B
2
=)
[
=
a®
T
b
=)
O]
=
=)
p=
o
S
(o]
o
=
=
i)
O
o0
S
L
—
|
O
yo—
@)
© pu(
58
=
ol
(-
o
—
3]
c
o
=
o
Jr—
S
]
&)
® puy(
P
g

IL-13 may mediate allergen-induced
hyperresponsiveness independently of IL-5 or eotaxin

by effects on airway smooth muscle
Seok-Yong Eum, Karim Maghni, Barbara Tolloczko, David H. Eidelman and

James G. Martin
AJP - Lung 288:576-584, 2005. First published Nov 24, 2004; doi:10.1152/ajplung.00380.2003

You might find this additional information useful...

This article cites 33 articles, 26 of which you can access free at:
http://ajplung.physiol ogy.org/cgi/content/ful|/288/3/L5764#B1BL

Updated information and services including high-resolution figures, can be found at:
http://ajplung.physiol ogy.org/cgi/content/ful|/288/3/L576

Additional material and information about AJP - Lung Cellular and Molecular Physiology can be found
at:

http://www.the-aps.org/publications/aj plung

Thisinformation is current as of March 2, 2006 .

AJP - Lung Cellular and Molecular Physiology publishes original research covering the broad scope of molecular, cellular, and
integrative aspects of normal and abnormal function of cells and components of the respiratory system. It is published 12 timesa
year (monthly) by the American Physiological Society, 9650 Rockville Pike, Bethesda MD 20814-3991. Copyright © 2005 by the
American Physiological Society. ISSN: 1040-0605, ESSN: 1522-1504. Visit our website at http://www.the-aps.org/.

9002 ‘2 YyaoJe uo Bio ABojoisAyd-Bunidle woly papeojumod



http://ajplung.physiology.org/cgi/content/full/288/3/L576#BIBL
http://ajplung.physiology.org/cgi/content/full/288/3/L576
http://www.the-aps.org/publications/ajplung
http://www.the-aps.org/
http://ajplung.physiology.org

B
2
&
>
=
a®
T
b
=)
O]
=
=)
p=
o
S
(o]
o
e
=
i)
O
o0
S
L
—
|
O
yo—
@)
© pu(
58
=
ol
(-
o
—
3]
o
o
=
o
Jr—
S
]
&)
® puy(
P
g

Am J Physiol Lung Cell Mol Physiol 288: L576-1.584, 2005.
First published November 24, 2004; doi:10.1152/ajplung.00380.2003.
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Eum, Seok-Yong, Karim Maghni, Barbara Tolloczko, David H.
Eidelman, and James G. Martin. IL-13 may mediate allergen-
induced hyperresponsiveness independently of IL-5 or eotaxin by
effects on airway smooth muscle. Am J Physiol Lung Cell Mol Physiol
288: L576-L584, 2005. First published November 24, 2004; doi:
10.1152/ajplung.00380.2003.—IL-13 is a mediator of allergen-in-
duced airway hyperresponsiveness (AHR). The aim of this study was
to evaluate whether eotaxin and IL-5 were implicated in the effects of
IL-13 on allergen-induced AHR or whether IL-13 may exert its effects
through direct actions on airway smooth muscle (ASM). To study this
question airway inflammation and AHR were induced in mice by
sensitization and subsequent challenge on three successive days with
ovalbumin. A monoclonal anti-IL-13 antibody administered before
each challenge significantly reduced AHR without affecting airway
eosinophilia. No changes of mRNA in BAL and lung tissues or
protein levels in BAL of IL-5 or eotaxin were found following
anti-IL-13 treatment. Combined injection of monoclonal anti-IL-5 and
antieotaxin antibodies before each antigen challenge blocked airway
eosinophilia but failed to reduce AHR. IL-13 induced calcium tran-
sients in cultured murine ASM cells and augmented the calcium and
contractile responses of these cells to leukotriene D4. These results
suggest that IL-13 plays an important role in allergen-induced AHR
and is important in the early phases of the inflammatory process. Its
effects on AHR are mediated independently of IL-5 and eotaxin and
may involve a direct effect on ASM to augment its responsiveness.

asthma; interleukin-13; airway eosinophilia; calcium signals; mice

T CELLS OF THE TH2 PHENOTYPE are closely associated with
eosinophilic airway inflammation and airway hyperresponsive-
ness (AHR), hallmarks of allergic asthma. Th2 cells secrete a
characteristic profile of cytokines, including IL-4, IL-5, IL-6,
IL-10, and IL-13. IL-13 is a pleiotropic cytokine that is
produced by activated CD4+ T lymphocytes (2), and there is
growing evidence of its importance in causing several of the
key features of asthma such as goblet cell hyperplasia, mucous
hypersecretion, eosinophilia, airway fibrosis, and AHR (33).
IL-13 has been linked to AHR by several lines of evidence.
Overexpression of IL-13 in the airway epithelial cells of the
mouse is associated with AHR (33). Exogenous IL-13 evokes
AHR, whereas the systemic administration of a soluble IL-13
alpha2-IgG-Fc fusion protein inhibits allergen-induced AHR in
the mouse (31). Finally, IL-13 gene-deleted mice fail to de-
velop allergen-induced AHR, but AHR is restored by the
administration of recombinant IL-13 (30).

The mechanisms of action of IL-13 that could account for its
role in allergen-induced AHR are not clear. The induction of
AHR by IL-13 seems to be dependent on STAT6 expression by

airway epithelium (15), but the links to airway smooth muscle
(ASM), the effector of airway narrowing, have not been made.
IL-13 could potentially mediate its effects indirectly through
proinflammatory actions. Pulmonary overexpression of IL-13
causes an increase in airway eosinophilia and a marked in-
crease in eotaxin synthesis (33). Eotaxin, unlike all other
eosinophil chemoattractants, is eosinophil specific (14, 22) and
also has a potent and selective effect in mobilizing bone
marrow eosinophils into the blood (21). The effects of IL-13 on
eotaxin production are somewhat selective in that other eosin-
ophilia-promoting cytokines such as IL-5 and granulocyte-
macrophage colony-stimulating factor are not similarly af-
fected (33). When IL-13 is administered to IL-5- and eotaxin-
deficient naive mice, the AHR induced is attenuated compared
with wild-type animals, suggesting a partial dependence of
IL-13’s actions on these cytokines (32). It is unclear to what
extent IL-13 interacts with eotaxin and IL-5 in the generation
of AHR following sensitization and challenge with allergen.
We hypothesized that the mediation of allergen induced AHR
by IL-13 does not necessarily involve eosinophilic airway
inflammation but may result from direct effects on ASM. IL-13
has been described to affect the responses of ASM cells and
intestinal smooth muscle segments to contractile agonists (1, 9,
26). If IL-13 were able to enhance ASM responses to cysteinyl-
leukotrienes (cys-LTs), this could have an important bearing
on the mechanisms of allergen-induced AHR, given the evi-
dence that cys-LTs are of key importance in AHR in murine
models of allergic asthma (5). To address these issues, we used
a murine model of allergic asthma to explore some of the
potential pathways through which IL-13 causes AHR. We used
antibodies against IL-5 and eotaxin to block the participation of
these cytokines in AHR, and we tested the effects of IL-13 on
the contractile responses of murine ASM cells in culture to
leukotriene D4 (LTD4), by examining intracellular calcium
responses and cell contractions.

MATERIALS AND METHODS

Immunization and antigen challenge of mice. Male BALB/c mice
of 8—10 wk (24-25 g) were purchased from Harlan Sprague-Dawley,
(Indianapolis, IN) and immunized twice at 7-day intervals with 100
g of ovalbumin (OVA) sc in 0.4 ml of a 4-mg/ml suspension of
Al(OH)s. One week after the second injection, mice were challenged
once or three times daily with 10 pg of OVA in 50 pl of sterile saline
intranasally under light anesthesia. All procedures were approved by
an Institutional Animal Care Committee.

Evaluation of airway responsiveness. Airway responsiveness was
measured 48 h after the final OVA challenge. Mice were anesthetized
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IL-13 AND ALLERGEN-INDUCED HYPERRESPONSIVENESS

(8 mg/kg xylazine and 70 mg/kg pentobarbital ip), tracheostomized,
paralyzed (0.5 mg/kg doxacurium ip), and placed on a small animal
ventilator (Flexivent; SCIREQ, Montreal, Qc, Canada). Animals were
ventilated at a respiratory frequency of 150 breaths/min, tidal volume
of 6 ml/kg, and a positive end-expiratory pressure of 1.5 hPa. After a
standard volume history, small amplitude volume oscillations at
frequencies of 0.9, 4.8, and 10.4 Hz were applied at constant lung
volume to the tracheal opening for 16 s and respiratory system
resistance (R,s) was measured (7). Preliminary experiments indicated
that responses at 0.9 Hz exceed those at other frequencies so that only
results for this frequency of oscillation are reported. Methacholine
was injected through the jugular vein every 5 min at doses of 10, 33,
100, and 330 pg/kg. After each injection the changes in R,s were
computed over a 16-s interval from flow, volume, and tracheal
pressure signals, and the peak response was identified and retained for
analysis.

Procedures for bronchoalveolar lavage. After the measurement of
airway responses, bronchoalveolar lavage (BAL) was performed us-
ing phosphate-buffered saline (PBS). The first 0.5 ml of BAL was
kept for ELISA, and the subsequent eight volumes of 0.5 ml were
used for other measurements. Total cell numbers were counted with a
standard hemacytometer. The cytospin slides of BAL cells were
prepared using a Cytospin model II cytocentrifuge (Shandon, Pitts-
burgh, PA) and stained with May-Grunwald-Giemsa stain. Differen-
tial cell counts were determined by light microscopy from a count of
at least 200 cells. Absolute cell numbers were also calculated.

Treatments with anti-IL-13 or combined antibodies against anti-
IL-5 and antieotaxin. Monoclonal mouse anti-IL-13 antibody (R&D
Systems, Minneapolis, MN) was injected (0.1 mg/kg iv) into immu-
nized mice 30 min before antigen challenge. To see the effect of the
timing of administration of a single injection of anti-IL-13, we
injected the same dose of antibody once intravenously 30 min before
the first or before the last of three challenges. This concentration of
anti-IL-13 has been shown to effectively block OVA-induced AHR
(6). Monoclonal mouse anti-IL-5 and antieotaxin antibodies (R&D
Systems) were injected simultaneously into immunized mice at 0.1
and 0.8 mg/kg iv, respectively, 30 min before each antigen challenge.
These antibody concentrations were shown to be effective in prevent-
ing allergen-induced airway eosinophilia (6). The evaluation of BAL
and AHR was performed 48 h after the last challenge.

IL-13, IL-5, and eotaxin levels in BAL fluids. The levels of IL-13,
IL-5 and eotaxin in BAL fluids (BALF) were determined by ELISA.
Briefly, 96-well ELISA plates were coated with 50 wl of an anti-
mouse IL-13 monoclonal antibody (R&D Systems) at 4 pwg/ml, IL-5
monoclonal antibody (TRFK-5, R&D Systems) at 2 pg/ml, or with
100 .l of an anti-mouse eotaxin polyclonal antibody (R&D Systems)
at 0.2 pg/ml in 0.1 M Na,HPO, (pH 9.0) at 4°C overnight. The plates
were blocked with PBS containing 10% fetal bovine serum (200
wl/well) for 1 h at room temperature and then were washed with PBS
containing 0.05% Tween 20 before incubation with the BAL super-
natants at 100 wl/well for 2 h at room temperature. The plates were
then washed with PBS/Tween 20 and were incubated with biotinyl-
ated anti-mouse IL-13 antibody (R&D Systems) at 0.2 wg/ml, IL-5
monoclonal antibody (TRFK-4, Pharmingen) at 1 pg/ml, or anti-
mouse eotaxin polyclonal antibody (R&D Systems) at 25 ng/ml for
1 h at room temperature. For detection, the plates were incubated with
100 pl of streptavidin-horseradish peroxidase (Pharmingen) for 30
min and washed again with PBS/Tween 20. 2,2’-Azino-bis(3-ethyl-
benzothiazoline-6-sulfonic acid) substrate solution containing H,O»
was added to the wells, and the plates were read at optical density of
405 nm. Under these conditions, these assays were sensitive to <10
pg/ml of murine IL-5, eotaxin, and IL-13.

RT-PCR analysis. Total RNA was extracted from BAL cells and
lung tissues with TRIzol (Invitrogen, Mississauga, ON, Canada) as
previously described (17). RNA pellets were dissolved in RNase- and
DNase-free-tested water (Ambion, Austin, TX). Strand cDNA was
made in a 20-pl reaction, by use of 2 wg of total RNA as template,
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oligo(dT)>_1s primer, and Superscript II enzyme in the presence of
BSA acetylated (Invitrogen) and RNAguard ribonuclease (Pharmacia
Biotech, Quebec, Canada) as enzyme inhibitors. The PCR mixture
(final concentration) consisted of 1.5 mM MgCl,, 1 X PCR buffer, 0.2
mM dNTP mixture, 2.5 units Platinum Taq polymerase (Invitrogen),
20 pmol of the upstream and downstream primers, as well as the
synthesized cDNA strand. The primers used were 5'-ACTCT-
CAGCTGTGTCTGGG-3" (sense) and 5'-GCCCACTCTGTACT-
CATCAC-3' (antisense) for mouse IL-5, 5'-TTCTATTCCTGCT-
GCTCACG-3' (sense) and 5'-TTATGGTTTTGGAGTTTGGAG-3’
(antisense) for mouse eotaxin and 5'-GGTCAACCCCACCGTGT-
TCTTCG-3' (sense) and 5'-GTGCTCTCCTGAGCTACAGAAGG-3'
(antisense) for cyclophilin. The samples were amplified in a Program-
mable Thermal Controller (PTC-100; MJ Research, Watertown, MA)
with 1 min of denaturation at 92°C, 2 min of annealing at 56°C, and
3 min of extension at 72°C for IL-5 and eotaxin, and 1 min of
denaturation at 92°C, 2 min of annealing at 60°C, and 3 min of
extension at 72°C for the housekeeping gene cyclophilin. The linear
range of PCR cycles for the amplification of IL-5 and eotaxin was
over 30, 32, 35, and 38 PCR cycles; beginning of saturation at 40
cycles. For cyclophilin, the linear range of PCR cycles was over 26,
28, and 30 PCR cycles; beginning of saturation at 32 cycles. There-
fore, mRNAs for IL-5 and eotaxin were amplified at 35 cycles and
cyclophilin at 28 cycles. The PCR products were visualized by
ethidium bromide staining after gel-agarose (2%) electrophoresis, and
the correct size of the bands was determined by comparison with
DNA molecular weight markers (Roche Molecular Biochemicals,
Montreal, Qc, Canada). The efficiency of the PCR primers designed
for IL-5 and eotaxin was initially tested in PCR assays using RNA
extracted from mouse lung tissues. A negative PCR control was
included for the RT reaction (no RNA). PCR primers were synthe-
sized and purified by fast protein liquid chromatography at the
Sheldon Biotechnology Centre (Montreal, Qc, Canada).

Murine airway smooth cell cultures and calcium responses to IL-13
and LTD, Tracheal smooth muscle cells were isolated from the
tracheae of two mice and cultured following previously described
methods for the rat (27). Briefly, the cells were enzymatically disso-
ciated with 0.05% elastase type IV and 0.2% collagenase type IV and
cultured in 1:1 Dulbecco’s modified Eagle’s medium-Ham’s F-12
medium supplemented with 10% fetal bovine serum (FBS), 0.2%
NaHCOs;, and 1% penicillin-streptomycin in the presence of 5% CO».
Cell culture reagents were purchased from Invitrogen. First- or sec-
ond-passage cells were rendered quiescent by incubation in medium
containing 0.5% FBS for 4 days before experiments. Confirmation of
a smooth muscle phenotype was based on typical morphology, posi-
tive smooth muscle-specific a-actin staining, negative keratin stain-
ing, and contractile responses to agonists. For the measurement of
calcium cells were loaded with the Ca®>*-sensitive dye, fura-2 AM
(Molecular Probes, Eugene, OR) according to the previously de-
scribed methods (27) and imaged using an intensified charge-coupled
device camera (IC200) and PTI software at a single emission wave-
length (510 nm) with a double excitatory wavelength (340 and 380
nm). Fluorescence ratio (340/380) was measured in cells stimulated
with IL-13 (0.5, 5, and 50 ng/ml) and LTD4 (1 wM) or appropriate
vehicle. Intracellular calcium concentration ([Ca>*];) was calculated
according to the formula of Grynkiewicz et al. (10). Each experimen-
tal group consisted of 102-115 cells.

Murine ASM contractile responses to IL-13 and LTD.. Changes in
cell surface area in cells stimulated by IL-13 and LTD, were mea-
sured, and the decrease in cell area was used to estimate cell contrac-
tion. Cells were plated on homologous cell substrate, as previously
described (24) and rendered quiescent by serum deprivation for 48 h.
Images of cells stimulated with IL-13 (50 ng/ml) or vehicle were
acquired every 2 s for 5 min and every min for additional 5 min using
a video camera (Hamamatsu Photonics, Hamamatsu City, Japan)
mounted on a microscope equipped with Nomarski optics (Nikon
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Diaphot, Nikon, Tokyo, Japan) and PTI software. The surface area of
the cells was measured before and 10 min after stimulation.

Statistical analysis. The data are presented as cumulative frequency
curves for contraction experiment and as means = SE for the remain-
ing experiments. Statistical comparisons for calcium experiments
were performed using Dunnett and Student’s #-tests, for contraction
experiments using Kolmogoroff-Smirnoff test, and for remaining
experiments one-way analysis of variance followed by Student’s
t-test.

RESULTS

Effect of anti-IL-13 antibody on airway inflammation and
BALF IL-5 and eotaxin levels after a single antigen challenge
in immunized mice. First we wished to examine the role of
IL-13 in the early events associated with the induction of
airway inflammation in response to a single allergen exposure.
For this purpose we administered anti-IL-13 antibody before a
single OVA challenge, and BAL was evaluated 24 and 48 h
after challenge. Eosinophil and neutrophil numbers in BAL
were increased after OVA challenge at 24 h (5.4 = 1.3 and
5.4 = 0.7 X 10* cells/ml, respectively) and at 48 h (9.3 = 1.5
and 1.2 = 0.3 X 10* cells/ml, respectively) compared with
saline-challenged control mice (0.0 = 0.0 and 0.3 + 0.1 X 10*
cells/ml, respectively, P < 0.001; Fig. 1). Macrophages were
also significantly increased (14.4 = 2.2 and 9.7 = 1.3 X 10*
cells/ml at 24 and 48 h, respectively; P < 0.005) compared
with saline-challenged control mice (5.6 = 0.6 X 10* cells/ml,
Fig. 1). Lymphocytes did not change significantly at either time
point. Administration of anti-IL-13 reduced eosinophil and
neutrophil numbers at 24 h (2.1 * 0.6 and 2.3 + 0.4 X 10*
cells/ml, respectively, P < 0.05), but there were no changes at
48 h (Fig. 1). No significant reduction of macrophages was
observed.

IL-5 levels were increased in the BALF of OV A-challenged
mice at 24 and 48 h compared with sham-challenged controls.
IL-5 was higher at 24 h than at 48 h. The administration of
anti-IL-13 before challenge did not affect these values (Fig.
2A). Eotaxin was also higher at 24 h after challenge than at
48 h, but there was no OV A-specific increase in eotaxin, which
was as high in sham-challenged animals as in OV A-challenged
animals. There was no effect of anti-IL-13 treatment on eotaxin
levels (Fig. 2B).

Effect of anti-IL-13 antibody on airway inflammation and
AHR after multiple antigen challenges in immunized mice. A
single antigen challenge produced no significant alteration of
the responsiveness to methacholine measured 48 h after the
exposure so that the effects of neutralizing IL-13 on AHR
could not be tested for single allergen exposure (data not
shown). In contrast to the effects of single challenge, mice
developed AHR following three consecutive OVA challenges
so that the effects of anti-IL-13 administered before each of
three antigen challenges on BAL and measurements of AHR
were evaluated at 48 h after the last challenge.

The intensity of airway inflammation following three OVA
challenges was much greater than after a single challenge.
Total cell and eosinophil numbers in BALF were increased in
OVA-challenged mice (62.5 = 9.8 and 35.8 = 8.1 X 10*
cells/ml, respectively) compared with saline-challenged ani-
mals (12.4 = 2.9and 0.3 = 0.1 X 10* cells/ml, P < 0.001; Fig.
3A). The BAL total cell and eosinophil numbers after treatment
with anti-IL-13 (47.1 *= 7.3 and 24.4 + 4.4 X 10* cells/ml,
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Fig. 1. Effect of a single antigen challenge on the bronchoalveolar lavage
(BAL) fluid (BALF) leukocytes determined at 24 h (A) and at 48 h (B) in
immunized BALB/c mice. Saline animals were ovalbumin (OVA) sensitized
and saline challenged. Isotype+OVA animals were OVA sensitized and OVA
challenged but received IgG isotype irrelevant antibody before challenge,
whereas anti-IL-13+OVA animals were OVA sensitized and OVA challenged
but received anti-IL-13 before challenge. Each bar represents the mean (=SE)
of 5-6 mice. *Significant differences between OVA-challenged group and
saline control; +significant differences between IL-13-treated group and
isotype controls.

respectively) were not significantly reduced compared with
isotype-treated and OV A-challenged mice (Fig. 3A). Lympho-
cytes were significantly increased after OVA challenge and
also were not affected significantly by anti-IL-13 administra-
tion (data not shown).

AHR was significantly reduced in mice treated with anti-
IL-13 before each OVA challenge compared with animals
treated with isotype antibody (Fig. 3B). When anti-IL-13 an-
tibody was given before the first of the three challenges it failed
to prevent the development of AHR. However, when antibody
was injected before the last of the three OV A challenges, AHR
was significantly reduced (data not shown). The injection of
anti-IL-5 and antieotaxin antibodies did not significantly alter
OVA-induced AHR (Fig. 4).
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Fig. 2. IL-5 (A) and eotaxin (B) were measured by specific ELISA after a
single OVA or saline challenge. The groups correspond to those described in
the legend of Fig. 1. Each bar represents the mean (=SE) of 5-10 mice.
*Significant differences compared with saline control (P < 0.005).

Effects of anti-IL-13 on the mRNA levels of IL-5 and eotaxin
detected by RT-PCR in mice after multiple antigen challenges.
The levels of IL-5 and eotaxin mRNA were evaluated using
RT-PCR to amplify transcripts in BAL cells and lung tissues.
BAL cells and lung tissues were harvested 48 h after the last of
three challenges. In BAL cells of saline-challenged mice, the
IL-5 mRNA levels were almost undetectable, but in lung
tissues of some animals, detectable IL-5 mRNA levels were
observed. Significantly increased levels of IL-5 mRNA were
detected in both BAL cells and lung tissues after antigen
challenges compared with saline-challenged mice. Anti-IL-13-
treated mice showed similar levels of IL-5 mRNA to OVA-
challenged mice (Fig. 5).

Eotaxin mRNA was almost undetectable in BAL cells
whether harvested from OVA- or saline-challenged mice (re-
sults not shown). In contrast, eotaxin mRNA was readily
detectable in lung tissues, but there were no differences be-
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tween expression in lung tissues of saline-challenged and
OVA-challenged mice. Furthermore, there was no effect of
anti-IL-13 treatment observed on eotaxin expression (Fig. 6).

Effect of anti-IL-13 antibody on IL-5, eotaxin, and IL-13
levels in BALF after three antigen challenges in immunized
mice. IL-5, eotaxin, and IL-13 levels were also measured 48 h
after the last of three antigen challenges, at which time AHR
was demonstrable. The IL-5 levels in BALF harvested from
antigen-challenged mice were significantly higher (107.5 =
14.1 pg/ml, P < 0.05) than in sham-challenged mice (55.2 *
7.4). The levels of eotaxin were also increased but to a similar
degree in both sham-challenged (95.8 * 25.9) and OVA-
challenged mice (91.2 = 15.2). Both IL-5 and eotaxin levels
were much higher than at the 48-h time point after a single
OVA exposure. Neither IL-5 nor eotaxin was affected by
anti-IL-13 treatment (106.8 = 6.9 and 101.6 * 20.0, respec-
tively). IL-13 levels in the BALF were comparable in the
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Fig. 3. Total cell and eosinophil counts following 3 saline or OVA challenges
(A). The groups correspond to those described in the legend of Fig. 1.
*Significant difference from saline-challenged group. Respiratory system re-
sistance following intravenous injections of methacholine is shown (B). *Sig-
nificant differences compared with saline control; +differences compared with
isotype control. Each value represents mean = SE of 6—7 mice.
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Fig. 4. Respiratory system resistance following intravenous injections of
methacholine is shown. Means = SE are shown. *Significant differences
compared with saline. Each group comprised 6—7 mice.

BALF of sham-challenged animals (111.3 = 22.3) and in mice
after OV A challenge (94.0 = 10.9). The levels were unaffected
by anti-IL-13 treatment (94.1 = 16.7).

Effect of IL-13 on calcium transients in cultured murine
ASM cells exposed to LTD4. To evaluate the possibility that
IL-13 may have direct effects on ASM that could account for
its role in OVA-induced AHR, we placed ASM cells in culture
and measured changes in [Ca®"]; evoked by IL-13 alone and in
conjunction with LTD,4. Figure 7A shows an example of a
single cell response to IL-13 or the vehicle followed by
stimulation with LTD,4. Both IL-13 and LTD,4 caused an
increase in [Ca®*];. Prolonged recording of IL-13-stimulated
cells revealed that there was no secondary peak at the time
corresponding to LTDy4 application (Fig. 7A). IL-13 (5 and 50
ng/ml) evoked rapid, significant Ca>" mobilization (from base-
line level of 104 = 6 and 104 = 6 nM to 134 = 11 and 214 =
12 nM, respectively; Fig. 7B). Application of the vehicle had
no effect. Stimulation of control (treated with vehicle for
IL-13) ASM cells with 1 uM LTDy resulted in a very modest
[Ca®"); increase (from 95 = 4 to 120 = 11 nM). However,
addition of IL-13 (5 or 50 ng/ml) 2 min before LTD,4 stimu-
lation caused augmentation of the response (from 105 = 7 to
143 = 14 nM and from 147 = 8 to 214 = 12 nM, respectively;
Fig. 7B).

Effect of IL-13 on cultured ASM cell contraction. To inves-
tigate whether IL-13-induced Ca?* mobilization and enhance-
ment of Ca®* responses to LTD, affected ASM contraction
and/or cytoskeletal reorganization, changes in cell shape were
monitored after addition of 50 ng/ml IL-13 or an appropriate
vehicle followed by application of LTD,4 or its vehicle. Al-
though IL-13 caused a decrease in cell area that was greater
than the vehicle and in some cells very substantial, the effect
was somewhat inconsistent so that the difference did not reach
statistical significance. However, the decrease in cell area in
cells stimulated with both IL-13 and LTD,4 was significantly
different from all control groups (Fig. 8).

IL-13 AND ALLERGEN-INDUCED HYPERRESPONSIVENESS

DISCUSSION

In this study we have demonstrated that IL-13 has an
important role in the induction of AHR in the BALB/c mouse
sensitized and exposed to allergen on three consecutive days.
Anti-IL-13 antibody abrogated the allergen-induced AHR but
had only modest effects on the inflammatory response to
allergen challenge. Inhibition of eosinophilia and neutrophilia
by anti-IL-13 was observed but only at 24 h after challenge,
whereas by 48 h the effect was no longer present. There was an
allergen-specific increase in IL-5 expression that was unaf-
fected by anti-IL-13. Eotaxin expression increased in BALF
after airway challenges but did so in a nonspecific manner,
showing a comparable increase after saline and after OVA,
and, like IL-5, eotaxin expression was unaffected by anti-IL-13
antibody. However, IL-13 had direct effects on murine ASM in
culture, causing Ca?™ transients and enhancing Ca>* responses
to LTD4. These findings indicate an alternative pathway by
which IL-13 may contribute to the development of AHR after
allergen challenge.

Experiments published to date strongly support the central
role of IL-13 in the development of AHR in allergic asthma.
IL-13 gene-deleted mice fail to develop allergen-induced AHR
(30), and the inhibition of IL-13 through the administration of
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Fig. 5. RT-PCR analysis of IL-5 mRNA expression in BAL cells and lung
tissue. The BAL cells and tissue were harvested 48 h after saline or antigen
challenge. Four animals were used at each time point. Cyclophilin was used as
a housekeeping gene. Top: agarose gel; bottom: results of densitometry for
IL-5 mRNA compared with the density of cyclophilin mRNA. *P < 0.05 vs.
saline control.
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Fig. 6. RT-PCR analysis of eotaxin mRNA expression in lung tissues after
saline or OVA challenge. Four animals were used at each time point. Top:
agarose gel; bottom: results of densitometry for eotaxin mRNA compared with
the density of the mRNA for the housekeeping gene, cyclophilin.

a soluble form of the IL-13 receptor (IL-13Ray) reverses
OVA-induced AHR in mice (31) and guinea pigs (20). In the
current study, a neutralizing antibody directed against 1L-13
also inhibited the development of AHR after OVA challenge.
As a cytokine produced by Th2 cells, IL-13 has actions that
promote allergic inflammation. Repeated administration of
IL-13 to naive mice causes eosinophilic inflammation (31).
Overexpression of IL-13 in the airway epithelium also causes
eosinophilic inflammation (33). What is not clear is which, if
any, proinflammatory effects of endogenously produced IL-13
are important for the development of AHR.

The results of the current study clearly demonstrate that
IL-13 may influence the degree of eosinophilia and neutro-
philia following allergen challenge. However, the effects ap-
pear to be modest at most. The inhibitory effects of an anti-
IL-13 antibody on inflammation were evident only at 24 h after
a single OVA challenge, and by 48 h the effects were no longer
significant. When three challenges were performed, the admin-
istration of anti-IL-13 antibody before each of three OVA
challenges was unable to significantly attenuate the airway
inflammatory response. Consistent with our findings is the
report that a single administration of IL-13 to mice causes a
transient eosinophilia, whereas the inhibition of eosinophilia
by IL-13Ra, is overcome by repeated allergen exposures (31).
These findings raise the question as to the extent to which
IL-13 affects AHR by modulating inflammation.

The possibility that IL-5 and eotaxin might have a role in
allergen-induced AHR downstream of IL-13 has received some
attention (32). IL-13 has been shown to stimulate the produc-
tion of eotaxin from airway epithelial cells (33) and ASM cells
(12, 19) and to induce upregulation of mRNA expression and
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release of IL-5 protein from cultured human ASM cells (9).
Eotaxin has been previously implicated in allergen-induced
AHR (8) and IL-5 linked to increased responsiveness of IgE-
sensitized ASM (9). Our study suggests that IL-13’s role in
AHR is independent of IL-5 and eotaxin for two reasons. First,
the neutralization of IL-5 and eotaxin did not alter OVA-
induced AHR, and, second, the levels of these cytokines were
not affected by anti-IL-13 antibody. These results are consis-
tent with the findings of Yang and colleagues (32), who have
shown that exogenous IL-13 can induce AHR in mice that are
IL-5 and eotaxin deficient. OV A-specific Th2 cells derived
from IL-13-deficient mice fail to transfer AHR to OVA-
challenged mice despite producing IL-4 and IL-5 (30), also
suggesting that the dependence of AHR on IL-13 is not
mediated by other Th2 cytokines.

There is evidence that IL-13 synthesis is, in part, dependent
on IL-5 and eotaxin expression. Mattes and colleagues (18)
have found that mice that are gene deleted for both IL-5 and
eotaxin do not develop AHR and have reduced IL-13 produc-
tion by CD4+ T cells. The transfer of IL-13-producing anti-
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Fig. 7. Calcium responses of cultured airway smooth muscle (ASM) cells to
IL-13 and IL-13 or appropriate vehicle followed by 1 wM leukotriene D4
(LTDs4). A: representative example. Each curve represents a single cell. B:
mean results from 3 independent experiments. *P << 0.01 vs. baseline, #P <
0.01 vs. LTD4 response following application of the vehicle. Each value
represents the mean = SE of 102-115 cells.
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gen-specific CD4+ T cells to naive mice restored the IL-13
levels in BALF to normal as well as the ability of the mice to
develop AHR after allergen challenge. This effect was medi-
ated through the eosinophil because the adoptive transfer of
eosinophils restored the synthesis of IL-13 to normal levels. If
one assumes a similar dependence of IL-13 synthesis in the
current experiments, it is perhaps surprising that anti-IL-5 and
antieotaxin antibodies did not reduce AHR. It has been argued
that discrepancies between antibody neutralization experi-
ments and the knockout animals lie in the possibility that
antibodies against IL-5 and eotaxin may leave a significant
residual eosinophilia in the tissues despite low numbers of

IL-13/LTD4 IL-13 LTD4 Control

eosinophils in the BALF (18, 32). We have previously dem-
onstrated that anti-IL-5 and antieotaxin, in the concentrations
used in this study, cause both tissue and BAL depletion of
eosinophils in the A/J mouse (6). However, in addition to these
considerations, there were significant differences in the meth-
ods used to evaluate AHR between our study and that of Foster
et al. (18, 32).

There is growing evidence that IL-13 may cause AHR
independently of eosinophilic airway inflammation. AHR is
rapidly induced by the administration of IL-13 to experimental
animals (29). Exogenous IL-13 administered intratracheally
has been shown to cause AHR as early as 6 h after the
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exposure, and this early phase of AHR is independent of
inflammation (32). Eosinophilic inflammation develops in al-
lergen-challenged animals despite IL-13 gene deletion and
clearly is not sufficient for AHR (30). Several reports indicate
that IL-13-dependent AHR may result from a direct effect of
IL-13 on ASM. Immunohistochemistry has revealed that both
subunits of IL-13 receptor are prominently expressed on bron-
chial epithelium and ASM of asthmatic subjects (11). Shore
and colleagues (16, 19) have confirmed that the IL-4Ra chain
as well as the IL-13Ra; and a5 chains are expressed by
cultured human ASM cells. These receptors are functional and
mediate IL-13-dependent augmentation of contractility to ACh
and impaired relaxation to isoproterenol in rabbit tracheal
smooth muscle (9) as well as isoproterenol-induced decrease in
cell stiffness in cultured human ASM cells (16, 19). A 24-h
incubation of murine tracheal segments with IL-13 has also
been shown to enhance responses to carbachol and potassium
chloride (26).

On the basis of the observation that IL-13 stimulates secre-
tion of eotaxin (12) and IL-5 by ASM cells (9), it has been
postulated that the effect of IL-13 on ASM contractility may be
mediated by autocrine signaling. However, our data do not
support a role for either of these molecules in the mediation of
AHR by IL-13 in the mouse. Recently it has been shown that
IL-13-mediated augmentation of contractile responses in hu-
man ASM is at least partially dependent on increased Ca*
mobilization (26), which is in turn related to the increased
expression of CD38 (3). In this study of murine cultured ASM
cells, IL-13 triggers immediate Ca?" mobilization, indicating
that there may be significant differences between murine and
human ASM where direct IL-13-induced Ca** transients were
not observed. Of importance also is the ability of IL-13 to
acutely prime ASM for responses to other agonists such as
cys-LTs, which are involved in allergen-induced AHR in the
mouse (5). Upregulation of the cys-LT1 receptor has been
demonstrated on monocytes and macrophages (25) and ASM
(4). However, the time course of the effect of IL-13 on
responses to LTD, is short in the current study, and even if
IL-13 can upregulate the Cys-LT1 receptor on ASM it could
not account for our observations. The modification of ASM
Ca®" signaling by IL-13 is an effect that may therefore cause
or more likely contribute to bronchospasm in vivo through
priming effects on ASM. Although the Ca®* transients that we
observed were rapid in onset and had the typical appearance
associated with phospholipase C/inositol trisphosphate-medi-
ated signaling, further studies are required to determine which
messengers are involved. Inositol trisphosphate-mediated sig-
naling is not usually associated with IL-13 stimulation, and this
signaling pathway has thus far been described only in mono-
cytes (23). The signaling pathways implicated to date in ASM
include a variety of kinases including JAK/STAT, p42/44
ERK, p38, and SAPK/INK (12, 16, 19). These pathways are
not known to participate in Ca®>* mobilization but perhaps
could be responsible for other changes in the contractile sig-
naling in ASM found in other allergic models of AHR. Prom-
inent among these changes is the induction of myosin light
chain kinase (13). Whether IL-13 induces such changes in
smooth muscle phenotype has not been explored. Our obser-
vation that IL-13 on its own does not cause a significant cell
contraction despite inducing Ca?>* transients but augments
LTDg4-induced contraction seems to indicate that IL-13 may
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affect Ca?* without affecting the other signaling molecules
that are activated by contractile agonists such as LTDy4. Alter-
natively, contraction mediated by Ca®*-independent mecha-
nisms that are a part of the LTD, signaling cascade together
with increased Ca*>* mobilization by IL-13 may be sufficient to
cause contraction, whereas the increased Ca?™ signal alone in
response to acute IL-13 stimulation alone is not.

In conclusion, IL-13 causes AHR after allergen challenge by
mechanisms that appear to be independent of the eosinophil,
IL-5, and eotaxin. The apparent lack of involvement of IL-5 in
mediating the effects of IL-13 (9) may be related to species
differences. Direct effects on ASM are an alternative explana-
tion for its actions, through a direct bronchoconstrictor effect
or through an enhancement of the effects of cys-LT. A recent
demonstration that exogenous IL-13 causes synthesis of cys-
LTs in the murine lung (28) provides further support for the
IL-13-cys-LT-ASM axis in the pathogenesis of allergen-in-
duced AHR.
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