformational position
o� f the 10th amino acid22. This positional change at the
10th amino acid may lead to conformational changes of
a� spartic acids at the 11th and 14th amino acids. As the
p& ortion between the 10th and 14th amino acids is as-
sumed to be important for binding to the receptor, based
o� n the analogy with IL-46

�
3, it would be possible that

t
�
his polymorphism influences the binding affinity of the

l
�
igand.

IL-13Rα1

W
>

e have identified a novel single nucleotide poly-
morphism (SNP), A1398G, in the coding region of the
I

"
L-13Rα1 gene, numbered based on the cDNA2



2. As

t
�
he IL-13Rα1 gene locates on the X chromosome, the

i
�
ncidence of this variant was calculated for atopy in

male and female subjects2



2. In the British population,
t

�
he incidence was significantly higher in males; how-

e# ver, there was no significant difference in the Japanese
p& opulation. As this is a silent variant, it would be
p& ossible that there is another linkage disequilibrium
SNP, functionally correlated with atopy, or alternative-
ly, that this variant affects expression of IL-13Rα1.

S
@

TAT6

A G2964A variant in a 3’  untranslated region of the
STAT6 gene, numbered based on the cDNA, has been
identified. This variant was correlated with mild atopic
a� sthma in the Japanese population, but not in the British
p& opulation20. We analyzed the expression level of
STAT6 in peripheral B and T cells from Japanese do-
nors whose genotypes are homozygous for A or
G

?
; however, there was no difference (IZ

A
UHARA et al.,

u� npublished data). It would be important to search for
a� nother variant that influences the activity or expression
l

�
evel of STAT6. Such a variant and G2964A may result
in linkage disequilibrium.

Expression of the IL-4R and IL-13R
i

B
n Bronchial Tissues

It has been shown that the functional IL-13R ex-
p& resses on the surface of B cells and monocytes in he-
m atopoietic cells4

8
8, 72; however, it is not fully under-

stood what kinds of cells express the functional IL-13R
i

�
n non-hematopoietic cells (Fig. 3). The results, i.e that

I
"
L-13 evokes a bronchial asthma-like phenotype in

mice and that the polymorphism on the IL-13 gene is
c� orrelated with bronchial asthma, suggest that IL-13
a� cts directly on non-hematopoietic cells in bronchial
t

�
issues, leading to bronchial asthma. To address this

qC uestion, we recently generated anti-IL-13Rα1 anti-
b

+
ody and analyzed the expression of IL-13Rα1 by his-

t
�
ochemistry2



2. It turned out that bronchial epithelial cells

a� nd smooth muscle cells highly express IL-13Rα1.
I

"
L-4Rα, another component of the functional IL-13R,

w� as also highly expressed on the same cells, which is
i

�
n line with a previous report6

�
5. These results indicate

t
�
hat type II IL-4R/IL-13R can be expressed on these

c� ells and that both IL-4 and IL-13 exert their actions
o� n these cells. The specimens derived from bronchial
a� sthma patients showed the same distribution of

Fig. 3. IL-13-targeted cells in bronchial tissues. IL-13 mainly acts
on bronchial epithelial cells and smooth muscle cells in bronchial
tissues, which may be closely correlated with the pathogenesis of
bronchial asthma. Gln110-typed IL-13 may transduce stronger sig-
nals than Arg110-typed IL-13

5
1
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I
"
L-13Rα1 as those derived from healthy donors. It has

b
+
een shown that IL-13 causes induction of eotaxin pro-

d
�
uction and expression of 15-lipoxygenase from bron-

c� hial epithelial cells3
�
1, 39, both assumed to be important

steps for the pathogenesis of bronchial asthma. On the
o� ther hand, it is uncertain what kinds of biological ef-
f

$
ects IL-13 triggers in bronchial smooth muscle cells.

As it is well-known that hypertrophy and proliferation
o� f bronchial smooth muscle cells are characteristic of
b

+
ronchial asthma, it is of great interest to explore

w� hether IL-13 is involved in such a phenotypic change
o� f bronchial smooth muscle cells.

P
D

otential Therapeutic Strategies 
for Targeting IL-13 Signals

T
-

he importance of IL-13 signals in the pathogenesis
o� f bronchial asthma prompts us to speculate that IL-13
signals are potential therapeutic targets for improving
a� llergic states. Several reagents are now listed for such
a�  purpose, as described below. Furthermore, much at-
t

�
ention has been paid to the development of low mole-

c� ular weight compounds to block the IL-13/IL-13R in-
t

�
eraction, IL-13 synthesis, and the intracellular signal

p& athway of IL-133
�
0.

S
@

oluble IL-13Rα2

A
5

s soluble IL-4Rα is a potent reagent to block IL-4
signals3

�
0, and administration of soluble IL-4Rα is ef-

f
$
ective for bronchial asthma patients4, it is reasoned that

soluble IL-13R is also a good candidate to block the bind-
ing of IL-13 to the receptor. As the affinity of IL-13Rα2
t

�
o IL-13 is higher than that of IL-13Rα11, 7, 16, 23, so-

l
�
uble IL-13Rα2

,
 would be a better candidate. As a mat-

t
�
er of fact, soluble IL-13Rα2 has been shown to be

e# ffective to block IL-13 signals in mice8, 9, 21, 70. The
next step is to apply the humanized molecule or the
human counterpart to allergic patients.

IL-4 mutein

T
-

he IL-4 mutein whose tyrosine residue at the 124th
a� mino acid is replaced with aspartic acid (Y124D) has
b

+
een developed, and it has been shown that it acts as

a�  competitor for IL-4, resulting in the blockage of IL-4
signals3

�
0. In addition, Y124D prevents the binding of IL-13

t
�
o the IL-13R and inhibits its signals by occupying IL-4Rα,
a�  functional component of the IL-13R3

�
, 17, 73. These

results suggest to us that the advantage of this reagent

w� ill be that it has a wider spectrum to block both IL-4
a� nd IL-13 signals.

I
E
L-13-toxin

C
F

ell-surface receptor-specific fusion toxins have
b

+
een widely applied as highly selective reagents to

e# liminate specific receptor-bearing cells. A fusion pro-
t

�
ein of IL-13 and Pseudomonas exotoxin displays spe-

c� ific cytotoxicity on IL-13R-expressing malignant
c� ells12, 13, 51; however, it is yet to be shown whether
such a fusion protein is effective for allergic states.

Conclusions and Future Prospects

The molecular basis for the involvement of IL-13
signals in the pathogenesis of bronchial asthma is be-
g� inning to be elucidated. A framework for the signal
t

�
ransduction mechanism of IL-13, definition of IL-13-

-targeting cells in bronchial tissues, and several genetic
f

$
actors correlating with IL-13 signals have been re-

v) ealed. It is hoped that, by clarifying the detailed mech-
a� nism of IL-13 signals in such targeted cells, identifi-
c� ation of genetic and environmental factors involved in
IL-13 signals will progress. Based on such knowledge,
w� e should be able to predict the risk of developing
b

+
ronchial asthma by combining these factors and to try

t
�
o decrease the incidence of bronchial asthma by

p& revention. Furthermore, it is also expected that one or
m ore reagents will be developed to target IL-13 signals
specifically and will be found effective for bronchial
a� sthma patients.
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