
INTRODUCTION
Asthma in childhood is strongly linked to atopy and a Th2-biased
immunological response to chronic allergen exposure (Sly et al.,
2008; Holt and Sly, 2012). Although genetics clearly play a role,
environmental factors seem to be important in the development
of the asthmatic phenotype. Birth cohort studies suggest that there
is a greatly increased risk of development of clinical features of
asthma in children who suffer wheezing lower respiratory tract
infections in early life, notably with rhinovirus and respiratory
syncytial virus (RSV), on a background of sensitisation to
aeroallergens (Kusel et al., 2007; Jackson et al., 2012; Kusel et al.,
2012). The underlying mechanisms involved have not yet been
defined, although there is much interest in the cross-talk between
innate host defence responses (including the responses of airway
epithelial cells) and the adaptive immune response (Sabroe et al.,
2007; Holt and Strickland, 2010; Kumar et al., 2011).

Birth cohort studies have also established that, whereas wheezing
is common in early childhood, this is usually transient and resolves

spontaneously (Taussig et al., 2003). Progression to persistent
asthma is likely to be related to relatively stable changes in the
immunological response and/or to structural changes in the airway
wall referred to as airway remodelling, which might in turn be a
consequence of epigenetic changes, possibly driven by
environmental factors (Kumar et al., 2009; Martino and Prescott,
2011). However, it is difficult to investigate such changes and to
assess the altered immunological response in the airway wall in
children with asthma.

We have recently described a model of the interaction between
early-life respiratory viral infection and allergen exposure in the
development of an asthmatic phenotype in mice (Siegle et al., 2010).
In this model, animals are neonatally infected with pneumonia virus
of mice (PVM), which belongs to the same family and genus as RSV
but is a natural rodent pathogen (unlike human RSV, which exhibits
limited replication in mice) and can thus model the full spectrum
of pathological changes of human RSV disease in early life
(Domachowske et al., 2004; Rosenberg and Domachowske, 2008). A
low-inoculum infection allows spontaneous recovery, following
which sensitisation to ovalbumin (OVA) via the respiratory tract and
long-term aerosol challenge are used to simulate human allergen
exposure, using mass concentrations of aerosolised antigen at least
10- to 100-fold lower than in commonly used short-term
experimental systems. We showed that, although some features of
asthma, such as hyper-responsiveness to a cholinergic stimulus or
epithelial remodelling, developed in response to either viral infection
or allergen challenge, a complete asthmatic phenotype was evident
only in animals that had recovered from early-life infection with PVM
and then received chronic allergen challenge. Furthermore,
development of allergic inflammation with recruitment of eosinophils
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SUMMARY

Development of asthma in childhood is linked to viral infections of the lower respiratory tract in early life, with subsequent chronic exposure to
allergens. Progression to persistent asthma is associated with a Th2-biased immunological response and structural remodelling of the airways. The
underlying mechanisms are unclear, but could involve epigenetic changes. To investigate this, we employed a recently developed mouse model in
which self-limited neonatal infection with a pneumovirus, followed by sensitisation to ovalbumin via the respiratory tract and low-level chronic
challenge with aerosolised antigen, leads to development of an asthmatic phenotype. We assessed expression of microRNA by cells in the proximal
airways, comparing changes over the period of disease progression, and used target prediction databases to identify genes likely to be up- or
downregulated as a consequence of altered regulation of microRNA. In parallel, we assessed DNA methylation in pulmonary CD4+ T cells. We found
that a limited number of microRNAs exhibited marked up- or downregulation following early-life infection and sensitisation, for many of which the
levels of expression were further changed following chronic challenge with the sensitizing antigen. Targets of these microRNAs included genes
involved in immune or inflammatory responses (e.g. Gata3, Kitl) and in tissue remodelling (e.g. Igf1, Tgfbr1), as well as genes for various transcription
factors and signalling proteins. In pulmonary CD4+ T cells, there was significant demethylation at promoter sites for interleukin-4 and interferon-γ,
the latter increasing following chronic challenge. We conclude that, in this model, progression to an asthmatic phenotype is linked to epigenetic
regulation of genes associated with inflammation and structural remodelling, and with T-cell commitment to a Th2 immunological response. Epigenetic
changes associated with this pattern of gene activation might play a role in the development of childhood asthma.
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was dependent on the accumulation and activation of pulmonary T
cells, with induction of a Th2-biased immunological response (Siegle
et al., 2010).

Our model thus has particular advantages for examining the
evolution of inflammatory, immunological and structural changes
during the induction phase of childhood asthma. In the present
study, we have employed this model to investigate the epigenetic
changes associated with early-life viral infection and chronic
allergen challenge. We assessed altered expression of microRNAs
(miRNAs) in the airway wall, and the temporal relationship between
disease progression and predicted expression of genes that would
be up- or downregulated as a consequence of altered epigenetic
regulation. In addition, we assessed epigenetic changes associated
with the phenotypic commitment of CD4+ T cells, including DNA
methylation of genes linked to the emergence of stable Th2 or Th1
differentiation. Such studies have not previously been undertaken.
Our findings suggest that the progression of childhood asthma is
linked to altered regulation of inflammatory pathways, a distinctive
pattern of altered gene expression associated with structural
remodelling in the airway wall, and increased expression of both
interleukin 4 (IL-4; encoded by Il4) and interferon-γ (IFN-γ;
encoded by Ifng) by CD4+ T cells.

RESULTS
Altered miRNA expression in the airway wall
To evaluate changes in the relative expression of various miRNAs
in blunt-dissected airway wall tissue from sensitised and challenged
animals, we analysed microarray data from four samples per group
and identified miRNAs that exhibited large mean fold changes at
days 49 and 77 compared with naive mice, or large mean fold
changes between days 49 and 77. At day 49 of life, following
recovery from neonatal PVM infection and sensitisation via the
respiratory tract but prior to any inhalational challenge with OVA,
there was marked (≥4.5-fold) upregulation of a limited subset of
six miRNAs as assessed by analysis of microarray data (Table 1).
At day 77 of life, following 4 weeks of low-level chronic inhalational
challenge and a single moderate-level challenge with aerosolised
OVA, four of these miRNAs were still markedly upregulated, and
an additional 11 miRNAs were upregulated. Similarly, at day 49, a
limited subset of six miRNAs exhibited marked (≥4.5-fold)
downregulation and, at day 77, an additional 18 miRNAs were
strikingly downregulated (Table 1).

For several miRNAs, levels of expression progressively changed
during the period of chronic inhalational challenge, with values at
day 77 differing by ≥2.5-fold both from values at day 49 and from
naive animals (Table 1). Changes over time for a selection of
miRNAs that exhibited the highest levels of upregulation by day
77 are shown in Fig. 1A, and a selection of those that exhibited the
greatest downregulation are shown in Fig. 1B.

The changes in level of expression of selected miRNAs were
confirmed by quantitative reverse-transcription PCR (qRT-PCR).
Increased expression of mmu-miR-721 is shown in Fig. 2A and
decreased expression of mmu-miR-144 in Fig. 2B.

Targets of markedly up- or downregulated miRNAs
To understand the significance of the changes in expression of
miRNA in the airway wall, we used GeneSpring XI software to
generate lists of genes that were potential targets of highly
upregulated or downregulated miRNAs, limiting these to conserved
miRNAs and to targets ranked above the 95th percentile via the
TargetScan database. These lists (100-600 genes per set, six sets
corresponding to the columns in Table 1) were then carefully
examined to identify genes that might be relevant to the
immunological or inflammatory response, to tissue remodelling,
or to the signalling pathways relevant to these processes (Table 2).

At day 49, notable genes predicted to be upregulated included
Gata3, the transcription factor associated with Th2 differentiation
of CD4+ T cells, Kitl or stem cell factor, and Igf1 or insulin-like
growth factor-1, which is associated with airway remodelling. In
parallel there was predicted upregulation of Bmpr1, the type 1
receptor for bone morphogenetic proteins, which belong to the
transforming growth factor-β family. There was also predicted
upregulation of the homeobox genes Hoxa1 and Hoxa7, but
downregulation of Hoxb8.

At day 77, Gata3 was still predicted to be upregulated, as was
Postn, which codes for periostin, induced in the setting of allergic
inflammation. Kitl continued to be upregulated, and additional
inflammation-relevant genes that were predicted to exhibit
increased expression included Mif, involved in macrophage
activation, and Cd69. Also noteworthy was that Igf1 continued to
be upregulated, as did Bmpr1, but Bmpr2 was predicted to be
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TRANSLATIONAL IMPACT

Clinical issue
Asthma is a common chronic inflammatory disease of the airways that is
thought to be caused by a combination of genetic and environmental factors.
Development of asthma during childhood is linked to viral infections of the
lower respiratory tract, with subsequent chronic exposure to allergens. The
mechanisms underlying progression to persistent asthma, characterised by the
development of a relatively stable Th2-biased immunological response and
structural remodelling of the airways, remain unclear. It has been postulated
that epigenetic changes could be involved in shaping these events; however,
thus far it has proven difficult to assess these changes in child asthmatics and
early experimental models.

Results
Here, the authors investigated the epigenetic changes associated with disease
progression using a mouse model that they recently established. In this model,
a complete asthmatic phenotype is induced by early-life pneumovirus
infection, respiratory sensitisation and low-level chronic antigenic challenge.
The group assessed the expression of microRNAs in the airway wall of affected
mice, as well as DNA methylation in pulmonary CD4+ T cells. They identified a
number of microRNA target genes that were significantly upregulated or
downregulated over the period of chronic challenge with sensitising antigen;
notably, genes that are involved in immune or inflammatory responses and in
tissue remodelling, in addition to genes encoding various transcription factors
and signalling proteins. Furthermore, their analysis revealed significant
demethylation at promoter sites for interleukin-4 and interferon-g in
pulmonary CD4+ T cells.

Implications and future directions
These results provide new insights into the molecular mechanisms involved in
the development of childhood asthma. Collectively, the data show that
upregulation of genes associated with inflammation and structural
remodelling, driven by epigenetic changes, together with regulation of T-cell
commitment to a Th2-biased immunological response, could constitute a
biologically relevant pathway associated with progression to an asthmatic
phenotype. In addition to highlighting target genes that warrant further
analysis, the work validates the utility of the mouse model for the investigation
of childhood asthma pathogenesis. 
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downregulated. Other receptors for growth factors that were
predicted to be upregulated included Pdgfra [encoding the receptor
for platelet-derived growth factor (PDGF)], Tgfbr1 [for
transforming growth factor-β (TGF-β)] and Acvr2b (for activin),
but Acvr2a was downregulated. Interestingly, Hoxa1 and Hoxa7
continued to be predicted as upregulated, together with other
homeobox proteins, whereas Hoxb8 remained downregulated.

At both day 49 and 77, numerous signalling pathway proteins
and cell cycle regulatory proteins seemed to be regulated by
miRNA. These included a variety of upregulated kinases associated
with inflammation (Table 2).

Examination of predicted targets for those miRNAs that
exhibited the greatest changes between day 49 and 77 revealed
several genes common to the earlier lists: for example, genes
encoding remodelling-associated growth factors and receptors
(such as Igf1, Pdgfra and Tgfbr1) were upregulated. In addition,
members of the fibroblast growth factor family such as Fgf1 and
Fgf7 (also known as keratinocyte growth factor) were predicted to
be upregulated. Among inflammation-associated mediators, the
predicted upregulation of Tnf [encoding the key cytokine tumour
necrosis factor-α (TNFα)] and the T-cell costimulatory molecule
Cd28 were both of particular interest.

Confirmation of increased levels of expression of mRNAs that
were predicted targets of downregulated miRNAs was complicated

by the development of inflammation in the airway walls, which
increases the number of cells in the tissue and thus the denominator
relative to which mRNA expression is normalised. Nevertheless,
using qRT-PCR we demonstrated that relative expression of the
remodelling-associated gene Igf1 was significantly elevated at days
49 and 63 (Fig. 3A). There was also a modest increase in expression
of the Tgfbr1 gene, although this was not statistically significant
(Fig. 3B).

Altered DNA methylation in the Il-4 and Ifng promoter regions in
CD4+ T cells
To assess the epigenetic changes in pulmonary CD4+ T cells
associated with the induction of a Th2-biased immunological
response, we examined the methylation levels at particular CpG
sites upstream of the transcription initiation sites of the Il-4 and
Ifng genes in DNA from purified CD4+ T cells from lung-draining
lymph nodes of individual animals. We found that, at the −408 and
−393 sites in the promoter region of Il-4, there was evidence of
significant demethylation at both day 49 and day 77, although there
was no further demethylation over this time period (Fig. 4A,B). No
such demethylation was evident at the −16 CpG site in the Il-4
promoter region (not shown).

At day 49, the percentage of methylated DNA in the Ifng
promoter region was essentially identical to that in naive animals,
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Table 1. Altered miRNA expression in the airway wall 

Day 49   Day 77   Day 49-77  

≥4.5×  ≥4.5×   ≥4.5×  ≥4.5×   ≥2.5×  ≥2.5×  

miR-1897-3p miR-144  miR-1187 miR-126-5p  miR-1196 miR-1274a 

miR-3470a miR-144*  miR-1894-3p miR-1274a  miR-1934* miR-181a 

miR-3472 miR-206  miR-1934* miR-144  miR-3075 miR-181a-1* 

miR-363-3p miR-451  miR-3098-5p miR-144*  miR-3102-5p.2 miR-18a 

miR-466i-5p miR-466g  miR-3102-5p.2 miR-1937c  miR-3110* miR-1937b 

miR-706 miR-877*  miR-328* miR-203  miR-328* miR-1937c 

     miR-3470a miR-206  miR-3470a miR-206 

     miR-3472 miR-30d*  miR-3472 miR-30d* 

     miR-3473 miR-3107  miR-466i-5p miR-31* 

     miR-466i-5p miR-32  miR-483 miR-32 

     miR-483 miR-33  miR-671-5p miR-322 

     miR-574-5p miR-450b-3p  miR-681 miR-322* 

     miR-671-5p miR-451  miR-705 miR-33 

     miR-706 miR-466g  miR-706 miR-335-5p 

     miR-721 miR-542-3p    miR-363-3p 

       miR-542-5p    miR-450a 

       miR-652*    miR-450b-3p 

       miR-720    miR-467e 

       miR-877*    miR-484 

            miR-503 

            miR-542-3p 

            miR-542-5p 

            miR-720 

            miR-744 

Lists of miRNA that exhibited substantially altered expression at the time points shown, relative to naive animals (columns 1-4), or at day 77 relative to day 49 (columns 5 and 6). 

Conservative cut-off values of 4.5-fold and 2.5-fold were selected because these limited the significantly altered miRNA to no more than 25 at any time point. Asterisked miRNAs 

refer to less abundantly expressed mature miRNA from the opposite arm of the same precursor. 
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whereas, at day 77 after long-term inhalational challenge, the
percentage of methylated DNA at two of the CpG sites in the Ifng
promoter region (−53, −45) was approximately halved (Fig. 4C,D).
No such change was seen at the third CpG site (−34) (not shown).

DISCUSSION
Development of asthma in children is predisposed to by early-life
lower respiratory viral infections of sufficient severity to cause
wheezing (Sly et al., 2010), and seems to be dependent on
sensitisation (Jackson et al., 2012) as well as subsequent chronic
exposure to environmental allergens (Holt and Sly, 2009). The
biological events associated with such ongoing allergen challenge
remain largely undefined. In our animal model, we have previously
demonstrated that development of an asthmatic phenotype
(including airway inflammation, remodelling and hyper-
responsiveness to a cholinergic bronchoconstrictor stimulus) is
dependent on the interaction between early-life viral infection,
sensitisation via the respiratory tract and chronic exposure to
aerosolised antigen (Siegle et al., 2010). This model thus simulates
key features of the onset of childhood asthma and facilitates
investigation of its pathogenesis. In the present study, we sought
to define epigenetic changes and molecular mechanisms associated
with the evolution of the disease process.

For this purpose, we examined altered DNA methylation that
was associated with the expression of specific cytokines by
pulmonary CD4+ T cells, as well as examining changes in the
expression of miRNAs by cells in the airway wall, comparing
responses before and after chronic inhalational challenge with
antigen. For assessment of changes in miRNA, we adopted a
conservative approach, focusing on miRNAs that exhibited

relatively large fold changes and that were conserved across species.
Having identified miRNAs that were differentially expressed, we
inferred altered regulation of biologically relevant mediators using
target prediction databases. This can be a powerful way of
identifying unknown pathways of relevance to the pathogenesis of
disease, as recently demonstrated in a comparative study of the
expression of miRNA by airway epithelial cells from asthmatic and
non-asthmatic individuals (Jardim et al., 2012).

Our previously published studies had shown that development
of an augmented Th2-biased immunological response required
both recovery from early-life infection with PVM and chronic
challenge with OVA. This was associated with enhanced expression
by CD4+ T cells of the prototypic Th2 cytokines IL-4 and IL-13,
as well as of the transcription factor GATA-3 (Siegle et al., 2010),
which is crucially associated with Th2 differentiation and the
development of allergic inflammation (Sel et al., 2008). The present
results indicate that a bias towards development of a Th2 response
is present even prior to the commencement of inhalational
challenge, because downregulation of miRNA in the airway wall
predicted upregulation of GATA-3 as early as day 49 of life.
Concurrently, there was demethylation of the Il-4 locus in
pulmonary CD4+ T cells, a finding of considerable interest given
that such epigenetic changes are now recognised as the basis for
development of a stably altered immunological response (van
Panhuys et al., 2008; Zhu and Paul, 2008). In addition, there was
predicted early upregulation of Kit ligand or stem cell factor, which
could be related to IL-13-stimulated production of this cytokine
by airway epithelial cells in a Th2 environment, and might drive
the accumulation of mast cells (Dougherty et al., 2010).

Thereafter, there was evidence of a continuing and progressively
amplified immunological and inflammatory response. There was
predicted upregulation of inflammatory mediators such as TNFα
and macrophage migration inhibitory factor (MIF), and increases
in a variety of inflammation-associated MAP kinases, as well as
enhanced expression of periostin, which is produced by epithelial
cells and fibroblasts in response to IL-4 and IL-13 signalling
associated with Th2-driven inflammation (Takayama et al., 2006;
Corren et al., 2011). At day 77 there was also predicted upregulation
of the CD69 and CD28 antigens, both of which play roles in T-cell
activation in allergic inflammation (Kimzey et al., 2004; Miki-
Hosokawa et al., 2009).
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Fig. 1. Selected examples of highly regulated miRNAs. Mean relative
expression of miRNAs that exhibited (A) the greatest increases or (B) the
greatest decreases between the beginning and the end of chronic challenge.

Fig. 2. qRT-PCR confirmation of up- or downregulation of selected
miRNAs in airway wall tissue of animals over the period of chronic
challenge. (A)Increased expression of mmu-miR-721. (B)Decreased
expression of mmu-miR-144. Data are mean ± s.e.m. (n=6 samples per group).
Significant differences compared with naive controls are shown as *P<0.05
and ***P<0.001.
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In parallel, based on analysis of altered miRNAs in the airway
wall, several mediators and receptors associated with airway wall
remodelling were also predicted to be upregulated. Among these,
IGF-1 was consistently identified as a relevant growth factor from
as early as day 49, with other growth factors such as FGF-1 being
expressed later, together with increased expression of receptors for
PDGF and TGF-β, and upregulation of various growth factor
signalling pathways.

However, confirmation of upregulated expression of mRNAs that
were predicted targets of downregulated miRNAs was difficult, at
least in part because, as inflammation develops in the airway walls,
the ongoing cellular recruitment dilutes the relative expression of
mRNA by structural cells and increases the hypoxanthine-guanine

phosphoribosyl transferase (HPRT) denominator relative to which
mRNA expression is normalised. We have previously shown that,
in this setting, it is possible for substantially increased expression
of growth factors by a minority of cells, such as airway epithelial
cells, to be completely masked and indeed to apparently decrease
(Herbert et al., 2008). Despite this, we were able to demonstrate
significantly increased expression of Igf1 in airway wall tissue in
this model. However, the dilution effect could have accounted for
the apparent progressive decline in relative expression of Tgfbr1
that we observed over time.

The evidence of increased expression of Igf1 is consistent with
our earlier published evidence in a related animal model of chronic
asthma, in which upregulation of Igf1, Fgf1 and Tgfb1 mRNA was
demonstrated in the airway epithelium (Herbert et al., 2008). The
data are also consistent with our published evidence of significant
airway remodelling, including epithelial thickening and
subepithelial fibrosis, in this animal model of childhood asthma
(Siegle et al., 2010).

It was of interest that there seemed to be a reciprocal relationship
between the predicted expression of the type 1 and type 2 receptors
for bone morphogenetic proteins, as well as for the type 2a and 2b
receptors for activin. Both of these growth factors are linked to
airway remodelling in human asthmatics (Karagiannidis et al., 2006;
Pegorier et al., 2010), although the biological significance of this
predicted pattern of regulation of receptor expression is unclear.
Other intriguing predicted targets included several homeobox
genes and a small number of transcription factors, notably Hmgb3
and Pparg, which might be of interest in the context of the reported
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Table 2. Predicted targets of markedly up- or downregulated miRNAs 

Function Predicted target genes 

Day 49: Predicted upregulated target genes based on ≥4.5-fold downregulation of miRNA 

Immune/inflammatory response Gata3, Kitl, Tnfsf11 

Tissue remodelling Igf1, Bmpr1 

Cellular signalling (transcription factors/signalling proteins) Clk4, Mycl1, Map2k4, Oxsr1, Hoxa1, Hoxa7 

Day 49: Predicted downregulated target genes based on ≥4.5-fold upregulation of miRNA 

Cellular signalling (transcription factors/signalling proteins) Hmgb3, Hoxb8 

Day 77: Predicted upregulated target genes based on ≥4.5-fold downregulation of miRNA 

Immune/inflammatory response Gata3, Postn, Kitl, Mif, Tnfsf11, Cd69 

Tissue remodelling Igf1, Bdnf, Bmpr1, Fgfrl1, Acvr2b, Pdgfra, Tgfbr1 

Cellular signalling (transcription factors/signalling proteins) Clk4, Mycl1, Mafk, Map2k4, Map3ks, Prkcb, Pi4k2a, Oxsr1, Hoxa1, Hoxa7, Hoxb6, Hoxc8 

Day 77: Predicted downregulated target genes based on ≥4.5-fold upregulation of miRNA 

Immune/inflammatory response Cxcl14 

Tissue remodelling Bmpr2, Acvr2a, Adam11, Adam12 

Cellular signalling (transcription factors/signalling proteins) Hmgb3, Mybl1, Pparg, Hoxb8 

Day 49-77: Predicted upregulated target genes based on ≥2.5-fold increase in downregulation of miRNA over time 

Immune/inflammatory response Tnf, Cd69, Cd28, Il7 

Tissue remodelling Igf1, Fgf1, Fgf2, Vegfa, Pdgfra, Tgfbr1, Hspg2 

Cellular signalling (transcription factors/signalling proteins) Irak2, Ccnd1, Ccnd2, Ccne1, Ccnc, Cdk6, Myb, Prkcd, Mapk4, Akt3, Map2k1, Map3k1, 

Mapk6, Ppara, Hoxa11, Hoxc8, Hoxd1, Hoxd8 

Day 49-77: Predicted downregulated target genes based on ≥2.5-fold increase in upregulation of miRNA over time 

Immune/inflammatory response Cxcl14 

Tissue remodelling Acvr2a, Adam11 

Cellular signalling (transcription factors/signalling proteins) Hmgb3, Hoxb8 
Underline, also at day 49; Bold, also at day 77. 

 

Fig. 3. qRT-PCR assessment of the upregulation of predicted mRNAs in
airway wall tissue of animals over the period of chronic challenge.
(A)Increased expression of Igf1. (B)Increased expression of Tgfbr1. Data are
mean ± s.e.m. (n=4-6 samples per group). Significant differences compared
with naive controls are shown as *P<0.05.
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regulatory role of peroxisome proliferator-activated receptor-γ
(PPARγ) in airway inflammation and remodelling (Lee et al., 2006).

Assessment of pulmonary CD4+ T cells revealed additional
findings that were of considerable interest in the context of
epigenetic regulation of T-cell commitment. Notably, there was
early and significant demethylation of CpG sites in the promoter
region of the Il4 gene. In addition, demethylation of promoter sites
in Ifng was demonstrated at the end of the period of challenge.
Although the change in percentage demethylation was not large,
it could be biologically significant, because a 5% decrease in
methylation of the Ifng promoter has been shown to be associated
with an almost threefold increase in the expression of Ifng mRNA
(Gonsky et al., 2009). These data on epigenetic regulation of the
commitment of CD4+ T cells to an allergic immunological response
are concordant with our earlier studies demonstrating that, in
related models of asthma in adult animals, IFN-γ plays a significant
role in the pathogenesis (Kumar et al., 2004; Kumar et al., 2012).
They might also be of relevance to childhood asthma, because birth
cohort studies indicate that non-Th2 cytokines, especially IFN-γ,
modify the risk of development of childhood asthma in atopic
subjects and contribute to the progression of disease (Heaton et
al., 2005; Hollams et al., 2009). However, in previous studies we
have not found evidence of enhanced expression of IFN-γ by
pulmonary CD4+ T cells in the model used for these studies (Siegle
et al., 2010), suggesting that demethylation at Ifng promoter sites
at this time point was indicative of potential rather than actual
expression of this gene.

In conclusion, our results indicate that chronic challenge with
allergen in this model of childhood asthma is associated with altered
miRNA regulation, leading to predicted upregulation of genes
associated with a Th2 pattern of immunological response, as well as
various other pro-inflammatory mediators. This is paralleled by

upregulation of genes for growth factors associated with airway wall
remodelling. Collectively, these might constitute a biologically
relevant pathway of gene activation associated with the development
of asthma. Importantly, disease progression is also associated with
altered DNA methylation that promotes stable differentiation of
pulmonary CD4+ T cells towards a Th2 phenotype.

MATERIALS AND METHODS
Animals
Specific pathogen-free female BALB/c mice (either timed pregnant
or aged ~8 weeks) were obtained from Animal Services, University
of Newcastle, Australia or from the Biological Resources Centre,
University of New South Wales, Australia. Animals were held in
individually ventilated cages, exposed to a 12-hour light-dark cycle
and provided autoclaved food and water ad libitum. All
experimental procedures complied with the requirements of the
Animal Care and Ethics Committee of the University of New South
Wales, Australia (ref. nos 06/119B and 09/124A).

PVM infection and allergen sensitisation
Early-life viral infection and allergen sensitisation was performed
at the University of Newcastle, Australia as previously described
(Siegle et al., 2010). Infection was with mouse passaged PVM J3666
strain [~1×105 plaque-forming units (Pfu)/ml]. On days 1 and 2 of
life, mice from appropriate groups were intranasally inoculated with
2 PFU in 5 μl phosphate buffered saline (PBS) on the external nares.
Intranasal sensitisation to chicken egg OVA (Grade V, ≥98% pure,
Sigma Australia, Australia) was performed at days 1 and 2 of life
or at days 28 and 29, with 5 μg OVA/5 μl PBS and 100 μg OVA/40
μl, respectively.

Inhalational challenge
Inhalational challenge with aerosolised OVA was performed as
previously described (Siegle et al., 2006). Briefly, commencing at 7
weeks of age, BALB/c mice were exposed to ~3 mg OVA/m3 for
30 minutes/day, 3 days/week for 4 weeks. This was followed by a
single challenge of ~30 mg/m3 for 30 minutes to induce the changes
of acute inflammation. During inhalation exposures, mice were held
in flow-through wire cage racks (Unifab Corporation, Kalamazoo,
MI). Filtered air was drawn through the inhalation chamber
(0.5 m3) at a flow rate of 250 l/minute and an aerosol of OVA was
generated by controlled delivery of compressed air to a sidestream
nebuliser (Trimed, Australia). Particle concentration within the
chamber was continuously monitored using a DustTrak 8520
instrument (TSI, MN).

Experimental groups
In animals that had been infected with PVM at days 1 and 2 of life
and intranasally sensitised to OVA at days 28 and 29 of life, miRNA
expression in the airway wall was assessed at day 49 (before
inhalational challenge), day 56, day 63 and day 77 (after completion
of inhalational challenge) (Fig. 5). DNA methylation in CD4+ T cells
was compared at day 49 and day 77. Experimental groups
comprised six to eight animals. For miRNA studies, tissue from
pairs of animals was pooled to yield four samples per group. Mice
were killed by exsanguination following an overdose of sodium
pentobarbital, at 4  hours after the final inhalational challenge.
Controls were untreated naive mice.
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Fig. 4. Percentage methylation of CpG islands in Il4 and Ifng promoter
regions in CD4+ T cells. (A)Decreased methylation of Il4 CpG at −408.
(B)Decreased methylation of Il4 CpG at −393. (C)Decreased methylation of
Ifng CpG at −53. (D)Decreased methylation of Ifng CpG at −45. Data are mean
± s.e.m. (n=6 samples per group). Significant differences compared with naive
controls are shown as **P<0.01 and ***P<0.001.
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Isolation of proximal airway tissue
Airway tissue was isolated by blunt dissection (Herbert et al., 2008)
using two pairs of forceps to separate lung parenchyma from the
larger airways and leaving several generations of airway attached
to the trachea. Airway tissue was frozen in liquid nitrogen and
stored at −80°C until RNA extraction was performed.

Isolation of mRNA and miRNA
For assessment of miRNA, total RNA was isolated from blunt
dissected distal airway tissue using the mirVana miRNA isolation
kit (Ambion) (Collison et al., 2011). For assessment of mRNA, RNA
was isolated using TriReagent (Sigma) and, following DNase
treatment (Turbo DNase, Ambion), samples were reverse
transcribed into cDNA using Superscript III (Invitrogen).

miRNA microarray
Total RNA (100 ng) was dephosphorylated and ligated with pCp-
Cy3 using the Agilent miRNA labelling reagent. Labelled RNA was
purified and hybridised to Agilent mouse miRNA arrays V2 with
probes for Sanger miRBase version 12. Images were scanned on a
G2505B Microarray Scanner (Agilent Technologies), gridded and
analysed using Agilent feature extraction software version 9.5.3.
Analysis of microarray data was conducted using Genespring GX
11 software (Agilent). Percentile shift normalisation (75th
percentile) was performed with subsequent fold-change
calculations conducted against mean normalised naive expression
levels.

Isolation of pulmonary CD4+ T cells
After perfusion with saline to remove blood from the pulmonary
capillary bed, lungs from three animals were pooled and diced
into fine fragments. Tissue was disaggregated using a mixture of
type IV collagenase and DNase as previously described (Herbert
et al., 2010). Lymph nodes surrounding the trachea and main
bronchi were collected from pairs of animals and mechanically
disaggregated. CD4+ T cells were isolated from the recovered cells
using a FlowComp™ Mouse CD4 magnetic bead isolation kit
(Invitrogen, Australia) according to the manufacturer’s
instructions.

qRT-PCR
qRT-PCR for miRNA was performed using TaqMan Expression
Assays for the respective miRNA (Applied Biosystems) (Collison
et al., 2011). miRNA expression was normalised to sno202RNA.
qRT-PCR for mRNA expression used primers that were custom-
designed in house. Reactions were performed using a
Mastercycler-ep Realplex (Eppendorf ). Amplified products were
detected using SYBR green and expression was normalised to
HPRT.

CpG pyrosequencing
DNA was extracted from 1×106 CD4+ T cells using QuickExtract
solution (Epicentre Biotechnologies, Madison, WI). Extracted DNA
was bisulphite converted using the EZ DNA Methylation-Gold™
kit (Zymo Research) according to the manufacturer’s instructions.
Briefly, CT conversion reagent was added to each sample and
bisulphite conversion was carried out in a GeneAmp PCR System
9700 thermocycler (Perkin Elmer, MA) at 98°C for 10 minutes and
64°C for 4  hours. Subsequently, bisulphite-converted DNA was
desulphonated and stored at −80°C until further use.

To assess DNA methylation levels, CpG pyrosequencing was
performed on the bisulphite-treated DNA. Selection of CpG sites
for evaluation was based on published sources (Jones and Chen,
2006; Liu et al., 2008) or manual identification of CpG dinucleotides.
Biotin-labelled primers were designed using Primer3 software
online, using a published optimised approach (Shen et al., 2007).
Nested pyrosequencing primers of 18-25 bases were designed
within each PCR product complementary to the biotinylated
template strand. Pyrosequencing was performed across the
designated CpG sites on the PyroMark ID instrument using
PyroGold reagents, and the relative levels of methylation at each
CpG site were measured using PyroMark CpG software (Biotage).

Statistical analysis
qRT-PCR and DNA methylation data were analysed by a one-
way ANOVA followed by a Holm-Sidak multiple comparison test.
The software package GraphPad Prism 6.02 (GraphPad Software,
San Diego, CA) was used for data analysis and preparation of
graphs.
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