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Summary

Background Interleukin-13 is believed to be important in asthmatic inflammation and airway
hyper-reactivity.

Objective To investigate the role of IL-13 in chronic asthma, using an improved experimental
model of asthma that reproduces most of the morphological features of the human disease.
Methods BALB/c mice or gene-targeted mice deficient in their ability to produce IL-13 or the IL-4
receptor a-chain (IL-4Ra) were sensitized to ovalbumin and exposed to aerosolized antigen for
30 min/day on 3 days/week for 6 weeks. Intraepithelial eosinophils, accumulation of chronic inflam-
matory cells in the airway wall, subepithelial fibrosis, epithelial hypertrophy and numbers of mucous
cells were quantified histomorphometrically. Airway hyper-reactivity (AHR) to a cholinergic agon-
ist was assessed by barometric plethysmography.

Results Compared with wild-type animals, IL-13 -/- mice exhibited diminished accumulation of
eosinophils and chronic inflammatory cells, as well as reduced subepithelial fibrosis, epithelial
hypertrophy and mucous cell hyperplasia (P <0.01 for all comparisons). In contrast, AHR was
still demonstrable in IL-13-/-mice. In IL-4Ro -/- mice the inflammatory response, subepithelial
fibrosis and AHR were similar to wild-type mice, although the receptor-deficient mice had signifi-
cantly less epithelial hypertrophy and mucous cell hyperplasia.

Conclusion These results imply a critical role for IL-13 in accumulation of intraepithelial eosino-
phils in chronic asthma, as well as in epithelial and subepithelial remodelling. In addition, they
suggest that in chronic asthma, IL-13 may be capable of signalling via a pathway that does not

involve IL-4Ra.
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Introduction

Asthma is a disorder characterized by episodic airflow obstruc-
tion and hyper-reactivity of the airways to a variety of stimuli
[1]. Although most asthma is associated with atopy, the patho-
logical basis of the clinical features of asthma remains poorly
defined. However, it has been suggested that acute inflamma-
tion is primarily responsible for episodic bronchoconstriction,
while chronic inflammation and airway wall remodelling
contribute to airway hyper-reactivity (AHR) and to the fixed
airflow obstruction that develops in chronic asthmatics [2].
With respect to acute allergic inflammation of the airways,
animal studies in short-term high-level exposure models of
bronchopulmonary inflammation suggest an important role
for Th2 cytokines such as interleukins 4, 5 and 13, which are
primarily produced by CD4" T-lymphocytes [3-11]. However,
much less is known about the pathogenesis of chronic
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inflammation and airway wall remodelling in asthma. A major
reason for this has been the lack of suitable animal experimental
models of chronic human asthma that replicate these features of
the disease [12, 13].

We have described an improved model of chronic asthmatic
inflammation of the airways in mice [14]. This involves systemic
sensitization of high IgE-responder BALB/c mice to ovalbumin
and subsequent chronic inhalational challenge with low levels
of aerosolized antigen for 30 min/day, 3 days/week. In contrast
to other reports in which long-term challenge is associated with
down-regulation of airway inflammation and hyper-reactivity
[15,16], this approach consistently elicits lesions typical of
chronic human asthma. These include: accumulation of numer-
ous intraepithelial eosinophils; chronic inflammation in the
lamina propria with accumulation of lymphocytes, plasmacy-
toid lymphocytes and macrophages; and epithelial hyper-
trophy, mucous cell hyperplasia/metaplasia and subepithelial
fibrosis. The inflammatory changes are maximal after 6 weeks
of inhalational exposure. Importantly, and in sharp contrast to
virtually all previously reported murine experimental models of
asthma, there is no evidence of alveolitis associated with the
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airway lesions. In addition, the mice exhibit marked airway
hyper-reactivity to an inhaled cholinergic agonist, which can
be attributed to abnormalities of the airways rather than to
parenchymal lesions. Thus this model replicates most of the
features that are typical of the chronic human disease [17].

Ongoing studies in models of acute allergic bronchopulmon-
ary inflammation have provided considerable evidence in sup-
port of an important role for IL-13 in asthma. Expression of
IL-13 is up-regulated after local antigen challenge of asthmatics
[18]. IL-13 has been shown to directly induce eosinophil recruit-
ment and airway hyper-reactivity in mice, while inhibition of the
biological activity of IL-13 has been demonstrated to be associ-
ated with diminution of eosinophil recruitment, airway hyper-
reactivity and mucus production [8,9]. Using mice genetically
deficient in IL-13, we have shown that IL-13 acts in concert with
IL-4 and IL-5 to modulate inflammation and hyper-reactivity
[19]. Furthermore, studies in transgenic mice with high pulmon-
ary expression of IL-13 demonstrated induction of airway
hyper-reactivity and various changes of remodelling [20].

Accumulating evidence from studies in humans indicates that
there are potentially multiple cellular sources of IL-13, includ-
ing CD4" T lymphocytes, basophils and mast cells [21]. Signal-
ling mechanisms for IL-13 are beginning to be unravelled.
Current evidence suggests that the IL-4 receptor a-chain (IL-
4Ra) plays an important role in most IL-13 receptor complexes
and may therefore be a key target for therapeutic intervention
in asthma [22].

To test the hypothesis that IL-13 plays a crucial role in inflam-
mation, airway wall remodelling and airway hyper-reactivity in
chronic asthma, we examined these responses in mice genetic-
ally deficient in IL-13 or IL-4Ra using our improved experi-
mental model. Our results establish that IL-13 is important both
in accumulation of eosinophils and in airway wall remodelling
in chronic disease, but indicate that its absence does not prevent
development of airway hyper-reactivity. Furthermore, our find-
ings strongly suggest that in chronic asthma, IL-13 may be
capable of signalling via a pathway that does not involve
IL-4Ra.

Methods

Animals

Wild-type specific pathogen-free female BALB/c mice were
obtained from the Biological Resources Centre, University of
New South Wales. Mice genetically deficient in their ability to
produce IL-13 (IL-13 -/- ) were generated from (129 x C57BL/6)
mice [23] that were backcrossed for six generations on to the
BALBY/c strain [19]. These mice, together with BALB/c mice
deficient in their ability to express the IL-4Ra chain (IL-
4Ro.-/-) [24], were obtained from the Animal Services Division,
Australian National University. Animals were aged approxi-
mately 8 weeks at the commencement of experimental studies.
They were maintained in a laminar flow holding unit (Gelman
Sciences, Sydney) and housed in autoclaved cages on auto-
claved bedding in an air conditioned room on a 12-h light/
dark cycle. Irradiated food and acidified water were provided
ad libitum throughout. All experimental procedures complied
with the requirements of the Animal Care and Ethics Commit-
tee of the University of New South Wales (98/29).

Role of interleukin-13 1105

Sensitization and inhalational exposure

This was performed essentially as previously described [14],
except that, to ensure reproducible induction of an antiovalbu-
min IgE response, mice were sensitized by an intraperitoneal
injection of 50 pg of alum-precipitated chicken egg ovalbumin
(Grade V, > 98% pure, Sigma, St Louis, MO, USA; unless
otherwise specified, all chemicals were obtained from this
source) 21 days and 7 days (booster injection) before inhala-
tional exposure. Experimental groups comprising six to eight
immunized and boosted animals were exposed to aerosolized
ovalbumin for 30 min/day on 3 days/week for 6weeks in a
whole-body inhalation exposure system (Unifab Corporation,
Kalamazoo, M1, USA). During the exposure, the animals were
held in wire flow-through cage racks and filtered air was drawn
through the 0.5m® inhalation chamber at a flow rate of
250 L/min.

A solution of 2.5% ovalbumin in normal saline was aeroso-
lized by delivery of compressed air to a sidestream jet nebuliser
(Trimed, Sydney, Australia) and injected into the airstream
entering the chamber. The concentration and size distribution
of particles within the breathing zone of the mice were con-
tinuously and cumulatively monitored using a light scatter
device (PCAM-TX, PPM, Knoxville, TN, USA). Particle con-
centration was maintained in the range 10-20mg/m® by
controlling the airflow into the nebuliser. Control groups were
non-immunized non-exposed (i.e. naive) wild type and gene-
targeted animals. Because we have previously demonstrated
[25] that exposure of non-immunized animals to aerosolized
antigen for 6 weeks is not associated with development of sig-
nificant airway inflammation, remodelling or AHR, the use of
naive animals instead of non-immunized exposed animals as
controls was appropriate.

Collection of tissues

Tissues for histopathological examination were collected 18 h
after the last inhalational exposure and fixed in 10% buffered
formalin overnight. The longitudinally orientated trachea and a
horizontal slice from the mid-zone of the single-lobed left lung
were embedded in paraffin. Ribbons of two to three sections cut
at 5 um were stained with haematoxylin & eosin for assessment
of inflammatory changes in sections of the longitudinally orien-
tated trachea, with Gordon & Sweet’s reticulin stain for assess-
ment of collagen deposition, or with Alcian blue-PAS for
enumeration of mucin secreting cells in the intrapulmonary
conducting airways.

Morphometry

The validity and reliability of the morphometric techniques we
employed for quantifying inflammation and remodelling have
been established in previous reports [14,25]. To enumerate
inflammatory cells, images of haematoxylin & eosin-stained
sections were captured with a Spot Cooled Color Digital
camera (Diagnostic Instruments, Sterling Heights, MI, USA),
which was calibrated with a reference measurement slide. Nu-
clear profiles in the lamina propria were counted in every second
consecutive microscopic field and the length of the epithelial
basement membrane was measured by tracing using the Spot
software. The data were used to calculate the mean number of
cells per 100 pm of epithelial basement membrane in the lamina
propria for individual animals.
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In parallel, the full length of the epithelial surface was exam-
ined using a x 100 oil immersion objective to enumerate intrae-
pithelial eosinophils, which were readily identified on the basis
of their strongly staining cytoplasmic granules. The data were
expressed as number of cells per mm of epithelial basement
membrane for individual animals. The thickness of the epithe-
lial layer was also measured in these sections and the mean
thickness for each animal was calculated.

Reticulin-stained sections were used for assessment of sub-
epithelial collagenization. The thickness of the reticulin-stained
zone underneath the tracheal epithelium was measured and the
mean thickness for each animal was calculated.

Metaplasia and/or hyperplasia of mucus-secreting goblet
cells was assessed in sections of lung tissue stained with Alcian
blue-PAS. Goblet cells are rarely present in the epithelium of the
intrapulmonary airways of normal BALB/c mice [26] and their
presence was thus readily apparent in these sections. The per-
centage of cells staining positive for mucins was enumerated
in the largest visible airway and each animal was categorized
according to a semilogarithmic scale as grade 0 = < 1% positive
cells, grade 1 =1 to 3%, grade 2 =4 to 10%, grade 3 =11 to 30%
and grade 4= > 31%.

Airway reactivity

Responsiveness to methacholine was assessed in conscious,
unrestrained mice by barometric plethysmography, using
apparatus and software supplied by Buxco (Troy, NY, USA).
This system yields a dimensionless parameter known as en-
hanced Pause (Penh), reflecting changes in waveform of the
pressure signal from the plethysmography chamber combined
with a timing comparison of early and late expiration, which
can be used to empirically monitor airway function. Measure-
ment was performed essentially as previously described [27].
Briefly, mice were placed in the chamber and baseline readings
taken and averaged for 3 min. Aerosolized methacholine (con-
centrations in solution ranging from 3.125 to 50 mg/mL) was
then delivered through an inlet into the chamber for 3 min and
readings averaged over a period of 3 min after each dose was
administered.

Statistical analysis

Results of morphometry and assessment of airway reactivity are
presented as arithmetic mean + standard error for each experi-
mental group. In general, an initial one-way analysis of variance
followed by Newman-Keuls multiple comparison test was used
to examine differences between groups. Comparison of the
proportion of mucin-positive cells in the intrapulmonary
airways was based upon grading and therefore employed a
non-parametric Kruskal-Wallis test followed by Dunn’s mul-
tiple comparison procedure. The software package GraphPad
Prism (GraphPad Software, San Diego, CA, USA) was used for
all data analysis and preparation of graphs.

Results

Airway inflammation

As previously described [14], sensitized wild-type BALB/c mice
exhibited accumulation of significant numbers of eosinophils
within the epithelial layer following repeated exposure to

aerosolized antigen. Similarly, accumulation of intraepithelial
eosinophils was readily apparent in IL-4Ra -/- mice (Fig. 1a).
The relative number of eosinophils within the epithelium
was comparable in these two groups and was significantly
increased compared with the corresponding naive animals
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Fig. 1. (a) Eosinophils within the tracheal epithelium of a sensitized,
chronically exposed IL-4Ra -/- animal (arrows) stained with haematoxylin
& eosin. (b) Prominent aggregates of chronic inflammatory cells in the
lamina propria of the trachea of a sensitized, chronically exposed wild-
type BALB/c mouse. (c) Reduced accumulation of chronic inflammatory
cells in an IL-13-deficient mouse. (d) Numerous mucous cells in the
intrapulmonary airways of a sensitized, chronically exposed wild-type
BALB/c mouse, stained with Alcian Blue (arrows) or PAS (arrowheads).
Note the chronic inflammatory response in the airway wall. (e) Absence of
goblet cell hyperplasia/metaplasia in an IL-13-deficient animal.
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Fig. 2. (a) Intraepithelial eosinophils and (b) inflammation in the lamina
propria of the trachea of naive and sensitized, chronically exposed wild-
type, IL-13-/- and IL-4Ra -/- mice. Significant differences compared with
corresponding naive animals are shown as **P < 0.01, ***P < 0.001;
significant differences compared with chronically exposed IL-13-/-
animals are shown as ##=P < 0.01, ### =P < 0.001.

(P<0.001) (Fig. 2a). In contrast, accumulation of eosinophils
was virtually abolished in IL-13-deficient mice. The reduction in
intraepithelial eosinophils in IL-13-deficient mice relative to
both wild-type and IL-4Ra-/- mice was significant (P < 0.001
for both comparisons).

In sensitized chronically exposed wild-type mice, there was a
statistically significant increase in the mean profile density of
cells in the airway wall as a consequence of accumulation of
lymphocytes, plasmacytoid lymphocytes and other mononuc-
lear inflammatory cells (Fig. 1b) (P<0.001 compared with
naive wild-type mice, Fig. 2b). A lesser, but still statistically
significant, accumulation of chronic inflammatory cells was
also evident in the airways of IL-4Ra-deficient mice (P <0.01
compared with naive controls, Fig. 2b). Fewer chronic inflam-
matory cells were recruited into the lamina propria in IL-13 -/-
mice (Fig. 1c). The reduction in chronic inflammatory cell
accumulation in IL-13-deficient mice was significant compared
with wild-type mice (P <0.01) but not compared with IL-4Ra-
deficient mice (Fig. 2b).

Fig. 3. (a) A prominent zone of reticulin-stained subepithelial collagen
was apparent in tracheas of sensitized, chronically exposed wild-type
mice. (b) The reticulin-stained zone in IL-13-deficient mice was much
thinner and was equivalent to that observed in naive mice.

Subepithelial fibrosis

As shown in Fig. 3(a), a prominent subepithelial reticulin-
stained zone is apparent in sensitized wild-type mice exposed
to antigen. Compared with control animals, the mean thickness
of this zone was significantly increased (P <0.001) (Fig. 4a). In
IL-13-deficient mice, subepithelial collagenization did not occur
and the thickness of the reticulin-stained zone was equivalent to
that in naive wild-type and gene-targeted animals (Fig. 3b). In
contrast, collagenization in IL-4Ra-deficient mice was compar-
able with wild-type mice and significantly increased com-
pared with the corresponding naive receptor-deficient mice
(P<0.001) (Fig. 4a). Relative to both wild-type and IL-4Ra -/-
mice, the reduction in subepithelial fibrosis in IL-13-deficient
mice was significant (P <0.001 for both comparisons).

Epithelial changes

The mean thickness of the airway epithelium was significantly
increased in sensitized wild-type BALB/c mice after 6 weeks’
inhalation exposure to antigen (P <0.01 compared with naive
control animals) (Fig. 4b). In contrast, there was no evidence of
hypertrophy of epithelial cells in either IL-13 -/- or IL-4Ra -/-
mice following chronic inhalational exposure to aerosolized

© 2002 Blackwell Science Ltd, Clinical and Experimental Allergy, 32:1104-1111



1108 R. K. Kumar et al.

=

7.5+
#it# e
’é\ *kk *kk
= 5.0
17
2
- -
{) h—— h—
£
g 2.5
)
=
0.0 © o
- AQ’ (\\ - QQ; (\\ . AQ’ R
N N N QS
& S & O & ©
@ S ) o0 Q& 9
$ WV N N &
NS
(b)
20 - #it#
* %
- —
€ -
5 —= - -
P —_ —
(%]
2
_‘§ 104
<
[
I
)
=
0 @ @ o
& & N & N &
& QO ) O & &
& > Ny Q&
‘2 4 X
W

Fig. 4. (a) Subepithelial collagenization and (b) hypertrophy of the
tracheal epithelium in naive and sensitized, chronically exposed wild-
type, IL-13-/- and IL-4Ra -/- mice. Significant differences compared with
corresponding naive animals are shown as **P < 0.01, ***P < 0.001;
significant differences compared with chronically exposed IL-13-/-
animals are shown as ### =P < 0.001.

ovalbumin. Epithelial thickness was significantly less than in
wild-type mice in both of these groups (P <0.001) (Fig. 4b).
Mucus-secreting goblet cells were virtually absent in the in-
trapulmonary airways of naive wild-type mice and this was also
true of naive IL-13 -/- and IL-4Ro -/- animals, so that on mor-
phometric quantification the mean grade recorded for these
groups was zero. Consistent with our previous study [14],
there was a striking increase in the number of goblet cells in
the intrapulmonary airways of sensitized exposed wild-type
BALB/c mice (Fig. 1d), with a mean grade of 3.56 + 0.24. No
such increase was demonstrable in either IL-13-/- (Fig. le) or
IL-4Ra -/- mice. The mean grades for these latter two groups
were, respectively, 0.88 + 0.35 and 1.00 + 0.27, which were
significantly lower than wild-type mice (P <0.001 in the case
of IL-13 -/- mice and P <0.01 in the case of IL-4Ra -/- mice).

Airway responsiveness

As reported previously, exposure to increasing concentrations
of aerosolized methacholine increased Penh values in naive
wild-type mice [25]. The increase was approximately fivefold
relative to baseline at a concentration of 50 mg/mL (Fig. 5a).
Sensitized exposed wild-type animals exhibited a left-shifted
dose-response curve and increased maximal reactivity, charac-
teristic of airway hyper-reactivity (Fig. 5a). Compared with
controls, the increase in Penh was significantly greater at
methacholine concentrations of 12.5, 25 and 50 mg/mL. Naive
IL-13 -/-mice exhibited much greater responsiveness to metha-
choline than naive wild-type animals, with a greater than
10-fold increase in Penh relative to baseline at 50 mg/mL (sig-
nificantly greater than wild type mice, P <0.01). Nevertheless,
sensitized exposed IL-13-/-mice had an even more markedly
left-shifted dose-response curve and were still demonstrably
hyper-reactive to methacholine, with significantly greater
Penh than naive animals at concentrations of 12.5 and 25 mg/
mL (Fig. 5b). In contrast, naive IL-4Ra-deficient animals were
similar to naive wild-type mice in their response to methacho-
line, with a 4.5-fold increase in Penh at 50 mg/mL compared
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Fig. 5. Airway reactivity of naive and
sensitized chronically exposed mice,
assessed by change in Penh in response to
increasing concentrations of aerosolized
B-methacholine. (a) Wild-type mice. (b) IL-13-/-
mice. (c) IL-4Ra -/- mice. Significant
differences compared with naive animals are
shown as *P < 0.05, **P < 0.01, ***P < 0.001.
(d) Relative increase in Penh compared with
naive controls for all three strains at each
concentration of methacholine.
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with baseline, while sensitized exposed 1L-4Ra -/- mice had a
dose-response curve very similar to that of IL-13 -/- mice and
their increase in Penh was significantly greater than naive
controls at all methacholine concentrations above 3.125mg/
mL (Fig. 5c). The relative increase in Penh compared with
naive controls for all three strains at each concentration of
methacholine is shown in Fig. 5(d).

Discussion

In this study, we investigated the role of IL-13 in the pathogen-
esis of chronic asthma using an improved murine model of
allergic inflammation of the airways. This model allowed us
not only to examine the contribution of IL-13 to allergic inflam-
mation and airway hyper-reactivity, but also the induction of
chronic inflammation and remodelling of the airways. Because
these animals do not develop a significant alveolitis, relatively
few inflammatory cells are present in bronchoalveolar lavage
fluid and lavage is thus an inappropriate method of quantifying
inflammation in this model. We therefore employed morpho-
metric quantification of eosinophils within the airway epithe-
lium and of chronic inflammatory cells within the lamina
propria.

Development of the characteristic morphological lesions of
chronic asthma was strikingly down-regulated in animals defi-
cient in their ability to produce IL-13 as a result of gene
targeting. Specifically, IL-13-deficient mice exhibited markedly
reduced intraepithelial accumulation of eosinophils, moder-
ately decreased numbers of chronic inflammatory cells in the
airway wall, absence of both subepithelial collagenization and
epithelial thickening, as well as markedly decreased mucous cell
hyperplasia/metaplasia. However, these animals still demon-
strated residual airway hyper-reactivity to a cholinergic agonist.

There is evidence that IL-13 induces airway epithelial expres-
sion of eotaxin, which is a major chemoattractant for eosino-
phils [11]. In addition, IL-13-mediated eosinophil recruitment
appears to be substantially dependent on IL-5 [28]. Although it
might be expected that eosinophil accumulation would be
diminished in IL-13-/- mice, our previous studies using a
short-term high exposure model of allergic bronchopulmonary
inflammation did not yield evidence in support of this predic-
tion [19]. A possible explanation is that the florid inflammatory
response in the lung parenchyma in the acute exposure model
activates IL-13-independent pathways for eosinophil recruit-
ment, such as those responsible for the marked eosinophilia
that is observed in peripheral blood in acutely exposed animals
[29]. In contrast, the airway-specific inflammatory changes in
the chronic exposure model employed in this study are clearly
regulated by IL-13 in a critically important manner. We specu-
late that IL-13 may similarly be important in the regulation of
eosinophil recruitment into the airways in chronic human
asthma.

The numerical density of chronic inflammatory cells in the
lamina propria was significantly decreased in sensitized chron-
ically exposed IL-13 -/- mice as compared with wild-type mice.
The mechanisms responsible for the decreased number of
chronic inflammatory cells are currently undefined. However,
immunohistochemistry  revealed that immunoglobulin-
synthesizing cells, which comprise a substantial proportion of
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the inflammatory cells in the lamina propria [30], were undimin-
ished (data not shown).

Our data provide unambiguous evidence of a role for IL-13 in
airway wall remodelling in chronic asthma. Of particular inter-
est is the finding that subepithelial fibrosis was virtually absent
in IL-13 -/- mice. This distinctive lesion of human asthma is well
reproduced in our chronic inhalation exposure model [14] but is
not amenable to study in animal models of acute allergic
bronchopulmonary inflammation. Our observations are con-
cordant with data from a model of granulomatous inflamma-
tion and fibrosis following Schistosoma mansoni infection, in
which IL-13 was shown to be a profibrotic cytokine [31, 32].
They are also consistent with the demonstration that pulmon-
ary overexpression of the IL-13 gene using a lung-specific pro-
moter is associated with peribronchiolar fibrosis [20]. A possible
mechanism for this action of IL-13 is its ability to directly
stimulate proliferation of fibroblasts [33, 34].

Epithelial remodelling was also strikingly down-regulated in
IL-13 -/- mice. The virtual absence of goblet cell metaplasia in
the intrapulmonary airways of these animals was not unex-
pected, as intratracheal administration of IL-13 rapidly induces
this change in the airways of wild-type mice and similar down-
regulation of this short-term response has been observed in
acute exposure models using inhibitors of IL-13 [8,9]. An add-
itional finding to emerge from the use of the chronic inhalation
exposure model was that epithelial hypertrophy was also dimin-
ished in IL-13-/- mice. Recent studies have emphasized the
potential role of ligands for the epidermal growth factor recep-
tor in airway wall remodelling in human asthma [35, 36], par-
ticularly with respect to epithelial injury and repair. However,
immunohistochemical studies did not yield any evidence of
diminished expression of epidermal growth factor, TGF-a or
amphiregulin by airway epithelial cells in IL-13 -/- mice (unpub-
lished data), suggesting that altered expression of these growth
factors was unlikely to account for the epithelial changes.

Despite thelack of intraepithelial accumulation of eosinophils
and the absence of remodelling, IL-13-/- mice continued to
exhibit modest hyper-reactivity to inhaled 3-methacholine rela-
tive to naive controls. Interestingly, the reactivity of IL-13-/-
control animals to methacholine was significantly augmented.
Both of these findings are consistent with our previously
reported results in a short-term high exposure model of allergic
bronchopulmonary inflammation [19], in which naive IL-13-
sufficient control mice, similarly backcrossed from (129
x C57BL/6) on to the BALB/c strain, also exhibited enhanced
reactivity to methacholine. However, they contrast with the
observations of Wills-Karp et al. [§], who have suggested that
IL-13 is the primary CD4™" T cell-derived factor responsible for
AHR.

A possible explanation for this discrepancy is the induction in
IL-13 -/- mice of other as yet undefined cytokine pathways that
could stimulate AHR, e.g. IL-13 is a potent regulator of macro-
phage function and production of IL-12 may be increased in
IL-13 -/- mice [23]. Our findings are also markedly at variance
with the recently reported results of Walter et al. [37], who used
IL-13 -/- mice of the same origin, backcrossed on to the BALB/c
strain for one more generation, and reported no change in the
responsiveness of naive animals to methacholine, together with
absence of AHR in sensitized acutely challenged animals. The
difference may be attributable to different sensitization and
challenge regimes, which in our hands may lead to a more
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robust 1L-4 response. At least in the short-term model, this
persistent IL-4 response in IL-13 -/- animals appears to contrib-
ute to AHR, because reactivity to methacholine is strikingly
decreased if sensitized exposed IL-13-/- mice are pre-treated
with anti-IL-4 [19].

There was a remarkable discordance between the inflamma-
tory changes observed in IL-13-/- and IL-4Ra -/- mice in this
model of chronic asthma. The IL-4Ra -/- mice were not signifi-
cantly different from wild-type mice with respect to accumula-
tion of intraepithelial eosinophils or of chronic inflammatory
cells in the lamina propria. Because absence of IL-13 appears to
be rate-limiting for development of eosinophilic inflammation,
it is possible that in the IL-4Ra knockout mice, IL-13 signalling
is occurring via a receptor or receptors that do not include the
IL-4Ra chain. This inference is supported by our recent studies
showing that transfer of antigen-specific T cells from IL-13-
sufficient mice induced AHR and eosinophilic inflammation in
IL-4Ra-deficient recipient animals, whereas T cells from IL-13-
deficient mice did not [38]. Validation of this concept in a model
of chronic asthma has important implications for the proposed
therapeutic targeting of the IL-4Ra chain in human asthma.

Although IL-4Ra -/- mice developed subepithelial collageni-
zation comparable with wild-type mice, they did not exhibit a
similar degree of epithelial thickening. In our previously
reported studies of wild-type and cytokine gene-deficient mice,
epithelial hypertrophy and subepithelial fibrosis have consist-
ently developed in parallel [14, 25]. The lack of epithelial hyper-
trophy in IL-4R o -/- mice implies a role for this receptor chain in
a signalling mechanism controlling the epithelial response. Fur-
thermore, it is clear that in this model of chronic asthma, as in
other models [39], the IL-4Ra chain plays an important role in
cytokine signalling that regulates mucous cell metaplasia and
hyperplasia.

We previously reported that while airway inflammation in
IL-4-/- mice was comparable with wild-type mice, the 1L-4-
deficient animals exhibited increased epithelial thickening and
subepithelial collagenization following chronic inhalation ex-
posure to allergen [25]. The results of the present study, which
demonstrate marked diminution of both airway inflammation
and remodelling in IL-13 -/- mice, emphasize the different func-
tions of these two Th2 cytokines in chronic asthma and may
have important implications for the development of novel
therapeutic strategies appropriate to human asthma.
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