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SUMMARY

Interleukin-13 (IL-13) is critical for the development of allergic asthma and is involved in the

activation of eosinophils within the airways. IL-13 exerts its activity on target cells via the

dimeric IL-13 receptor (IL-13R), which comprises the IL-13 receptor a1-chain (IL-13Ra1) as a

specific component. The aim of this study was to investigate the expression of the IL-13Ra1-

chain on primary human eosinophilic granulocytes. Furthermore, it addresses the regulatory

influence of cytokines on the level of surface abundance of this receptor subunit. Expression of

IL-13- and IL-4-receptor subunits in purified primary human eosinophils was monitored at the

messenger RNA level by reverse transcription polymerase chain reaction and at the protein level

by flow cytometry. For the analysis of IL-13Ra1 surface expression, a new monoclonal anti-

body, which was generated using genetic immunization, was employed. Different cytokines with

established activity on eosinophils were studied with regard to their influence on IL-13Ra1

in vitro by flow cytometry. Whereas IL-13 and IL-4 had inhibitory effects on IL-13Ra1

expression on eosinophils, interferon-c, tumour necrosis factor-a, and, to the largest extent,

transforming growth factor-b, enhanced the expression of this receptor subunit. A positive

regulatory response evoked by transforming growth factor-b and interferon-c does not prevent

inhibitory effects caused by IL-13. These findings suggest a regulatory cytokine network

influencing the reactivity of eosinophils to IL-13.
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INTRODUCTION

Human interleukin-13 (IL-13) is a pleiotropic cytokine with
a molecular weight of 12 000 which shows homology to
IL-4.1–3 The human IL-13 gene is located on chromosome

5q31 in a cluster of genes encoding IL-3, IL-4, IL-5, IL-9
and granulocyte–macrophage colony-stimulating factor

(GM-CSF). This chromosomal region has been linked with

asthma.4 IL-13 is produced by T helper type 2 (Th2)
lymphocytes and by a variety of other cell types, such as
mast cells, basophils, eosinophils, dendritic cells, Th1

CD4+ T lymphocytes, Th0- and CD8+ T lymphocytes.5

IL-13 exhibits a broad range of activities in the regula-
tion of inflammatory and immune responses, such as the
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induction of immunoglobulin class switching towards
immunoglobulin E (IgE) in B cells and the activation of
eosinophils within the airways. It was also found to be of
critical importance for the development of allergic asth-

ma.6,7 Allergic asthma is characterized by airway hyper-
responsiveness, elevated serum IgE levels, mucus
hypersecretion, subepithelial fibrosis and chronic pulmon-

ary eosinophilia.8

The influence of IL-13 on eosinophils plays a pivotal
role in asthma through regulation of recruitment, homing

and activation. IL-13 is able to activate eosinophils and to
prolong eosinophil survival.9 It also up-regulates vascular
cell adhesion molecule 1 expression which leads to elevated

eosinophil migration into inflamed lung tissue.10 Overex-
pression of IL-13 in the lungs of mice causes enhanced
expression of IL-5 and eotaxin, two mediators strongly
involved in lung eosinophilia.11,12 Interestingly, eosinophils

are able to produce functional IL-13 in response to
GM-CSF or IL-5.13

IL-13 mediates its effects via the IL-13 receptor (IL-13R).

This receptor is a heterodimer composed of IL-13R a-chain 1
(IL-13Ra1) and IL-4R a-chain (IL-4Ra).14,15 IL-13Ra1 has a
weak IL-13 binding capacity on its ownbut shows substantial

IL-13 binding upon complexing with the IL-4Ra-chain.15,16

As a result of the heterodimeric structure (IL-13Ra1 ⁄IL-
4Ra) of the IL-13R it can also be utilized by IL-4 which
explains overlapping activities of IL-13 and IL-4.17

As a second IL-13 binding protein, the high-affinity
IL-13R a-chain 2 (IL-13Ra2) has been described.18 Because
of its short cytoplasmic tail IL-13Ra2 appears to have no

signalling functions.18,19 It is supposed to act as a decoy
receptor and might play a role in the regulation of IL-13
signal transduction. There is also evidence for a soluble

form of IL-13Ra2.20

IL-13Rs are expressed on many different haematopoietic
and non-haematopoietic cells.5 Within the airways,

IL-13Rs are found on ciliated respiratory epithelial cells,
smooth muscle cells in bronchial tissue, and submucosal
glands in nasal mucosa. On eosinophils, the IL-13R has
as yet been demonstrated only indirectly by functional

studies.9,21

Recently, it has been shown that cytokine receptors
involved in eosinophil functions are regulated by cytokines.

IL-3, IL-5 and GM-CSF were found to reduce IL-5Ra
expression and to increase IL-3Ra expression on eosin-
ophils.22,23 There is also evidence that cytokines are in-

volved in IL-13R regulation as detected by mRNA
regulation studies in airway epithelial cells and macroph-
ages of mice,24 but the mechanisms regulating IL-13R
expression on eosinophils are still unknown. Various

cytokines such as IL-3, IL-5, IL-13, interferon-c (IFN-c)
and GM-CSF influence eosinophils, as determined by the
expression of the eosinophil activation marker CD69.9,25

IFN-c, as well as tumour necrosis factor-a (TNF-a), are
able to up-regulate cell surface expression of CD95 on
eosinophils, which leads to an increased susceptibility of

eosinophils to CD95-mediated apoptosis.26 IL-4 has been
reported to inhibit eosinophil survival and to induce
apoptosis.27

These findings, and the role of eosinophilia in the asth-
matic phenotype, prompted us to investigate the influence of
cytokines on the expression of the IL-13Ron eosinophils.We
show for the first time that cytokines involved in eosinophil

activation and lung inflammation alone and in combination
exert positive and negative effects on the abundance of the
IL-13R on eosinophils.

MATERIALS AND METHODS

Cytokines and antibodies

For eosinophil stimulation IL-3, IL-4, IL-5, IL-13, GM-
CSF, IFN-c (all from CellConcepts, Umkirch, Germany)
and TNF-a (PBH, Hannover, Germany) at concentrations

of 10 ng ⁄ml and transforming growth factor-b1 (TGF-b1;
CellConcepts) at concentrations of 1 ng ⁄ml were used
either alone or in combination.

Using a cDNA of the IL-13Ra1 extracellular domain, the

antibody AT-3D3 was generated using GENOVAC’s tech-
nology, which enables the generation of antibodies that
recognize the native protein (GENOVAC AG, Freiburg,

Germany).28–30 Specificity testing of AT-3D3was performed
using a cell enzyme-linked immunosorbent assay. BOSC cells
were transiently transfected with an expression vector enco-

ding either the extracellular domain of IL-13Ra1 (BOSC-
IL-13Ra1) or an irrelevant protein (BOSC-X). For specificity
testing, IL-13Ra1-AT-3D3 supernatant was tested on both
the IL-13Ra1 and the irrelevant protein transfectants

(Fig. 1). A positive signal was only obtained with IL-13Ra1-
transfected cells (curve 2). Furthermore, as described else-
where (Krause et al. submitted for publication), AT-3D3

hybridoma culture supernatant was also tested for specificity
by determining antibody reactivity tomonocytes versus CD4
lymphocytes cytometrically and by receptor-binding studies

on murine cells transfected with a human IL-13Ra1 deriv-
ative (Krause et al. submitted for publication). AT-3D3
hybridoma culture supernatant was applied for cytometric

analysis of IL-13R expression on eosinophils. Mouse IgG1
and anti-mouse-fluorescein isothiocyanate (FITC) antibod-
ies were obtained from Dako A ⁄S (Hamburg, Germany).

Purification of eosinophils and mononuclear cells
Eosinophils were isolated from anti-coagulated (ethyl-

enediaminetetraacetic acid) peripheral blood samples with
magnetic CD16 microbeads (Miltenyi Biotech, Bergisch-
Gladbach, Germany) as described before.31 Mononuclear
cells were obtained during eosinophil isolation. Each

experiment was performed 15 times, unless otherwise sta-
ted, with cells obtained from different healthy donors. Cells
were counted using Kimura staining.32 The purity of eos-

inophils was consistently >99%.

Cell culture and stimulation
Eosinophils (5 · 105 cells ⁄ml) were cultured in medium
(RPMI-1640; Gibco, Paisley, UK) containing 10% heat-
inactivated fetal calf serum (Gibco, NY), 100 U ⁄ml peni-

cillin and 100 lg ⁄ml streptomycin (Biochrom, Berlin,
Germany), at 37� in a humidified CO2 (5%) atmosphere.
For stimulation, different cytokines (either alone or in
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combination) were added and eosinophils were cultured for
20 hr. To investigate the influence of IL-13 on prestimu-
lated eosinophils IL-13 was added after TGF-b ⁄IFN-c
incubation for 20 hr followed by another 6-hr incubation.

RNA isolation and reverse transcription and polymerase

chain reaction (RT-PCR) amplification
Total cellular RNA was extracted from 1 · 106 cells fol-
lowing lysis with PeqGold RNA Pure (Peqlab, Erlangen,
Germany). The upper phase was transferred and the RNA

was precipitated with isopropanol. Reverse transcription
was performed starting from 5 lg RNA per sample using a
Stratagene-Kit (Stratagene, La Jolla, CA). After heating up

to 90�, distilled water was added to a final volume of 50 ll
and the cDNA preparation was then stored at ) 20�. PCR
amplification was performed in a total volume of 25 ll (5 ll
cDNA, 0Æ02 U ⁄ll Taq polymerase, 1 lm primer mix, 50 lm
dNTP) and overlaid with 20 ll mineral oil (Sigma, Dei-
senhofen, Germany). Amplification was performed over 35

cycles for IL-13Ra1 and common c-chain and over 40
cycles for IL-13Ra2 and IL-4Ra. The annealing tempera-
ture was 60�, extension occurred at 72� and denaturation at
94�. One-fifth of the PCR product was separated by flat-bed

electrophoresis in 1Æ6% agarose gels (USB, Cleveland, OH)
and detected by ethidium bromide (USB) staining.

PCR products were quantified following agarose gel
electrophoresis employing aida imaging software (Ray-
test, Straubenhardt, Germany). The average densitometry
signals of five molecular weight marker bands, minus

background, were calculated. The signals from PCR
fragments were then normalized against average standard
signals from the respective gels (arbitrarily set at 1) and

expressed as ‘relative band intensities’.
The following primers were used: the IL-4Ra-primer: spe-

cific F-primer, 5¢-TACTTGCGAGTGGAAGATGA-3¢;
specific R-primer, 5¢-AGGGAGGGTTCTAGGTAGGT-3¢;
the common c-chain primer: specific F-primer,
5¢-CGCCATGTTGAAGCCATCAT-3¢; specific R-primer,

5¢-TCTGTGTGGCCTGTCTCCTG-3¢; the IL-13Ra1-
primer: specific F-primer, 5¢-CTCCTTCCACAATGAT
GACC-3¢; specific R-primer, 5¢-GGAATTGCGCTT
CTTACCTA-3¢; the IL-13Ra2-primer: specific F-primer,

5¢-GCTTGGCTATCGGATGCTTA-3¢; specific R-primer,
5¢-TTTCTGCCCAGGAACTTTGA-3¢.

Flow cytometry
To analyse IL-13R expression, eosinophils were incubated
with 10 ll unlabelled IL-13R antibody (AT-3D3 hybri-

doma supernatant) or mouse IgG1 antibody. Antibody
detection was reached by incubation with FITC-conjugated
secondary antibodies (anti-mouse-FITC). Flow cytometry

was performed using FACSCalibur (Becton Dickinson,
Heidelberg, Germany). Fluorescence intensity was meas-
ured on at least 1000 cells from each sample. Eosinophils

were gated out on the basis of their forward and side scatter
to exclude cell debris. Monocytes were defined by gating on
the monocyte region of mononuclear cells. Dead cells were

excluded by gating out propidium iodide (Sigma, Dei-
senhofen, Germany) -positive cells during assessment of
IL-13R expression. Therefore, only viable cells were inclu-
ded in this study. Fluorescence data were obtained by

determining the total fluorescence x (the fluorescence
caused by the marked antibodies) and the nonspecific
fluorescence y (the fluorescence caused by the isotype con-

trol). The specific mean fluorescence (SMF) was then cal-
culated as SMF¼ x ) y.

The indicated relative specific fluorescence (RSF) was

derived from SMF · 100 ⁄y.

Statistics

Experiments were performed at least 15 times (unless other-
wise stated) using cells fromdifferent healthy donors. Results
were expressed asmeanRSF ± SEMand analysed using the

paired t-test. Results were considered statistically significant
at a P-value <0Æ05 (*) or highly significant at a P-value
<0Æ001 (**).

RESULTS

Expression of IL-13Ra on eosinophils is much lower

than on monocytes

To obtain information about the expression of IL-13Ra1
on eosinophils, the abundance of its mRNA was investi-
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gated by RT-PCR using specific DNA primers. For com-
parison, the expressions of IL-4Ra, the common c-chain
and IL-13Ra2 were also determined (Fig. 2). IL-13Ra1
mRNA was expressed in eosinophils as well as in mono-

nuclear cells. Both cell types also showed common c-chain

mRNA expression. IL-4Ra mRNA was expressed at low
levels on both cell types and could only be detected by
employment of increased DNA template concentrations or
additional PCR cycles. IL-13Ra2 was not detectable in

either cell type.
Analysis of low level IL-13R surface expression has as

yet been hampered by the lack of antibodies with good

specificity and affinity. Genetic immunization was used to
develop a novel monoclonal antibody to the IL-13Ra1-
chain (AT-3D3) to assess IL-13R surface expression on

eosinophils and monocytes in a quantitative fashion by
flow cytometry. In parallel, the expression of IL-4Ra and
common c-chain was measured (Fig. 3). IL-4Ra expres-

sion was weak on eosinophils. A strong IL-4Ra-chain
expression was detectable on monocytes. Common
c-chain was clearly detectable on monocytes, whereas
eosinophils showed only a marginal degree of common

c-chain expression. Eosinophils showed a weak, but
unambiguous, IL-13R expression (18Æ99 ± 2Æ10; n¼ 15)
which was, however, much lower compared to monocytes

(116Æ56 ± 21Æ09; n¼ 7).

IL-13R expression on eosinophils is decreased by IL-13

and increased by TGF-b

Having shown IL-13Ra1 surface expression on eosinophils,
we were interested in its possible regulation by external
stimuli. To analyse the possible effects of cytokines, isolated

peripheral blood eosinophils from human donors were
incubated in medium alone or stimulated with cytokines for
20 hr (Fig. 4).

First the effects of the cytokines IL-3, IL-5 and GM-
CSF were tested; these are known as potent activators of
eosinophil function. All these cytokines caused a slight but

significant change in IL-13R expression compared to
unstimulated control (18Æ35 ± 2Æ02). A down-regulatory
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effect was observed for IL-3 (14Æ99 ± 2Æ02, P¼ 0Æ006),
whereas stimulation with IL-5 and GM-CSF, respectively,
up-regulated receptor expression (IL-5: 24Æ45 ± 2Æ30,
P < 0Æ001; GM-CSF: 25Æ14 ± 2Æ38, P < 0Æ001).

Then, it was investigated whether the expression of the
IL-13Ra1-chain on eosinophils is influenced by its own
ligands IL-13 and IL-4. Interestingly, both IL-4 (9Æ87 ±

1Æ22, P < 0Æ001) and IL-13 (8Æ42 ± 1Æ56, P < 0Æ001)
caused a highly significant decrease of IL-13Ra1 surface
expression.

In contrast, TNF-a and IFN-c which have been shown
to up-regulate CD95 on eosinophils caused a highly signi-
ficant increase of IL-13R expression (TNF-a: 31Æ12 ± 3Æ09,
P < 0Æ001; IFN-c: 27Æ13 ± 2Æ36, P < 0Æ001).

TGF-b was also included in the cytokine panel since
there is evidence that TGF-b can inhibit human leucocyte
antigen-DR expression on eosinophils.33 Surprisingly,

TGF-b caused a highly significant increase of IL-13R
expression, in fact the strongest effect observed in this
investigation (43Æ84 ± 3Æ35, P < 0Æ001).

Systematic variation of the incubation times with
cytokines showed that the cytokine-dependent effects on
IL-13Ra1 expression were maximal within a period of

16–24 hr (data not shown).

Costimulatory effects of IL-13 and TGF-b

Both inhibitory and stimulatory effects on eosinophils by

different cytokines were observed. It has to be assumed,
however, that in vivo, eosinophils are not influenced by
single cytokines but rather by their combination. We

therefore analysed several combinations which might en-
hance the effects observed by individual stimuli. IL-13 and
TGF-b, which had shown the strongest inhibitory or

stimulatory effects, respectively, on IL-13Ra1 expression
were therefore combined with cytokines that also showed
tendencies in the same direction of regulation and the

expression levels were again measured after 20 hr of incu-
bation by flow cytometry.

Costimulation of eosinophils with IL-13 and IL-4 fur-
ther reduced IL-13R expression (5Æ62 ± 0Æ61; n¼ 8)
(Fig. 5a). Interestingly, the stimulatory effect of TGF-b
(43Æ84 ± 3Æ35) on IL-13R expression was further enhanced

in the presence of IFN-c (56Æ09 ± 4Æ65, P < 0Æ001)
(Fig. 5b). Co-incubation of eosinophils with this combina-
tion plus additional cytokines did not evoke any further

additive effects (data not shown).

TGF-b ⁄IFN-c-induced up-regulation of IL-13R expression

on eosinophils does not prevent IL-13R down-regulation

by IL-13

Furthermore, the possible mutual effects of positive and

negative regulators of IL-13R expression on eosinophils
were investigated. To this end, cells were either left untreated
or prestimulated with TGF-b ⁄IFN-c to obtain maximum
receptor expression (compare Fig. 5b). After a 20-hr period

of incubation, IL-13 was added to both cell populations and
receptor expression was again monitored 6 hr later. A highly
significant down-regulation in receptor expression was

observed (P < 0Æ001). However, the decrease was similar in
both cases, irrespective of prior TGF-b ⁄IFN-c stimula-
tion (untreated cells: D¼ 9Æ75 versus prestimulated cells:

D¼ 10Æ88; n¼ 12) (Fig. 6). This result shows that positive
and negative mechanisms of cytokine-induced IL-13Ra1
expression regulation operate independently of each other.

DISCUSSION

This study is the first to examine the expression of the
IL-13Ra1 subunit on primary eosinophilic granulocytes
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directly. Furthermore, we studied the influence of different
cytokines on the regulation of this receptor chain. The

detection and quantification of the low baseline surface
expression and stimulation-dependent alterations of this
parameter were rendered feasible by the availability of

a novel monoclonal antibody, which was generated by
genetic immunization and allows the detection of native
antigens.

Interestingly, we were able to show that cytokines which

are potent activators of eosinophils, namely IL-3, IL-5 and
GM-CSF, have only small effects on the surface expression
of the IL-13Ra1. In contrast, IL-13 and IL-4 caused a

strong reduction in IL-13Ra1 expression. The similar effects
of these two cytokines are conceivable since the IL-13R and
IL-4R share IL-4Ra as a common subunit.17

We provide evidence that IL-13 can down-regulate its
own receptor. Down-regulation of cytokine receptors by
their natural ligands has been widely reported and seems to

be an important mechanism in the regulation and main-
tenance of eosinophil homeostasis. There are several pos-
sibilities how receptor down-regulation might occur, such
as receptor endocytosis after ligand binding, receptor

release from the cell surface via proteolytic cleavage or
transcriptional regulation. An example for receptor down-
regulation on eosinophils through a shedding mechanism is

the IL-5R. There is strong evidence that a reduction of
membrane IL-5Ra-chain after incubation with IL-5, at least
in part, is caused by proteolytic cleavage by matrix metal-

loproteinases.34 A well-known example for the regulation
of cytokine receptor expression by its own ligand on the
level of transcription is the IL-2R on T cells. Its synthesis

increases in response to IL-2 upon T-cell activation.35 Since
in this study we observed a latency of 16–24 hr for the
cytokine effects on IL-13R cell surface expression, a slow
mechanism such as transcriptional control is most probably

underlying this phenomenon.
We are also in the process of analysing cytokine-

dependent expression regulation of the IL-4Ra subunit and

have obtained evidence that it also becomes down-regulated
in response to IL-4 ⁄IL-13 (D. Myrtek, unpublished results).

Comparing receptor expression data obtained by RT-

PCR and flow cytometry revealed partly diverging results.

Such differences are probably explicable by distinct relative
stabilities of related mRNAs and receptor proteins. The
greater explanatory power for the purpose of this study
clearly lies in flow cytometry analyses, since this method

determines the steady-state level of surface-presented
functional receptor under different conditions.

It seems noteworthy that TGF-b showed the most pro-

nounced stimulatory effect on IL-13Ra1 expression of all
cytokines tested. TGF-b plays an important role in the
regulation of chronic inflammation and fibrosis and it can

reduce eosinophil viability.36–38 As IL-13 is able to activate
eosinophils and prolong eosinophil survival via the IL-13R,
our findings on TGF-b-induced IL-13R expression are

unexpected at first sight. Obviously, TGF-b acts on eosino-
phils in a complex fashion. On the one hand it inhibits eosi-
nophil activation as assessed by human leucocyte
antigen-DR33 and CD69 expression (unpublished data), but

on the other hand it possibly enables eosinophil activation
indirectly via IL-13R expression. Possible explanations for
this bimodal activity of TGF-b are dose-dependent cellular

responses and an as yet not characterized inference with
other molecules involved in signal transduction towards IL-
13R expression. Evidence that TGF-b is able to exert dis-

tinct effects on cells in a dose-dependent fashion comes
from studies on smooth muscle cells, fibroblasts and
chondrocytes. At low concentrations of TGF-b it can sti-
mulate proliferation whereas higher amounts are less

stimulatory. This bimodal activity is apparently accom-
plished through modulation of the platelet-derived growth
factor ⁄platelet-derived growth factor receptor system,

which in turn influences cell activation.39

Our study revealed that TGF-b elicited not only a stim-
ulatory effect on its own, but further enhanced the expression

of IL-13Ra1 when combined with IFN-c. It is possible that
one of these cytokines enhances the sensitivity for the other
cytokine which then leads to the observed receptor increase.

The role of IFN-c in the development and maintenance of
lung eosinophilia is poorly understood. Although animal
studies revealed that IFN-c can prevent the recruitment of
eosinophils into the airways,40,41 IFN-c is able to prolong

eosinophil survival and to induce the expression of the eo-
sinophil activation marker CD69.25,42 Our results suggest
that IFN-c as well as TGF-b may increase the sensitivity of

eosinophils to IL-13 by up-regulation of the specific IL-13R.
Interestingly, cytokine-dependent up- and down-regu-

lation of IL-13Ra1 expression, respectively, appear to be

subject to independent triggers. Although initial up-regu-
lation of IL-13R surface abundance by TGF-b ⁄IFN-c was
reduced by IL-13, the degree of decrease was similar to that
seen with unstimulated control cells.

Our study about interleukin-13Ra1-expression regula-
tion suggests a scenario that multiple cytokines influence
eosinophils towards IL-13 sensitivity through up- and

down-regulation of the IL-13Ra1 subunit. We support the
concept of IL-13 as the key factor of chronic asthmatic
inflammation. Knowledge of this mechanism might help to

understand the relevance of IL-13 within the cytokine net-
work, and might help future therapeutical concepts against
asthma.
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Figure 6. Influence of IL-13 on the cytokine-induced surface

expression of IL-13Ra1. Eosinophils were pretreated for 20 hr with

medium only or a combination of TGF-b ⁄IFN-c and then sub-

jected to a subsequent 6-hr incubation with IL-13 (n¼ 12). Fluor-

escence was determined at the time-points indicated and expressed

as in Figs 4 and 5. Asterisks indicate statistical significance of

P < 0Æ001 (**).
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