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IL-4Rα expression by airway epithelium and smooth muscle
accounts for nearly all airway hyperresponsiveness in murine
allergic airway disease
Christopher G. McKnight1,2, Crystal Potter2 and Fred D. Finkelman 2,3

Airway hyperresponsiveness (AHR) often defines asthma. Murine allergic airway disease (AAD), like human eosinophilic asthma, is
characterized by AHR, eosinophilia, goblet cell metaplasia (GCM), smooth muscle hypercontractility, and increased production of IL-
4 and IL-13—cytokines that induce these characteristics by binding to the IL-4Rα chain. We evaluated the epithelial and smooth
muscle IL-4Rα-dependent contributions to AHR of BALB/c mice that possessed 0–2 functional IL-4Rα alleles and had airway disease
induced by house dust mite extract (HDM) or exogenous IL-13. Two functional IL-4Rα alleles were required for maximal AHR, while
only one functional allele was required for maximal GCM and systemic IL-4/IL-13 levels. Deletion of IL-4Rα from both smooth muscle
and epithelial cells inhibited AHR >83% in mice with two functional IL-4Rα alleles. In mice with one functional IL-4Rα allele, selective
epithelial cell IL-4Rα deletion maximally inhibited AHR, while selective smooth muscle IL-4Rα deletion decreased IL-13-induced, but
not HDM-induced, AHR. Less IL-4Rα signaling is required to maximize the epithelial cell contribution to AHR compared to the
smooth muscle contribution to AHR. In addition, epithelial cell responses to IL-4/IL-13 can increase the IL-4Rα-dependent smooth
muscle contribution to AHR. These findings carry increasing relevance as IL-4Rα-targeted therapy is administered to human
asthmatics.
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INTRODUCTION
Airway hyperresponsiveness (AHR) to methacholine can define
asthma when symptoms are consistent with episodic broncho-
constriction.1 Although murine allergic airway disease (AAD) is an
imperfect model of human asthma, mice reliably demonstrate
AHR upon cholinergic stimulation when their pulmonary tissues
have been pathologically modified by inflammation.2 While
several cytokines are associated with the manifestation of AAD,
interleukin (IL)-4 and IL-13 are considered the most central for
several reasons.3–5 When binding the heterodimer of IL-4Rα and
the common γ chain for type I cytokine receptors on lymphocytes,
IL-4 provides for the differentiation of naive T cells into T helper
type 2 (Th2) cells, maintenance of the Th2 response through
autocrine effects, and IgE class switching by B cells.6,7 When
binding the heterodimer of IL-4Rα and IL-13Rα1 on structural cells
of the lung, IL-13 and IL-4 induce chemokine secretion, goblet cell
metaplasia (GCM), myofibroblast metaplasia, and smooth muscle
hyperresponsiveness.3,8–13 In addition, IL-4Rα is required for AAD
in that IL-4Rα-deficient mice do not develop allergic disease
and, when reconstituted with IL-4Rα-competent bone marrow,
do not demonstrate AHR despite the presence of allergic
inflammation.10,14

Because allergic AHR depends on IL-4Rα so critically, IL-4Rα-
directed studies have proven useful in dissecting the mechanism
of AHR in experimental asthma. Several mouse studies have
evaluated the importance of IL-4Rα signaling in airway structural

cell types. While these studies have shown that expression and
stimulation of IL-4Rα on epithelial cells (ECs) or smooth muscle
cells (SMCs) can induce AHR, selective deletion of IL-4Rα from ECs
or SMCs fails to fully suppress AHR.10–14 These observations leave
several questions unanswered, particularly: What is the relative
importance of IL-4Rα signaling in ECs and SMCs in AAD? How do
ECs and SMCs cooperate to produce AHR through IL-4Rα
signaling? Do other airway structural cell types contribute
substantially to AHR in AAD? Do the contributions to AHR by
structural cell types depend on the method of disease induction?
We have now addressed these uncertainties using mice that

selectively lack IL-4Rα in airway ECs, SMCs, or both cell types using
a reductionistic model of asthma in which AAD is induced by
recombinant mouse IL-13 delivered intratracheally (i.t.) and an
active immunization model of asthma in which AAD is induced by
house dust mite (HDM) delivered i.t. Our results demonstrate that
IL-4Rα expression by ECs and IL-4Rα expression by SMCs are
individually required for full manifestation of AHR in both models
of disease. However, the contribution of ECs to AHR was larger
than the contribution made by SMCs, sometimes by a striking
degree in a manner that depended upon genomic IL-4Rα copy
number. When IL-4Rα expression by SMC was impaired, the
contribution made by SMCs to AHR depended upon IL-4Rα
expression by ECs. Ultimately, we found that the expression of IL-
4Rα by both ECs and SMCs accounted for the great majority of
AHR whether disease was induced by exogenous IL-13 or HDM.
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RESULTS
To increase efficiency of Cre-mediated disruption of IL-4Rα in
targeted cell types, we initially used IL-4Rαflox/− mice that carried
CC10-Cre, SMP8-Cre, both, or neither of these constructs. These
mice were inoculated daily i.t. with 3 µg of IL-13 on 7 consecutive
days. Severe AHR was induced in mice lacking Cre-constructs, and
AHR was substantially attenuated in mice that had little or no
expression of IL-4Rα by ECs or by SMCs, as driven by the CC10-Cre
or SMP8-Cre constructs, respectively. When IL-4Rα expression was
reduced in both these cell types, AHR was reduced further but not
extinguished (Fig. 1a). Such treatment with IL-13 induced a
modest pulmonary eosinophilia that did not consistently depend
upon IL-4Rα expression by SMCs or ECs (Fig. 1b). IL-13 induced
strong GCM that was impeded by the CC10-Cre construct (Fig. 1c).
Because Cre-mediated gene targeting is often known to be
incomplete, we compared the range and distribution of residual
IL-13-induced GCM in the CC10-Cre+/− and CC10-Cre+/−SMP8-

Cre+/− groups (Fig. 1d). Finding their residual GCM to be very
similar, we compared the AHR of these groups when there was
good prevention of GCM (Fig. 1g). The value of this comparison is
validated by the lack of a statistically significant difference in
eosinophilia between the subgroups that demonstrated high or
low GCM with either genotype (Fig. 1e, f). Figure 1g demonstrates
that AHR was still present in the CC10-Cre+/−SMP8-Cre+/− mice
treated with IL-13 even when GCs were very well eliminated, but,
importantly, the AHR of CC10-Cre+/−SMP8-Cre+/− mice was
indistinguishable from CC10-Cre+/− mice. This demonstrates that
the SMC contribution to AHR in this model depends upon co-
expression of IL-4Rα by ECs. Because the SMC contribution to AHR
was not apparent when mice carried the CC10-Cre construct and
had <2% airway GCs, we wanted to evaluate whether the CC10-
Cre construct was impairing SMC function through its genomic
insertion or non-specific effects of Cre. CC10-Cre+/−SMP8-Cre+/−

IL-4Rα−/− mice were bred to wild-type (WT) mice to produce mice
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Fig. 1 IL-4Rα-expression by epithelial cells (ECs) and smooth muscle cells (SMCs) is required in IL-4Rαflox/− mice for maximal airway
hyperresponsiveness (AHR) induced by exogenous IL-13. IL-4Rαflox/− mice were treated i.t. with 3 µg of IL-13 daily for 7 days. a Invasive
measurement of AHR. b Absolute eosinophil count of BAL fluid. c Quantitation of goblet cell metaplasia (GCM). d Distribution of residual GCM
in club cell 10 kDa protein-Cre+ (CC10-Cre+) mice and CC10-Cre+ α-smooth muscle actin-Cre+ (SMP8-Cre+) mice. e Absolute eosinophil count
of BAL fluid in CC10-Cre+ and CC10-Cre+SMP8-Cre+ mice that had high or low residual GCM. f Percentage of eosinophils in BAL fluid in CC10-
Cre+ mice and CC10-Cre+SMP8-Cre+ that had high or low residual GCM. g AHR when CC10-Cre+ and CC10-Cre+SMP8-Cre+ mice that had
high residual GCM were excluded. The results represent 12 pooled experiments with a–d showing 17, 14, 26, 22, and 47 mice for the groups
Cre−+IL-13, SMP8-Cre++IL-13, CC10-Cre++IL-13, both Cre++IL-13, and all genotypes+saline, respectively. g represents 14 and 12 mice for the
groups CC10-Cre++IL-13 and both Cre++IL-13, respectively. NS not significant; *p < 0.05; **p < 0.01; ***p < 0.001.
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that were IL-4Rα+/− and carried one, both, or neither of the Cre
constructs. Such mice would carry the putative damaging effects
of the Cre construct but the recombinase activity of Cre would not
alter the native IL-4Rα allele. Administering 3 µg of the second lot
of IL-13 i.t. daily 7 times to these mice generated AHR that was not
impeded by either of the Cre constructs (Fig. E4). Thus Cre effects
resulted from deletion of floxed IL-4Rα; not from a direct toxic
effect.
Because a substantial percentage of CC10-Cre+ mice demon-

strated excessive residual GCM upon disease induction, we sought
a strain with higher efficiency for deleting IL-4Rα from epithelium.
The CC10-Cre strain originally made by Dr. Brigid Hogan was
generated by pseudorandom insertion of the CC10-Cre construct
that very likely occurred at multiple sites within the genome. Such
mice have been maintained on a non-BALB/c background by
several laboratories, and we backcrossed the CC10-Cre strain that
we received from Steven Shapiro onto the BALB/c background
using a traditional approach. The same construct was indepen-
dently backcrossed onto the BALB/c background by Andrew
Lindsley’s laboratory using Taconic’s Speed Congenic system; the
resulting strain was labeled CCSP-Cre. Because regions of the
genome vary substantially with regard to transcription accessi-
bility and because the process of backcrossing might have
selected different insertion sites of the CC10-Cre construct, we
thought it worthwhile to assess the CCSP-Cre strain’s efficacy for
deletion of IL-4Rα. IL-4Rαflox/− mice that did, or did not, carry

CCSP-Cre were treated with IL-13 or saline. AHR and GCM were
substantially reduced, but not extinguished, in CCSP-Cre+/− mice
(Fig. E5A–C) to a degree that matched the prior experiments using
CC10-Cre mice. Greater, but still incomplete, reduction in AHR was
observed when only CCSP-Cre+/− mice with low residual GCM
were analyzed (Fig. E5D) as was observed in our studies with
CC10-Cre mice (Fig. 1). Because the CCSP-Cre strain performed
very similarly to the CC10-Cre strain, the CCSP-Cre stock was bred
to IL-4Rαflox/flox mice for future use, while CC10-Cre+ mice were
used for breeding and experimentation in the following figures.
We then compared the AHR produced by exogenous IL-13 to

the AHR of AAD produced by administering 16 µg of HDM from
Greer i.t. every other day 7 times to mice that were IL-4Rαflox/− and
carried at most one of the Cre-constructs. Figure 2a–c demon-
strates very substantial reductions in both AHR and GCM when IL-
4Rα expression by respiratory epithelium is targeted by Cre,
without a reduction in pulmonary eosinophilia. In contrast,
Fig. 2d–f shows very well-preserved AHR despite Cre-mediated
targeting of SMC expression of IL-4Rα, which did not noticeably
affect GCM or eosinophilia.
Finding that IL-4Rα expression by SMCs did not significantly

impair AAD when ECs expressed IL-4Rα normally, we wanted to
determine whether such a contribution could be more readily
identified when ECs had impaired expression of IL-4Rα and
explore whether results varied with the preparation of HDM
extract. Consequently, we administered 16 µg of homemade HDM
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Fig. 2 Cre-mediated deletion of IL-4Rα expression in ECs, but not SMCs, decreases AHR in house dust mite extract (HDM)-inoculated IL-
4Rαflox/− mice. IL-4Rαflox/− mice were treated i.t. with 16 µg of HDM extract (Greer) every other day for 14 days. a Invasive measurement of
AHR. b Absolute eosinophil count of BAL fluid. c Quantitation of GCM. d Invasive measurement of AHR. e Absolute eosinophil count of BAL
fluid. f Quantitation of GCM. a–c The results represent 3 pooled experiments showing 17, 19, and 34 mice for the groups Cre−+HDM, CC10-
Cre++HDM, and both genotypes+saline, respectively. d–f The results represent 5 pooled experiments showing 18, 20, and 36 mice for the
groups Cre−+HDM, SMP8-Cre++HDM, and both genotypes+saline, respectively. NS not significant; **p < 0.01; ***p < 0.001.
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extract i.t. every other day over a 14-day period to mice that were
IL-4Rαflox/− and carried one, both, or neither of the Cre-constructs.
The resultant AHR matched the prior Greer HDM experiments,
and a substantial decrement in AHR was again present in CC10-
Cre+/− mice but not in SMP8-Cre+/− mice (Fig. 3a). Pulmonary
eosinophilia was substantial in those groups treated with HDM,
irrespective of IL-4Rα expression by ECs and SMCs (Fig. 3b),
while GCM depended on both HDM administration and EC
IL-4Rα expression (Fig. 3c). Analogous to the IL-13-based studies,
CC10-Cre+/− mice and CC10-Cre+/−SMP8-Cre+/− mice with AAD
demonstrated very similar residual GCM (Fig. 3d). When compar-
ing the AHR of the subgroups that demonstrated very good
prevention of GCM, almost all AHR was attributable to EC
expression of IL-4Rα (Fig. 3g), although there was an insignificant
trend toward lower AHR in the group that expressed Cre in both
SMCs and ECs. Again, analogous to the IL-13-based studies,
eosinophilia did not consistently differ between the subgroups
that demonstrated high or low residual GCM with either genotype
(Fig. 3e, f).
While the AHR of CC10-Cre+/−IL-4Rflox/− mice was substantially

reduced in disease induced by exogenous IL-13, some of this
reduction in the HDM-based model might have been due to reduced
production of IL-13 and/or IL-4 in vivo. To address this, IL-4Rflox/−

mice that did, or did not, carry CC10-Cre were treated i.t. with 16 µg
of homemade HDM every other day for 14 days and secretion of IL-
13, IL-4 and interferon (IFN)-γ were measured by In Vivo Cytokine
Capture Assay (IVCCA). The substantial increase in IL-13 and IL-4
levels upon disease induction did not depend on the CC10-Cre
genotype of the mouse (Fig. 3, h). Thus EC IL-4Rα expression does
not appear to affect the type 2 cytokine response in AAD.
To address the potential significance of IL-4Rα heterozygosity in

these experiments, we administered IL-13 to WT (=IL-4Rα+/+)
and IL-4Rαflox/− mice. The WT mice developed substantially
greater pulmonary eosinophilia and AHR than the IL-4Rαflox/−

mice, although GCM appeared unaffected by IL-4Rα zygosity
(Fig. 4a–c). This prompted us to also compare the responses of WT
and IL-4Rαflox/− mice to HDM. Figure 4d shows that the AHR of WT
mice was accentuated over that of IL-4Rαflox/− mice, while neither
pulmonary eosinophilia nor GCM was affected by IL-4Rα zygosity
(Fig. 4e, f). The similar GCM in IL-4Rα+/+, IL-4Rα+/−, and IL-4Rαflox/−

mice but increased AHR in the IL-4Rα+/+ mice suggested that
non-epithelial airway cells contribute considerably more to AHR in
IL-4Rα+/+ than in IL-4Rα+/− or IL-4Rαflox/− mice, while cytokine
levels do not depend upon a second functional IL-4Rα allele. We
evaluated this hypothesis with a subsequent experiment in which
cytokine levels were measured in vivo when WT and IL-4Rα+/−

mice were treated with HDM. IL-4Rα+/− mice actually demon-
strated higher levels of IL-4 and IL-13 than WT mice (Fig. 4g). While
several mechanisms might explain this finding, we favor the
possibility that IL-4 and IL-13 usage (or neutralization by soluble
receptors15) is higher in mice that have two, rather than one,
functional IL-4Rα alleles.
To determine whether smooth muscle contributes more to AHR

in IL-4Rαflox/flox than in IL-4Rαflox/− mice, we bred CCSP-Cre+/−IL-
4Rαflox/flox mice to SMP8-Cre+/−IL-4Rαflox/flox mice and treated the
offspring i.t. with 16 µg of Greer HDM every other day for 14 days.
The AHR of HDM-inoculated IL-4Rαflox/flox mice exceeded that of
IL-4Rαflox/− mice in our prior experiments, as shown by increased
sensitivity to 25 mg/ml of methacholine (compare Fig. 5a with
Fig. 2a, d). This increase in AHR depended substantially on the
expression of IL-4Rα by both ECs and SMCs. Pulmonary
eosinophilia depended on HDM treatment but was independent
of IL-4Rα expression by ECs and SMCs (Fig. 5b). GCM was induced
by HDM treatment and depended upon IL-4Rα expression by ECs
but not by SMCs (Fig. 5c, d). Given that Cre-mediated gene
disruption is typically less than complete in any cell type, the AHR
of BALB/c IL-4Rα+/+ mice with severe, HDM-induced AHR appears
to be at least 67% attributable to EC expression of IL-4Rα alone, at

least 48% attributable to SMC expression of IL-4Rα alone, and at
least 83% attributable to simultaneous expression of IL-4Rα on ECs
and SMCs. Indeed, when only those mice that had <5% GCM were
considered, HDM-induced AHR appeared to be >92% attributable
to simultaneous EC and SMC IL-4Rα expression (Fig. 5g). Table 1
summarizes the AHR, GCM, and pulmonary eosinophilia produced
by exogenous IL-13 or HDM in all of our experiments.

DISCUSSION
AHR is the defining physiological characteristic of human asthma
and animal models of this disorder.1,16 The development and
maintenance of AHR in most mouse models of AAD, which has
several features in common with human asthma, completely
depends on two cytokines, IL-4 and IL-13.4,5 While IL-13 is
produced in higher amounts than IL-4, both bind heterodimeric
receptors that share the required subunit for signal transduction,
IL-4Rα.8,17 This dependence has been demonstrated in studies
utilizing molecular blockade of IL-4Rα function or genetic deletion
of IL-4Rα.10,18 The clinical relevance of these observations has
been demonstrated by increased IL-4 and IL-13 production in the
airways of patients who have eosinophilic asthma19 and by the
therapeutic success of dupilumab, a monoclonal antibody (mAb)
that blocks IL-4Rα.20–22

Previous studies with mice that entirely fail to express IL-4Rα or
selectively express IL-4Rα on only a single-cell type have
implicated airway ECs and SMCs as important effectors in IL-
4Rα-dependent AHR.10–14 IL-13 administration and increased
endogenous IL-13 production stimulate AHR in mice that only
express IL-4Rα on smooth muscle or airway epithelium.10,11

However, in contrast to mice that globally lack IL-4Rα expression,
which totally fail to develop AHR and AAD, supraphysiological
amounts of IL-13 induce AHR in mice that lack IL-4Rα on smooth
muscle but express IL-4Rα on airway epithelium, and vice
versa.10,11 These observations are compatible with at least three
possibilities: (1) IL-4Rα-dependent effects on either smooth muscle
and airway ECs might be sufficient for IL-13 induction of AHR,
regardless of IL-13 level; (2) IL-4Rα expression by both smooth
muscle and airway epithelium might be more important for AHR
induction when IL-13 levels are suboptimal than when supraphy-
siological levels of this cytokine are present; and (3) IL-4Rα-
dependent stimulation of cell types other than smooth muscle
and airway epithelium, such as endothelial cells, fibroblasts,
eosinophils, mast cells, macrophages, dendritic cells, and neu-
rons,23–28 might be sufficient to induce AHR.
To distinguish among these possibilities, we studied the

development of AHR and other features of AAD in mice using a
Cre/loxp approach to selectively deplete IL-4Rα from smooth
muscle, airway epithelium, or both cell types and applied this
approach to mice that expressed IL-4Rα through one or two
functional IL-4Rα alleles (IL-4Rαflox/− and IL-4Rαflox/flox mice,
respectively). AAD was induced in these mice by i.t. administration
of either IL-13 or the clinically relevant allergen, HDM. All studies
were performed in BALB/c background mice, which reliably
develop severe AHR in response to both HDM and IL-13.
In studies with IL-4Rαflox/− mice, AHR produced by exogenous

IL-13 was considerably attenuated by the absence of IL-4Rα on
smooth muscle (SMP8-Cre+ mice) and by the absence of IL-4Rα on
airway epithelium (CC10-Cre+ mice). Significantly greater suppres-
sion of HDM-induced AHR was observed when mice carried both
SMP8-Cre and CC10-Cre than when mice carried only CC10-Cre,
when all mice that expressed CC10-Cre were evaluated (Fig. 1a).
However, this difference was not apparent when CC10-Cre+ mice
demonstrating considerable GCM were excluded based on the
high likelihood of incomplete deletion of IL-4Rα from their
epithelium by CC10-Cre (Fig. 1g).
Different results were obtained when AHR was induced by i.t.

HDM, which causes less severe AHR than IL-13 at the doses used
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Fig. 3 SMC IL-4Rα expression has little effect on HDM extract-induced AHR in IL-4Rαflox/− mice. IL-4Rαflox/− mice were treated i.t. with 16 µg of
HDM extract (produced in our laboratory) every other day for 14 days. a Invasive measurement of AHR. b Absolute eosinophil count of BAL
fluid. c Quantitation of GCM. d Distribution of residual GCM in CC10-Cre+ and CC10-Cre+SMP8-Cre+ mice. e Absolute eosinophil count of BAL
fluid in CC10-Cre+ and CC10-Cre+SMP8-Cre+ mice that had high or low residual GCM. f Percentage of eosinophils in BAL fluid in CC10-Cre+

mice and CC10-Cre+SMP8-Cre+ that had high or low residual GCM. g AHR when CC10-Cre+ and CC10-Cre+SMP8-Cre+ mice that had high
residual GCM were excluded. h In vivo cytokine responses. For a–g, the results represent 14 pooled experiments with a–d showing: 24, 19, 32,
20, and 52 mice for the groups Cre−+HDM, SMP8-Cre++HDM, CC10-Cre++HDM, both Cre++HDM, and all genotypes+saline, respectively.
g represents 14 and 13 mice for the groups CC10-Cre++HDM and both Cre++HDM, respectively. h represents 2 pooled experiments with 9, 9,
31, and 26 mice per group: Cre−+saline, CC10-Cre++saline, Cre−+HDM, and CC10-Cre++HDM, respectively. NS not significant; *p < 0.05;
**p= 0.01; ***p < 0.001.
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(compare Figs. 1a and 3a). With HDM as the stimulus, AHR in IL-
4Rαflox/− mice was strongly suppressed by CC10-Cre, while SMP8-
Cre had no effect (Figs. 2a, d and 3a). The combination of CC10-
Cre and SMP8-Cre tended to suppress AHR induction more than
CC10-Cre alone, but this tendency was not statistically significant

whether all CC10-Cre-expressing mice or only those with the
strongest suppression of GCM were analyzed (Fig. 3a, g).
Because IL-13 and HDM induced more severe AHR in WT and IL-

4Rαflox/flox mice than in IL-4Rαflox/− mice, it was possible that the
effects of selective IL-4Rα deletion might also depend on IL-4Rα
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gene dose. Indeed, in experiments performed with HDM-
inoculated IL-4Rαflox/flox mice, AHR was decreased by the presence
of either CCSP-Cre or SMP8-Cre and further decreased by the
carriage of both genetic constructs (Fig. 5a, g). Combined
epithelial and smooth muscle expression of Cre decreased the
maximal airway resistance induced by methacholine in HDM-
inoculated IL-4Rαflox/flox mice by ~83%, as compared to HDM-
inoculated IL-4Rαflox/flox Cre− mice and saline-inoculated mice
when all mice carrying CCSP-Cre were included in our analysis.
Notably, AHR appeared to be all but extinguished in HDM-treated
CCSP-Cre+SMP8-Cre+ mice when only those mice with <5% GCM
were included in analysis. It remains to be determined whether
the remaining AHR resulted from IL-4/1L-13 effects on cell types
other than smooth muscle and airway epithelium or from
incomplete loss of IL-4Rα expression by these two cell types.
Regardless, our observations indicate that both smooth muscle

and airway epithelial responsiveness to IL-4/IL-13 contribute
importantly to AHR in mice with two functional IL-4Rα genes that
have been immunized via the airway with a clinically relevant
allergen and that the IL-4/IL-13 responsiveness of these two cell
types accounts for the great majority of AHR induction by these
cytokines. It remains, possible, however, that IL-4Rα expression by
other cell types is necessary for AHR induced by HDM.
The likelihood that IL-4/IL-13-mediated effects on airway

epithelium and smooth muscle account for most or all of the
effects of these cytokines on AHR makes sense given that
increases in airway resistance are caused by narrowing and
occlusion of airways12,29,30. IL-4/IL-13 induction of GCM and mucus
hypersecretion narrows and likely occludes airways during
methacholine challenge; such narrowing and occlusion is
augmented by smooth muscle contraction that is enhanced by
IL-4/IL-13 activity directly on smooth muscle.
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However, our observations also suggest that there are
quantitative differences in AHR induction by IL-4/IL-13 effects on
smooth muscle vs. airway epithelium. IL-4/IL-13 effects on airway
epithelium contributed to AHR under all conditions tested, while
their effects on smooth muscle were only observed in mice
treated with HDM when two functional IL-4Rα alleles were present
and in mice treated with supraphysiologic amounts of exogenous
IL-13 when a single functional IL-4Rα allele was present. Because
of this differential effect on smooth muscle and epithelium, it
seems likely that greater IL-4Rα stimulation is required for smooth
muscle than for airway epithelium to induce a physiologically
significant effect on AHR. This is consistent with our previous
observations that IL-4 and IL-13 have a much stronger effect on EC
than smooth muscle gene expression.10

Experiments of the types that we have performed can be
subject to artifacts; we have exerted considerable effort to
investigate such possibilities. The concern that carriage of Cre-
containing constructs might inhibit EC and SMC function non-
specifically was ruled out by comparing AHR in Cre− and Cre+

mice that had WT rather than floxed IL-4Rα genes. The concern
that IL-4Rα deletion on airway ECs might be incomplete was
evaluated by counting airway GCs, inasmuch as GC metaplasia is
driven by IL-4/IL-13 in our model, and mice with near-complete
suppression of GC metaplasia were evaluated separately, when
possible. Fortunately, depletion of IL-4Rα from SMCs was likely
more extensive than in ECs in our experiments. Previously10, we
found that SMP8-Cre was highly effective at deleting IL-4Rα from
SMCs in IL-4Rαflox/− mice. However, because efficacy was not
confirmed in the current experiments, we cannot completely
eliminate the possibility that some of the residual AHR seen in our
experiments might be due to SMC expression of IL-4Rα.
The concern that near-complete suppression of GC metaplasia

might merely reflect decreased IL-4/IL-13 stimulation was
excluded by evaluating airway eosinophilia, which did not
correlate with the percentage of airway GCs in CC10-Cre+ IL-

4Rαflox/− or IL-4Rαflox/flox mice. An additional concern, that IL-4Rα
deletion from the airway epithelium might affect IL-4 and IL-13
levels, was negated by our measurement of these levels by IVCCA
(Fig. 3h), showing higher levels of these cytokines in IL-4Rαflox/−

mice compared to WT mice (Fig. 4g). The finding that IL-4Rα
heterozygosity increased levels of IL-4 and IL-13 was unexpected.
While several mechanisms for this are certainly possible and not
mutually exclusive, an increased absorption of these cytokines in
the WT mice because of higher expression of cytokine receptors
has a good chance of contributing to this phenomenon. However,
because we measured IL-4 and IL-13 systemically, we cannot
exclude the possibility that a selective decrease in expression of IL-
4Rα on airway smooth muscle or epithelium selectively increases
local concentrations of IL-4/IL-13 by decreasing cellular receptor
absorption of these cytokines. These putative increased IL-4/IL-13
concentrations could then stimulate the remaining IL-4Rα-expres-
sing cell types to a greater extent. If so, this compensatory effect
could lead to underestimation of the effects of IL-4Rα deletion
from a single-cell type.
There are, however, some remaining limitations of our study. As

noted above, neither CC10-Cre nor CCSP-Cre reliably and
completely deleted IL-4Rα from all airway ECs, as judged by
residual GC metaplasia. This may have led us to underestimate the
importance of GC metaplasia and other possible effects of IL-4/IL-
13 on airway epithelium in the pathogenesis of AHR. Second,
SMP8 is not completely specific for SMCs but is also expressed by
myofibroblasts9. Consequently, our data are consistent with the
possibility that IL-4Rα expression by this cell type contributes to
AHR. Most importantly, there are considerable differences
between murine and human airway anatomy, including the
presence of submucosal mucus glands and a substantial layer of
smooth muscle in humans, as well as obvious differences in lung
size and the number of divisions of bronchioles.2 Although these
differences may well affect the relative quantitative importance of
smooth muscle vs. airway epithelial responsiveness to IL-4/IL-13 in

Table 1. Summary of the results.

Stimulus No. of functional IL-
4Rα alleles per cell
in smooth muscle

No. of functional
IL-4Rα alleles per
cell in epithelium

No. of functional
IL-4Rα alleles in all
other cell types

AHR GC metaplasia Eosinophilia Figure no.
in article

Exogenous IL-13 1 1 1 ++++ ++++++++ + 1

Exogenous IL-13 0a 1 1 ++ ++++++++ + 1

Exogenous IL-13 1 0a 1 ++ + + 1

Exogenous IL-13 0 0 1 + + + 1

Exogenous IL-13 2 2 2 ++++++++ ++++++++ + 4

House dust mite
extract

1 1 1 +++ ++++++++ ++++++++ 2, 3

House dust mite
extract

0 1 1 +++ ++++++++ ++++++++ 2, 3

House dust mite
extract

1 0 1 + + ++++++++ 2, 3

House dust mite
extract

0 0 1 + + ++++++++ 2, 3

House dust mite
extract

2 2 2 ++++++ ++++++++ ++++++++ 4, 5

House dust mite
extract

0 2 2 +++ ++++++++ ++++++++ 5

House dust mite
extract

2 0 2 +++ + ++++++++ 5

House dust mite
extract

0 0 2 + + ++++++++ 5

a
“0” denotes complete genetic deletion of IL-4Rα in the great majority of the cells targeted by Cre, rather than complete genetic deletion in every Cre-
targeted cell
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AHR pathogenesis, it seems unlikely that the combined impor-
tance of these two cell types will differ substantially between the
species.
The growing use of therapies that target IL-4Rα has increased

the importance of identifying the cell types that are most involved
in IL-4/IL-13 contributions to immune-mediated disease. Although
IL-4Rα signaling drives allergic disorders, it also protects against
multicellular parasites (arthropods and worms), contributes to
wound healing, and may protect against immunologic disorders
mediated predominantly by non-type 2 T cells.31–41 Consequently,
the safety of targeting of IL-4Rα for therapeutic means would be
optimal when such therapy is specific to the organ and/or cell
types that manifest disease. Because our observations demon-
strate that smooth muscle and airway epithelium mediate the
great majority, if not all, AHR in experimental allergic asthma and
do so through expression of IL-4Rα, future asthma therapeutics
might achieve an optimal risk/benefit ratio by targeting IL-4Rα
expression on just these two cell types.

METHODS
Mice
Both male and female mice on the BALB/c background were used
at 7–10 weeks of age in all experiments. Littermates served as
controls in all experiments except where noted. IL-4Rα−/− mice42

and IL-4Rαflox/flox mice43 were originally provided by Frank
Brombacher and bred in our animal facility. Mice carrying either
a club cell 10 kDa protein-Cre (CC10-Cre) construct44 or α-smooth
muscle actin-Cre (SMP8-Cre) construct10 were provided on the
C57BL/6 background by Steven Shapiro and James Fagin,
respectively, and were each backcrossed >10 generations onto
the BALB/c background. Club cell secretory protein-Cre (CCSP-
Cre)+/− 45 mice were backcrossed onto BALB/c and provided by
Andrew Lindsley. All three of these constitutively active Cre
constructs were then crossed onto the IL-4Rα−/− background. In
addition, the SMP8-Cre and CCSP-Cre constructs were crossed
onto the IL-4Rαflox/flox background. For experiments on the IL-
4Rαflox/− background, CC10-Cre+/−SMP8-Cre+/−IL-4Rα−/− mice,
CC10-Cre+/−IL-4Rα−/− mice, and SMP8-Cre+/−IL-4Rα−/− mice
were bred to IL-4Rαflox/flox mice. For experiments on the IL-
4Rαflox/flox background, CCSP-Cre+/−IL-4Rαflox/flox mice were bred
to SMP8-Cre+/−IL-4Rαflox/flox mice. The PCR primers for genotyping
mice specifically for the SMP8-Cre construct were: GCC TGT GAC
ACT CCC GCT and CCA GGC TAA GTG CCT TCT CTA CA, and for the
CC10-Cre and CCSP-Cre constructs: GTG CAA TTT CTT GAG TGG
AGG ACA AT and TTC TTG CGA ACC TCA TCA CTC. Animals were
bred and used in an AAALAC-approved specific pathogen-free
environment using barrier isolation with protocols approved by
the Cincinnati Children’s Hospital Medical Center’s (CCHMC)
Institutional Animal Care and Use Committee, allowed access to
food and water ad libitum, and monitored daily by the veterinary
staff for health and well-being. All experimentation was performed
in a manner to conscientiously minimize stress and suffering. Mice
were sacrificed through intraperitoneal injection of pentobarbital
and xylazine.

Reagents
Lyophilized HDM extract from Greer (Lenoir, NC), XPB70D3A25,
was resuspended in sterile saline and stored at −80 °C. We also
prepared an HDM extract from whole Dermatophagoides pter-
onyssinus mites (2.04 g, ALK-abello Source Materials Inc. (Post Falls,
ID), lot# 10-1289 and 5.03 g Greer Source Materials (Lenoir, NC),
RMB82F, lot# 166421) by pulverizing them in phosphate-buffered
saline in 50ml conical tubes for 5 or 10 min using a tissue
homogenizer (TissueMiser, FisherScientific) at maximum speed
while on ice. Homogenate was progressively centrifuged up to
40K rpm, and the supernatant was passed through 40-µm pore
strainer, brought to a pH of 7, dialyzed against normal saline using

a MWCO 6000-8000 membrane (Spectra Por 1, FisherScientific),
filtered through a 0.45-µm pore membrane by syringe, and its
protein content quantitated by Bradford/Coomassie blue. Lyophi-
lized IL-13, from PeproTech (Rocky Hill, NJ), 210-13, was
resuspended in molecular-grade water and either left at room
temperature for a few minutes before storing at −80 °C (Lot 1) or
left at 4 °C for 1 week before storing at −80 °C (Lot 2).

Induction of airway disease
For HDM-based experiments, 16 µg of HDM protein were
administered i.t. in 40 µl every other day for 7 treatments (Fig.
E1). For IL-13-based experiments, 2 or 3 µg IL-13 were adminis-
tered i.t. in 40 µl daily for 7 treatments (Fig. E2).

Determination of airway responsiveness to β-methacholine
Barometric plethysmography was performed as described in some
experiments46, being measured 1 day after the last treatment with
HDM or approximately 8 h after the last treatment of IL-13. Owing
to inherent imprecision and variability, this technique was
abandoned and results were not reported. Invasive measurement
of airway resistance was performed as described by forced
oscillation using the flexiVent system (Scireq, Montreal, Canada)
and measured 2 days after the last treatment with HDM or 1 day
after the last treatment with IL-13.46

Bronchoalveolar lavage (BAL) and quantitation of BAL cells
This was performed as described.47

Goblet cell enumeration
Periodic acid-Schiff (PAS)-stained histologic slides were prepared
by the CCHMC research pathology core. ECs of all medium-sized
airways in one lung section per mouse were counted in a blinded
fashion and the percentage of goblet cells was calculated. Central
airways were also examined for their degree of GCM. Mice were
considered to have good prevention of GCM if <2% of the cells in
medium-sized airways were PAS+ and central airways lacked large
patches of PAS+ cells.

Measurement of IL-4, IL-13, and IFN-γ production in vivo
This was achieved using the IVCCA as previously described.48

Briefly, biotin-labeled anti-cytokine IgG mAbs specific for IL-4, IL-13,
and/or IFN-γ were injected intravenously a few minutes before the
last i.t. treatment with HDM, these mAbs bound the cytokines of
interest with high affinity at an epitope that is required for cytokine
binding to their respective cytokine receptors, blood was obtained
~24 h after injection, and serum cytokine–IgG complexes were
quantitated by enzyme-linked immunosorbent assay (Fig. E3).

Statistics
Shapiro–Wilk test was used to determine whether data sets were
normally distributed, which was generally not the case. For
significance testing, non-parametric Kruskal–Wallis test was used
for multiple group comparisons, non-parametric Mann–Whitney U
test was used to compare two groups, and a two-way analysis of
variance was used to analyze methacholine challenges. “Box and
whiskers” plots depict the second and third quartiles of data
within boxes, which are additionally marked with the median
value and depict the highest and lowest values with bars. A
p value ≤0.05 was considered significant.
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