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Deleterious responses to pathogens during infancy may contribute to infection and associated asthma. Chlamydia

respiratory infections in early life are common causes of pneumonia and lead to reduced lung function and asthma. We

investigated the role of interleukin-13 (IL-13) in promoting early-life Chlamydia respiratory infection, infection-induced

airway hyperresponsiveness (AHR), and severe allergic airway disease (AAD). Infected infant Il13� /� mice had reduced

infection, inflammation, and mucus-secreting cell hyperplasia. Surprisingly, infection of wild-type (WT) mice did not

increase IL-13 production but reduced IL-13Ra2 decoy receptor levels compared with sham-inoculated controls.

Infection of WT but not Il13� /� mice induced persistent AHR. Infection and associated pathology were restored in

infected Il13� /� mice by reconstitution with IL-13. Stat6� /� mice were also largely protected. Neutralization of IL-13

during infection prevented subsequent infection-induced severe AAD. Thus, early-life Chlamydia respiratory infection

reduces IL-13Ra2 production, which may enhance the effects of constitutive IL-13 and promote more severe infection,

persistent AHR, and AAD.

INTRODUCTION

Respiratory infections in early life with the intracellular
bacterium Chlamydia are common and up to 50% of young
adults have anti-Chlamydia pneumoniae antibodies, indicating
the prevalence of these infections in the community.1,2 These
infections are often asymptomatic but are a significant cause of
community-acquired pneumonia especially in infants,3 and
infection in childhood promotes long-term reductions in lung
function.4 In adults, Chlamydia infections typically induce
potent and protective T helper cell type 1 (Th1), interleukin
(IL)-12, and interferon-g-dominated responses and antibody
responses.5,6 These responses effectively clear the bacteria, but
the strong inflammatory responses can damage the airways and
parenchyma, leading to pathology and the development of
pneumonia. In early life, the factors induced by infection and
that are involved in clearance are less well understood although
Th1 responses are known to be important.7,8

There is a substantial body of evidence that links Chlamydia
lung infections in early life with the development of wheezing

and asthma.6,9 This bacterium has been detected in the
bronchoalveolar lavage (BAL) fluid of up to 46% of pediatric
patients with asthma.10,11 However, the mechanisms of how
these Th1-inducing infections are associated with Th2-
mediated asthma remain unknown. The age of infection
may be critical as the Th2 bias of early life12 may promote
susceptibility to intracellular infections.

Asthma is a chronic inflammatory condition of the airways
that is commonest in children and is underpinned by aberrant
Th2-mediated inflammatory responses to environmental
antigens. The hallmark features of allergic asthma are induced
by effector functions of the Th2 cytokines IL-4, IL-5, and
IL-13.13 The aberrant inflammatory responses that underpin
the development of asthma indicate that altered immune
programming in early life that is induced by specific infections
(e.g. Chlamydia, respiratory syncytial virus and rhinovirus)
may have a critical role in the induction and progression of
disease.6,12,14 However, the mechanisms involved remain
poorly understood.
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IL-13 is a key regulator of asthma pathogenesis and can
induce many of the features of disease. This cytokine signals
through the IL-4Ra/IL-13Ra1 receptor and signal transducer
and activator of transcription 6 (STAT6) to promote inflam-
mation, mucus-secreting cell (MSC) metaplasia/hyperplasia,
and airway hyperresponsiveness (AHR).15–17 AHR is a
heightened contractile response to non-specific stimuli and
leads to excessive broncho-constriction, wheezing, and breath-
ing difficulties. IL-13-mediated responses are modulated by the
activity of its decoy receptor (IL-13Ra2),18 which inhibits
IL-13-induced AHR and MSC metaplasia.19–22 IL-13 also
promotes the expression of genes associated with an alter-
natively activated macrophage (AAM) phenotype, including
arginase-1 (Arg-1), chitinase-3-like protein 3 (Chi3l3/Ym-1),
and found in inflammatory zone 1 (FIZZ-1).23–25

Studies in our laboratory have shown that early-life
Chlamydia respiratory infections in mice, with the natural
mouse pathogenChlamydiamuridarum, reduces lung function
in the long term by promoting the development of AHR that
persists into adulthood.26,27 Infection also increased the
severity of allergic airway disease (AAD) in later life.26,27

These observations have been confirmed by others.28 Infection
in early life also leads to increased production of IL-13 during
AAD in adult mice.27 We have also shown in adult mice that C.
muridarum respiratory infection leads to enhanced IL-13
production and that this cytokine increases susceptibility to
Chlamydia respiratory and genital tract infections.29 Further-
more, infection of bone marrow–derived dendritic cells
(BMDC) induces DCs and T cells to produce increased
IL-13 in vitro, and adoptive transfer of Chlamydia-infected
BMDC inducedAHR and increased IL-13 production in vivo.30

Nevertheless, the role of IL-13 in Chlamydia respiratory
infection in early life and the development of persistent AHR
and enhanced AAD in later life is unknown.

In this study, we demonstrate for the first time that an early-
life Chlamydia respiratory infection suppresses the levels of
IL-13Ra2, which enhances the effects of constitutively
produced IL-13. This promotes a more severe infection, which

drives the development of persistent AHR, and increases the
severity of AAD in later life.

RESULTS

The absence of IL-13 reduces Chlamydia respiratory
infection in early life and associated histopathology,
mucus hypersecretion and inflammation

To investigate the influence of IL-13 on the course of
Chlamydia respiratory infection in infancy, 3-week-old
wild-type (WT) and Il13� /� mice were infected intranasally
(IN) with C. muridarum and Chlamydia load in whole lungs
was assessed 5, 10, 15, and 20 days post infection (dpi;
Figure 1a). In WT mice, there was a significant increase in
Chlamydia load at 5 dpi, infection peaked at 10 dpi, then there
was a significant decrease at 15 dpi, before clearance of the
infection at 20 dpi. In Il13� /� mice, infectionwas detectable by
5 dpi but there was no change in load between 5 and 10 dpi, and
there was a significant reduction between 10 and 15 dpi.
Infection was cleared in Il13� /� mice by 20 dpi. Importantly,
Il13� /� had significantly reduced Chlamydia load at 5, 10, and
15 dpi compared with infected WT controls.

As Chlamydia load was decreased in Il13� /� mice, we next
assessed the role of IL-13 in infection-induced histopathology.
As we have previously described pulmonary inflammation is
themajor determinant of histopathological score.26 Infection of
WT mice resulted in increases in histopathology and MSC
numbers 10, 15 and 20 dpi (Figure 1b,c) compared with sham-
inoculatedWT controls. There was also a significant increase in
histopathology in infected Il13� /� mice 5 dpi but not at 10, 15,
or 20 dpi compared with sham-inoculated Il13� /� controls.
Infected Il13� /� mice had significantly reduced
histopathology compared with infected WT (C. muridarum
WT) controls at 10, 15, and 20 dpi. Infection of Il13� /� did not
induce the development of MSCs at any time point. There were
no major differences between these or any other parameters
between sham-inoculated WT and Il13� /� controls.

Given that infected Il13� /� mice had a marked reduction in
pulmonary inflammation assessed by histopathology, we next

Figure 1 The absence of IL-13 reduces Chlamydia respiratory infection in early life and infection-induced histopathology. Infant (3-week-old)
wild-type (WT) and Il13� /� BALB/c mice were infected with C. muridarum or sham-inoculated and killed 5, 10, 15 and 20dpi (days post infection).
(a) Chlamydia load in lung homogenates quantified by quantitative PCR. (b) Histopathological score of lung tissue sections. (c) Number of mucus-
secreting cells (MSCs) per 100 mm basement membrane (BM). Results are presented as means±s.e.m. (sham groups nX4, infected groups nX8).
* andþ represents Po0.05 between different time points in infected groups (a) or compared with sham-inoculated WT and Il13� /� mice, respectively
(b, c). #Po0.05 compared with infected WT control. ifu, inclusion-forming units.
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examined whether there were any differences in the influx of
specific types of inflammatory cells into the lung at the known
peaks of infection and inflammation26 (Figure 2a–g). Infection
ofWTmice increased the numbers ofmacrophages, neutrophils,
dendritic cells, and T cells in lung homogenates 10 and 15 dpi
compared with sham-inoculated WT controls. Infection of
Il13� /� mice resulted in increased numbers of macrophages,
neutrophils, dendritic cells, and T cells at 10 but not 15 dpi
compared with sham-inoculated Il13� /� controls. Infected
Il13� /� mice had reduced numbers of all inflammatory cells
(exceptCD4þ Tcells) 10 and15 dpi comparedwith infectedWT
controls.

Chlamydia respiratory infection in early life does not
increase IL-13 levels

As infected Il13� /� mice had significantly reduced
Chlamydia load, histopathology, and inflammation following
C.muridarum infection, the effect of infection on IL-13 levels in
WT mice were assessed (Figure 3a,b). Surprisingly, IL-13
mRNA expression and protein levels in whole-lung
homogenates did not increase at any time point throughout
the course of infection compared with sham-inoculated WT
controls. Infection also did not induce an early IL-13 response
in the lung, with no increases in IL-13 mRNA or protein levels
observed at 1 or 3 dpi (Figure 3c,d).

To investigate whether Chlamydia-specific IL-13-producing
cells were present at the peak of infection and inflammation,
lung, mediastinal lymph node, and spleen cells were re-
stimulated with the Chlamydiamajor outer membrane protein
(MOMP) and culture supernatants were assayed for IL-13. No
MOMP-specific IL-13 was detected in any of the culture
supernatants (data not shown).

Chlamydia respiratory infection in early life reduces
IL-13 decoy receptor production

As infection had no effect on IL-13mRNA or protein levels, the
effect of infection on IL-13 receptor levels was assessed. There
were no changes in IL-4Ra or IL-13Ra1 mRNA expression in
lung homogenates at any time point (5, 10, 15, or 20 dpi)
compared with sham-inoculated (Sham WT) controls
(Figure 4a,b). By contrast and interestingly, soluble
IL-13Ra2 mRNA expression level was decreased at 15 dpi,
but not at 5, 10, or 20 dpi (Figure 4c). Importantly, the levels of
IL-13Ra2 protein in lung homogenates were also significantly
decreased at 15 dpi (but not at 5, 10, or 20 dpi,Figure 4d). There
was also a concomitant suppression of soluble IL-13Ra2
protein levels in BAL supernatants and serum at 15 dpi
(Figure 4e,f). Furthermore, there was less IL-13 bound to
soluble IL-13Ra2 in BAL supernatants at this time point
(Figure 4g), although there was no change in these levels in
lung homogenates (Figure 4h).

IL-13 promotes the expression of AAM genes in the lung
during Chlamydia respiratory infection

IL-13 drives the development of AAMs, which contribute
to the Th2 cytokine milieu and impair immune responses to
intracellular pathogens.24,25,31 Thus, we investigated the
impact of Chlamydia respiratory infection on the expression
of genes associated with an AAM phenotype in the lung.
Infection of infant WT mice had increased expression of
inducible nitric oxide synthase (iNOS), Arg-1, Ym-1, and
FIZZ-1 mRNA in lung homogenates during infection com-
pared with sham-inoculated WT controls (Figure 5a–d).
Because these factors were most highly upregulated at 10 dpi
in WT mice, their expression was assessed at this time point in

Figure 2 The absence of interleukin-13 (IL-13) reducesChlamydia respiratory infection-induced pulmonary inflammation. Infant (3-week-old) wild-type
(WT) and Il13� /� BALB/c mice were infected with C. muridarum or sham-inoculated and killed at 10 and 15dpi (days post infection). Numbers
of inflammatory cells in lung homogenates were assessed by flow cytometry. (a) CD11cþ macrophages. (b) CD11bþ macrophages. (c) Neutrophils.
(d) Plasmacytoid dendritic cells (pDCs). (e) Myeloid dendritic cells (mDCs). (f) CD4þ T cells. (g) CD8þ T cells. Results are presented asmeans±s.e.m.
(nX6). * and þ representPp0.05 comparedwith sham-inoculatedWTand Il13� /� controls, respectively. #Pp0.05 comparedwith infectedWTcontrols.
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Il13� /� mice. Infection of Il13� /� mice also increased
iNOS, Arg-1, Ym-1 and FIZZ-1, compared with sham-
inoculated Il13� /� controls (Figure 5e–h). However,
infected Il13� /� mice had significantly reduced iNOS,
Arg-1, and FIZZ-1 (but not Ym-1) mRNA expression com-
paredwith infectedWTcontrols. Analysis of BALmacrophages

at 10 dpi also showed that infection of WT and Il13� /� mice
increased iNOS and Arg-1 but not Ym-1 mRNA expression.
Expression of iNOS and Ym-1 but not Arg-1 were significantly
reduced in Il13� /� macrophages (Figure 5i–k). There was
no significant change in FIZZ-1 expression in any group
(Figure 5l).

Figure 3 Chlamydia respiratory infection in early life does not increase interleukin-13 (IL-13) levels. Infant (3-week-old) wild-type (WT) BALB/c mice
were infectedwithC.muridarum or sham-inoculated and killed 1, 3, 5, 10, 15, and 20 dpi (days post infection). Total RNA and protein were extracted from
lung homogenates and mRNA expression and protein production were assessed by real time PCR and enzyme-linked immunosorbent assay,
respectively. (a) IL-13mRNAexpression in lung homogenates 5, 10, 15, and 20 dpi. (b) IL-13 protein permg of lung protein 5, 10, 15, and 20 dpi. (c) Early
IL-13 mRNA expression in lung homogenates at 1 and 3dpi. (d) Early IL-13 protein production per mg of lung tissue. Results are presented as
means±s.e.m. (nX6). *Pp0.05 compared with sham-inoculated control.

Figure 4 Chlamydia respiratory infection in early life reduces interleukin-13 (IL-13) decoy receptor production. Infant (3-week-old) wild-type (WT)
BALB/c mice were infected with C. muridarum or sham inoculated. Total RNA and protein were extracted from lung homogenates and IL-4Ra and IL-
13Ra1mRNAexpressionassessedbyquantitativePCR, and IL-13Ra2wasassessed byenzyme-linked immunosorbent assay (ELISA).Receptor levels
in bronchoalveolar lavage (BAL) and serum were determined by ELISA. (a) IL-4Ra mRNA in lung homogenates. (b) IL-13Ra1 mRNA in lung
homogenates. (c) sIL-13 Ra2 mRNA in lung homogenates. (d) IL-13Ra2 protein in lung homogenates. (e) IL-13Ra2 protein in BAL 15dpi (days post
infection). (f) IL-13Ra2 protein in serumat 15 dpi. (g) IL-13-bound IL-13Ra2 in BAL at 15 dpi. (h) IL-13-bound IL-13Ra2 in lung homogenates. Results are
presented as means±s.e.m. (nX6). *Pp0.05 compared with sham-inoculated control.
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Early-life Chlamydia respiratory infection-induced
persistent AHR is IL-13-dependent

We have previously shown that early-life Chlamydia respira-
tory infection in mice induces the development of AHR that
persists into later life.26,27 To determine the role of IL-13 in
promoting infection-induced AHR, infant WT and Il13� /�

mice were infected and AHR was assessed at 61 dpi. As shown
previously,27 infection of WT mice induced AHR by sig-
nificantly increasing transpulmonary (Figure 6a) resistance
and decreasing dynamic compliance (Figure 6b) compared

with sham-inoculated WT controls. By contrast, infection of
Il13� /� mice did not induce AHR, with no change in
resistance or compliance, compared with sham-inoculatedWT
or Il13� /� controls.

Administration of recombinant IL-13 to Il13� /� mice during
Chlamydia respiratory infection in early life increases
infection, and infection-induced histopathology, mucus
hypersecretion, and persistent AHR

Given that IL-13 was not increased during infection in WT
mice but that Il13� /� mice had reduced infection and

Figure 5 Interleukin-13 (IL-13) promotes the expression of alternatively activated macrophage genes in the lung following Chlamydia respiratory
infection in early life. Infant (3-week-old) wild-type (WT) and Il13� /� BALB/c mice were infected with C. muridarum or sham-inoculated. Total RNA was
extracted from lung homogenates or bronchoalveolar lavage (BAL) macrophages and mRNA expression assessed by quantitative PCR. (a) iNOS, (b)
Arg-1, (c) Ym-1, and (d) FIZZ-1 in lunghomogenates ofWTmiceat 5, 10, 15, and20 dpi (days post infection). (e) iNOS, (f) Arg-1, (g) Ym-1, and (h) FIZZ-1
in lunghomogenatesofWTand Il13� /� miceat 10 dpi. (i) iNOS, (j) Arg-1, (k) Ym-1, and (l) FIZZ-1 inBALmacrophages ofWTand Il13� /� miceat 10 dpi.
Results are presented asmeans±s.e.m. (nX6 for lung homogenates, n¼ 2 replicates of four pooled samples for BALmacrophages). * and þ represent
Pp0.05 compared with sham-inoculated WT and Il13� /� controls, respectively. #Pp0.05 compared with infected WT control.

Figure 6 Early-life Chlamydia respiratory infection–induced persistent airway hyperresponsiveness is interleukin-13 (IL-13)-dependent. Infant
(3-week-old) wild-type (WT) and Il13� /� BALB/c mice were infected with C. muridarum or sham inoculated and lung function was assessed at 61 days
post infection. (a) Transpulmonary resistance. (b) Dynamic compliance. Results are presented as means±s.e.m. (nX8). *Pp0.05 compared
with sham-inoculated WT control. #Pp0.05 compared with infected WT control.
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infection-induced pathology, we next administered IL-13
during infection of infant Il13� /� mice to determine whether
the phenotype could be rescued (Figure 7a–f). Administration
of rIL-13 to sham-inoculated WT or Il13� /� mice did not
induce inflammation or increases in MSCs or expression of
AAM genes at 10 dpi or AHR at 61 dpi, indicating that only
constitutive levels of IL-13 were reconstituted. However,
administration of rIL-13 to infected Il13� /� mice increased
infection, histopathology, mucus hypersecretion, AAM gene
expression, and AHR compared with infectedWT controls that
were treated with sterile phosphate-buffered saline.

IL-13-mediated effects during Chlamydia respiratory
infection in early life are both STAT6-dependent
and -independent

IL-13 mediates its effects largely by signaling through
STAT6.16,17 To investigate the involvement of STAT6 in
IL-13-mediated effects duringChlamydia respiratory infection,
Stat6� /� mice were infected, and infection, histopathology,
MSCs, AAM gene expression, and AHR were assessed. In
Stat6� /� mice infection was detectable by 5 dpi but there was
no difference in Chlamydia load between 5, 10, and 15 dpi
(Figure 8a). Infected Stat6� /� mice had significantly lower
Chlamydia load at 10 dpi, but not at 5 or 15 dpi, compared with
infected WT controls.

Infected Stat6� /� mice had increased histopathological score
at 5 and 15 dpi, but not at 10 dpi, compared with sham-
inoculated Stat6� /� controls (Figure 8b). In stark contrast to
Il13� /� mice, Stat6� /� mice were not protected against
infection-induced increases inMSCs, as infected Stat6� /� mice
had significantly elevated numbers of these cells 10 and 15 dpi
compared with sham-inoculated Stat6� /� controls (Figure 8c).

Furthermore, infected Stat6� /� mice did not have reduced
histopathology or MSC numbers compared with infected WT
controls. There was no change in these or other parameters
between sham-inoculated WT and Stat6� /� controls.

Infected Stat6� /� mice had increased Arg-1 and FIZZ-1 but
not iNOS or Ym-1 at 10 dpi compared with sham-inoculated
Stat6� /� controls (Figure 8d). Similar to Il13� /� mice,
infected Stat6� /� mice had decreased iNOS, Arg-1, and FIZZ-
1 but not Ym-1 at 10 dpi compared with infected WT controls.

Similar to Il13� /� mice and in contrast toWTmice, infected
Stat6� /� mice did not develop infection-induced AHR in later
life. Infection did not change resistance or compliance
compared with sham-inoculated WT or Stat6� /� controls
(Figure 8e,f).

Inhibition of IL-13 duringChlamydia respiratory infection in
early life prevents infection-induced increases in the
severity of AAD in later life

We have previously shown that an early life but not adult
Chlamydia respiratory infection increases the severity of AAD
in later life, characterized by increased mucus hypersecretion
and AHR.26,27 In order to assess the effect of IL-13 during
infection on subsequent AAD in later life, we administered
neutralizing monoclonal antibodies against IL-13 only during
the infection on 0, 7, and 14 dpi (Figure 9a).We then sensitized
mice to ovalbumin (Ova) 45 dpi and challenged with Ova on
days 57-60 dpi and assessed the hallmark features of AAD 24 h
after the final Ova challenge. Inhibition of IL-13 during
infection suppressed the development of more severe AAD by
reducing the number of MSCs around the airways and by
suppressing transpulmonary resistance comparedwith isotype-
treated infected controls with AAD (Figure 9b,c).

Figure 7 Administration of recombinant interleukin-13 (IL-13) to Il13� /� mice during Chlamydia infection in early life increases infection, and
infection-induced histopathology, mucus hypersecretion and persistent airway hyperresponsiveness. Infant (3-week-old) wild-type (WT) and Il13� /�

BALB/c mice were infected with C. muridarum or sham inoculated and treated with 10 ng rIL-13 in 30 ml sterile phosphate-buffered saline (PBS).
(a) Chlamydia load at 10 dpi (days post infection). (b) Histopathological score at 10 dpi. (c) Number of mucus-secreting cells (MSCs) per 100 mm
basement membrane (BM) at 10 dpi. (d) inducible nitric oxide synthase (iNOS), Arg-1, Ym-1, and FIZZ-1 mRNA expression in lung homogenates
at 10 dpi. (e) Transpulmonary resistance at 61 dpi. (f) Dynamic compliance at 61 dpi. Results are presented as means±s.e.m. (nX4 for sham
controls and nX8 for infected groups). * and þ represents Pp0.05 compared with sham-inoculated WT and Il13� /� controls, respectively.
ifu, inclusion-forming units.
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DISCUSSION

In this study, we show that Chlamydia respiratory infection in
early life suppresses IL-13Ra2 levels, which enables constitutive
IL-13 to promote infection and infection-induced AHR, and
increases in the severity of AAD in later life.

This study used infection with the natural mouse respiratory
pathogenC.muridarum, which develops a productive infection
and induces similar immunological and pathological features in
mice that are observed in Chlamydia respiratory infection in

humans, including cytokine secretion, inflammatory cell
infiltration, mucus hypersecretion, and altered lung function,
as we have previously described.6,27 Inoculation with 100
inclusion-forming units of C. muridarum is representative of a
community-acquired infection, where a small number of
bacteria may be transmitted via aerosols following a cough
or sneeze.

In the absence of IL-13, less severe infection and infection-
induced histopathology was observed, which were associated

Figure 8 Interleukin-13 (IL-13)-mediated effects during Chlamydia respiratory infection in early life are both STAT6-dependent and -independent.
Infant (3-week-old) wild-type (WT) and Stat-6� /� BALB/c mice were infected with C. muridarum or sham-inoculated. (a) Chlamydia load.
(b) Histopathological score. (c) Number of mucus-secreting cells (MSCs) per 100mm basement membrane (BM). (d) iNOS, Arg-1, Ym-1, and FIZZ-1
mRNA expression in lung homogenates 10 dpi (days post infection). (e) Transpulmonary resistance 61 dpi. (f) Dynamic compliance 61 dpi. Results are
presented as means±s.e.m. (nX4 for sham controls and nX8 for the infected groups). WT data (Figure 8a–c) is recapitulated from Figure 1.
* and þ representsPp0.05 compared with sham-inoculatedWT andStat-6� /� controls, respectively. #Pp0.05 compared with infectedWT control. ifu,
inclusion-forming units.

Figure 9 Inhibition of interleukin-13 (IL-13) during Chlamydia respiratory infection in early life prevents infection-induced increases in the severity of
allergic airway disease (AAD) in later life. Infant (3-week-old) wild-type (WT) BALB/cmicewere infected withC.muridarum and (a) treatedwith anti-IL-13
or isotype control intraperitoneally (IP) every 7 days from day 0–14. Forty-five days after infection (dpi), mice were subjected to ovalbumin (Ova)-induced
AAD and AAD was assessed at 61 dpi. (b) Numbers of mucus-secreting cells (MSCs) per 100 mM basement membrane (BM). (c) Transpulmonary
resistance. Results are presented as means±s.e.m. (nX8). *Pp0.05 compared with isotype-treated control. IN, intranasally.

ARTICLES

MucosalImmunology | VOLUME 6 NUMBER 3 |MAY 2013 575



with decreases in the numbers of a range of inflammatory cells
infiltrating the lung. Interestingly, early-life infection did not
increase the expression of IL-13 or IL-4Ra/IL-13Ra1 but
significantly decreased IL-13Ra2 levels, removing an important
regulatory mechanism that controls IL-13 signaling. Infection
ofWTmice resulted in the development of anAAMphenotype,
which was reduced in Il13� /� mice. Early-life infection ofWT
mice induced the development of AHR that persisted into
adulthood and was ablated in Il13� /� mice. Administration
of IL-13 to Il13� /� mice during infection restored the
phenotype observed in WT mice. The IL-13-mediated effects
were both STAT6-dependent and -independent. Stat6� /�

mice were protected against infection, infection-induced
expression of AAM genes, and persistent AHR. However,
Stat6� /� mice still had substantial histopathology and,
surprisingly, were not protected against infection-induced
increases inMSCs. Finally, neutralization of IL-13 during early-
life infection prevented the development of AHR and more
severe AAD in later life.

We have previously shown that IL-13 promotes suscept-
ibility to Chlamydia respiratory and genital tract infections in
adult BALB/cmice.29 In that study, IL-13 was rapidly produced
following infection in WT mice, and Il13� /� mice had less
severe infection and fewer inflammatory cells in the BAL than
infected WT controls.29 Furthermore, depletion of CD4þ

T cells in Il13� /� mice did not affect infection, suggesting a
role for IL-13 from innate cells rather than CD4þ Th2 cells.29

The absence of IL-13 increased macrophage uptake of
Chlamydia in vitro and in vivo, and depletion of IL-13 during
infection of lung epithelial cells in vitro decreased the
percentage of infected cells.29 Similar to an adult infection,
the absence of IL-13 during an early-life Chlamydia infection
resulted in less severe infection, pulmonary inflammation, and
mucus hypersecretion.

In contrast to an adult infection, Chlamydia respiratory
infection in early life did not affect the expression of IL-13 but,
instead, suppressed the levels of IL-13Ra2, which allowed
constitutive IL-13 to induce greater effects. IL-13Ra2 is a high
affinity IL-13 receptor, which preferentially binds IL-13 to
prevent signaling through the IL-4Ra/IL-13Ra1 receptor
complex and activation of STAT6, which would normally
lead to inflammation andMSC hyperplasia.19–22,32 We showed
that the total levels of IL-13Ra2 were decreased in lung
homogenates of Chlamydia-infected mice, which is represen-
tative of membrane-bound and intracellular IL-13Ra2 in the
lung and is likely to be important in humans. We also
demonstrated that Chlamydia respiratory infection decreased
the amount of soluble IL-13Ra2 in both the BAL and serum.
Soluble IL-13Ra2 has not been detected in plasma, serum, or
BAL of human asthmatics and healthy controls.33,34 Never-
theless, and most importantly, Chen et al.,34 recognize that
soluble IL-13Ra2 is likely to be an important regulator of IL-13
activity in lung tissues of humans. They suggest that cell surface
IL-13Ra2may be enzymatically cleaved from the cell surface to
generate the soluble form. Intriguingly, the enzymatic activity
of house-dust mite allergens is capable of releasing cell surface–

bound murine IL-13Ra2, but this has not yet been shown for
the human receptor. This may also potentially occur during
bacterial (e.g. Chlamydia) infection. Moreover, membrane-
bound IL-13Ra2 in the human lungs (or cells such as
macrophages and fibroblasts33) may be cleaved by matrix
metalloproteinases (MMPs)/MMP-8 causing the release of
membrane-bound IL-13Ra2, which may act as a soluble form
of IL-13Ra2. Therefore, the presence and activity of soluble IL-
13Ra2 in the human lung is still likely to be important during
infection and infection-associated asthma.

IL-13 is known to drive the formation of AAMs through
STAT6-dependent signaling pathways, which can have dele-
terious effects on the clearance of intracellular pathogens and
promote Th2-mediated immune responses.23–25 AAMs express
high levels of Arg-1 and low levels of iNOS, which suppresses
effective immunity against intracellular pathogens31 and
prevents bacterial growth by increasing the production of
nitric oxide, respectively.35,36 Several other genes, including
Ym-1 and FIZZ-1, have been associated with the AAM
phenotype.23–25 In this study, we show for the first time that
Chlamydia respiratory infection induces the expression of
iNOS, Arg-1, Ym-1, and FIZZ-1 in the lung, which were
suppressed (excluding Ym-1) in Il13� /� mice. Surprisingly,
iNOS expression was decreased in Il13� /� mice. This may be
explained by the reduction inChlamydia load and consequently
the lower number of macrophages infiltrating the lungs at
10 dpi. Chlamydia is known to be able to infect immune cells5

and the development of an AAM phenotype may be a result of
the infection of macrophages, which occurs to a greater extent
in the presence of IL-13.29

We have previously shown that an early life, but not adult,
Chlamydia respiratory infection induces the development of
persistent AHR, even in the absence of allergen challenge,26,27

which has been confirmed by others.28 Here, we identify the
mechanisms that may be involved. We discovered that
constitutive IL-13, which is present during the early-life
infection, drives the development of AHR. This is also the
first study to demonstrate that an early-life infection can
suppress IL-13Ra2 production, leading to the removal of an
important immunomodulatory mechanism that controls IL-13
signaling.

STAT6 is downstream of IL-13 and has been shown to
facilitate IL-13-induced effects, including inflammation, MSC
metaplasia, AAM gene expression, and AHR.16,17 No study to
date has shown a role for STAT6 in Chlamydia infection or
infection-induced pathology. Chlamydia load, infection-
induced AAM gene expression, and AHR were significantly
suppressed in the absence of STAT6. However, somewhat
surprisingly, Stat6� /� mice were not protected against
infection-induced inflammation andMSCmetaplasia, suggest-
ing that these effects were induced by an IL-13-mediated
STAT6-independent pathway.

We have previously shown that Chlamydia respiratory
infection in early life increases the severity of AAD in later life,
by enhancing MSC hyperplasia and AHR.27 In this study, we
demonstrate that neutralization of IL-13 during early-life
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infection prevented infection-enhanced MSC hyperplasia and
AHRduringOva-inducedAAD in later life. The role of IL-13 in
early life may be further assessed using studies involving
administration of rIL-13. However, in our study, we did not
observe any infection-induced increase in IL-13 levels in early
life. Thus, rIL-13 treatment would not mirror the effects of
infection. Administration of rIL-13 to Il13� /� mice during
infancy and subsequent assessment of AAD in later life is not
possible as IL-13 is required for the induction of AAD.13 Several
other early-life infections, including rhinovirus (RV1B),
influenza (H1N1), and respiratory syncytial virus have been
shown to increase the severity of AAD in later life.37–39

Inhibition of IL-13 during primary respiratory syncytial virus
infection has also been shown to inhibit the exacerbation of
AHR in adult mice.38 However, our study is the first to identify
that targeting constitutive IL-13 during an infection in early life
may suppress infection and subsequent AAD. Anti-IL-13 is
already in clinical trials for asthma in adults. Our study
therefore indicates that anti-IL-13 therapies may have ther-
apeutic benefit in early-life infections and in preventing
infection-induced asthma in humans.

In summary, this study demonstrates that IL-13Ra2
controls constitutive IL-13 signaling in Chlamydia respiratory
infection in early life to prevent the development of
infection, inflammation, and histopathology as well as
subsequent infection-induced AHR and increased severity
of AAD. We demonstrate that an infection can decrease
IL-13Ra2 levels and that constitutive IL-13 signaling
through STAT6 is pivotal in promoting Chlamydia respiratory
infection and its downstream consequences. Our study
identifies IL-13 and STAT6 during Chlamydia respiratory
infection in early life as potential novel therapeutic targets for
preventing infection-induced AHR and increased asthma
severity in later life.

METHODS

Ethics statement. This study was performed in strict accordance with
the recommendations in the Australian code of practise for the care
and use of animals for scientific purposes issued by theNationalHealth
and Medical Research Council of Australia. All protocols were
approved by the Animal Ethics Committee of the University of
Newcastle.

C.muridarum respiratory infection. Infant (3-week-old) WT, Il13� /�

or Stat6� /� BALB/c mice were infected IN with the natural mouse
pathogenC.muridarum (100 inclusion-formingunits,ATCCVR-123, in
30ml sucrose phosphate glutamate buffer.27 Controls were sham
inoculated with 30ml sucrose phosphate glutamate IN. Mice were killed
at 1, 3, 5, 10, 15, 20, or 61 dpi to assess infection and pathology.

Infection. Total RNA, DNA, and protein was isolated from lung
homogenates using SurePrep RNA/DNA/Protein Purification
kits (Fisher Bioreagents, Scorsby, Australia). Chlamydia numbers
were determined by real-time quantitative PCR as previously
described.27,29,40

Histopathology. Formalin-fixed, lung sections were stained with
hematoxylin and eosin (for histopathology) and periodic acid–schiff
(for MSCs). Histopathology and MSC numbers were quantified as
previously described.26,41

Flow cytometry. Single-cell suspensions of collagenase-D-digested
lungs were stained for the surface markers CD3, CD4, CD8, F4/80,
CD11c, CD11b, Gr-1, and PDCA (Biolegend, Karrinyup, Australia)
and fixed with 4% paraformaldehyde as previously described.40,42,43

Cell populations (Table 1) were analyzed using a FACSCanto with
FACSDiva software (BD Biosciences, North Ryde, Australia).

mRNA expression. Total RNA was isolated from lung homogenates
using the SurePrep RNA/DNA/Protein Purification kit (Fisher
Bioreagents) and fromBAL cells using the Purelink RNAextraction kit
(Invitrogen, Mount Waverly, Australia) according to the manu-
facturers’ instructions. Extracted RNA was treated with DNAseI
(Sigma, Castle Hill, Australia) and reverse-transcribed using Bioscript
(Bioline, Alexandria, Australia) and random hexamer primers
(Invitrogen). Relative abundance of cDNA was determined compared
with the reference gene hypoxanthine-guanine phosphoribosyl-
transferase by real-time PCR using an Eppindorf RealPlex 2 System
(Eppindorf, North Ryde, Australia). IL-13 mRNA expression was
determined as previously described.27 Custom-designed primers (IDT,
Coralville, IA) were used for HPRT (hypoxanthine-guanine phosph-
oribosyltransferase; For: 50-AGGCCAGACTTTGTTGGATTTGAA;
Rev: 50-CAACTTGCGCTCATCTTAGGCTTT), iNOS (For: 50-AGC
GAGGAGCAGGTGGAAGACT; Rev: 50-TTCGGTGCAGTCTTTTC
CTATGG), Arg-1 (For: 50-GGCAGAGGTCCAGAAGAATG; Rev:
50-CATTTGGGTGGATGCTCAC), Ym-1 (For: 50-CCCCAGGAAGT
ACCCTATGCCT; Rev: 50-AACCACTGAAGTCATCCATGTCC),
FIZZ1 (For: 50-TACTTGCAACTGCCTGTGCTTACT; Rev: 50-TATC
AAAGCTGGGTTCTCCACCTC), IL-4Ra (For: 50-GGGCTGTCTG
ATTTTGCTGT; Rev: 50-TGGAAGTGCGGATGTAGTCA), IL-13
Ra1 (For: 50 CACAGTCAGAGTAAGAGTCAAAACA; Rev: 50-ATG
GTGGTGTAGAAGGTGGA), and IL-13Ra2 (For: 50 AGGAAT
GTTGGGAAGAGCCTCCA; Rev: 50 ACTCCTGCTGGCTGGCTC
TAT GT).

Enzyme-linked immunosorbent assay. Purified total protein from
lung homogenates was quantified using BCA Protein Assay Kits
(Pierce, Scorsby, Australia). The concentrations of IL-13, IL-13Ra2,
and IL-13-bound IL-13Ra2 in lung homogenates, IL-13Ra2 and IL-13-
bound IL-13Ra2 in BAL, and IL-13Ra2 in serum were determined
by enzyme-linked immunosorbent assay (R&D systems, Gymea,
Australia) as previously described.44 In some experiments, the lung,
mediastinal lymph node or spleen cells (1� 106)27 were isolated and
restimulated with Chlamydia MOMP45 and cultured for 4 days in
Gibco RPMI-1640 containing 10% fetal calf serum, 20mmol l� 1

HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid),
10mgml� 1 penicillin/streptomycin, 2mmol l� 1 L-gluatamine, and
50mmol/ l� 1 2-mercaptoethanol. The concentration of IL-13 in culture
supernatants was determined by enzyme-linked immunosorbent assay.

Lung function. Lung function, in terms of AHR, was measured in
anesthetized mice using whole-body plethysmography by determi-
nation of the peak of transpulmonary resistance and dynamic

Table 1 Characterization of inflammatory cells

Cell type Cell-surface antigens

CD11cþ macrophage F4/80þCD11cþCD11b�

CD11bþ macrophage F4/80þCD11c�CD11bþ

Neutrophil F4/80�CD11c�CD11bhiGr-1hi

pDC F4/80�CD11cloCD11b�PDCAþ

mDC F4/80�CD11cþCD11bþPDCA�

CD4þ T cell CD3þCD4þCD8�

CD8þ T cell CD3þCD4�CD8þ

Abbreviations: mDC, myeloid dendritic cell; pDC, plasmacytoid dendritic cell.
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compliance in response to increasing doses of nebulized methacholine
(Sigma, Castle Hill, Australia) as previously described.26,27,46–50

In vivo administration of recombinant (r)IL-13. WT and Il13� /�

mice were treated with 10 ngmurine rIL-13 in 30mL sterile phosphate-
buffered saline IN (R&D systems) and controls were sham treated with
phosphate-buffered saline 0, 3, 6, 9, 12, and 15 dpi.29

In vivo neutralization of IL-13 and induction of AAD. Infected WT
micewere treatedwithneutralizing anti-IL-13monoclonal antibody or
isotype control (20 mg g� 1 body weight intraperitoneally, Janssen
Research &Development, NJ) 0, 7, and 14 dpi as recommended by the
supplier. AAD was then induced 45–61 dpi and assessed as previously
described.26,27,46–50 Briefly, mice were sensitized to Ova by intra-
peritoneal injection (50 mg of Ova (Sigma, Castle Hill, Australia) and
1mg of Rehydragel (Reheis, Berkeley Heights, NJ) in 200ml of 0.9%
sterile saline). Twelve days after sensitization mice were challenged IN
with Ova (10 mg, 50 ml of phosphate-buffered saline, for 4 consecutive
days). One day later, mice were killed by sodium pentobarbital
overdose (Abbott Australasia, Kurnell, Australia) and features of AAD
were characterized.

Statistics. Results are represented as the mean±s.e.m., which is
representative of 2–3 independent experiments that used 2–4 mice
each. Statistical significance for multiple comparisons was determined
by one-way or two-way ANOVA with Bonferroni post-test, or non-
parametric equivalent, where appropriate using GraphPad Prism
Software version 5 (San Diego, CA).
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