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Allergic airway inflammation is associated with activation of 
innate immune pathways by allergens. Acute exacerbations of 
asthma are commonly associated with rhinovirus infection.  
Here we show that, after exposure to house dust mite (HDM)  
or rhinovirus infection, the E3 ubiquitin ligase midline 1  
(MID1) is upregulated in mouse bronchial epithelium.  
HDM regulates MID1 expression in a Toll-like receptor  
4 (TLR4)– and tumor necrosis factor–related apoptosis-
inducing ligand (TRAIL)-dependent manner. MID1 decreases 
protein phosphatase 2A (PP2A) activity through association 
with its catalytic subunit PP2Ac. siRNA-mediated knockdown 
of MID1 or pharmacological activation of PP2A using a 
nonphosphorylatable FTY720 analog in mice exposed to HDM 
reduces airway hyperreactivity and inflammation, including the 
expression of interleukin-25 (IL-25), IL-33 and CCL20, IL-5 
and IL-13 release, nuclear factor (NF)kB activity, p38 mitogen-
activated protein kinase (MAPK) phosphorylation, accumulation 
of eosinophils, T lymphocytes and myeloid dendritic cells, 
and the number of mucus-producing cells. MID1 inhibition 
also limited rhinovirus-induced exacerbation of allergic airway 
disease. We found that MID1 was upregulated in primary human 
bronchial epithelial cells upon HDM or rhinovirus exposure, and 
this correlated with TRAIL and CCL20 expression. Together, 
these findings identify a key role of MID1 in allergic airway 
inflammation and links innate immune pathway activation  
to the development and exacerbation of asthma.

Allergic airway inflammation and asthma are associated with the 
activation of innate and adaptive immune cells1. The cytokines 
thymic stromal lymphopoietin (TSLP), granulocyte-macrophage 

colony–stimulating factor (GM-CSF), IL-25, IL-33 and tumor necro-
sis factor–related apoptosis-inducing ligand (TRAIL) are released by 
bronchial epithelial cells upon allergen exposure, activating dendritic 
cells and promoting T helper type 2 (TH2) cell differentiation2–4. TH2 
cells then release IL-13, which induces airway hyperreactivity (AHR) 
and mucus production in a signal transducer and activator of tran-
scription 6 (STAT6)-dependent manner5–8. Respiratory infections, 
which are predominantly caused by rhinovirus in people with asthma, 
exacerbate airway inflammation and further contribute to disease 
burden and healthcare costs9–11. Some individuals with asthma have 
deficiencies in their antiviral epithelial response, predisposing them 
to exaggerated inflammatory responses12,13. This places the bronchial 
epithelium at the center of asthma pathogenesis and makes it a target 
for advanced therapeutics14,15.

To identify new signaling pathways activated by allergens, we 
determined gene transcripts that were differentially expressed 
in blunt dissected airway wall tissue of wild-type (WT) mice and 
mice deficient for TRAIL (Tnfsf10−/−) (ArrayExpress accession no. 
E-MEXP-2960), which are protected from ovalbumin-4 and HDM-
induced (Supplementary Fig. 1) allergic airway disease. Among 
other mRNA sequences, we found that the microtubule-associated 
E3 ubiquitin ligase MID1 (also known as tripartite motif-containing 
protein (TRIM) 18) was upregulated in WT mice sensitized and chal-
lenged with HDM (allergic mice) as compared to WT mice sensitized 
and challenged with normal saline only (nonallergic control mice) 
and allergic Tnfsf10−/− mice (Fig. 1a). We observed increased MID1- 
specific staining in allergic WT mice primarily in bronchial epithelial 
cells (Fig. 1a). TLR4 signaling is required for the development of allergic 
airway inflammation in response to HDM extract16–19. Upregulation 
of MID1 was attenuated in mice deficient in TLR4 (Tlr4−/−) or the 
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adaptor molecule MyD88 (Myd88−/−) in response to allergen exposure 
as compared to allergic WT mice (Fig. 1a). Although mice deficient 
in STAT6 (Stat6−/−), like Tlr4−/−, Myd88−/− and Tnfsf10−/− mice, show 
reduced airway inflammation in response to allergen exposure4,8,16,18, 
we found high MID1 expression in Stat6−/− mice sensitized and  

challenged with HDM (Fig. 1a), suggesting HDM promotes MID1 
expression in a TLR4-dependent manner upstream of STAT6.

To investigate whether the induction of MID1 required pre
existing allergic inflammation, we administered one dose of either 
HDM, recombinant (r)TRAIL or a low or high dose of the TLR4 ligand  
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Figure 1  MID1 silencing reduces allergen-induced airway hyperreactivity, allergic inflammation and increases PP2A activity. (a) MID1 mRNA and protein expression 
in the airway wall. Scale bar, 50 µm. MID1 (red); DNA (DAPI, blue). (b) MID1 mRNA expression in naive mice 24 h after treatment with one dose of rTRAIL, house 
dust mite or LPS intranasally. (c) PP2A activity and PP2Ac protein expression in lung homogenates of nonallergic (SAL) and allergic (HDM) mice (n = 3–5 mice 
per group). (d) MID1 mRNA expression and MID1 protein measured by quantification of immunofluorescence in the airway wall of SAL versus HDM mice treated 
intranasally with a nonsense siRNA or a MID1-targeting siRNA (MID1 siRNA) every second day during the allergen challenge period. Scale bar, 50 µm. (n = 3–6 
mice per group). (e) Total lung resistance (RI) at baseline (left) and as percentage change of baseline measurement (PBS) in response to inhaled methacholine 
(right) (n = 5 or 6 mice per group). (f) Number of peribronchial/perivascular eosinophils, PAS-positive mucus-producing epithelial cells, and mast cells per  
100 µm2 (n = 3 or 4 mice per group; left) and cytokine release (right) from in vitro HDM-stimulated peribronchial lymph node cells (cells pooled from n = 6 mice 
per group). (g) CCL20, IL-25 and IL-33 mRNA expression in the airway wall normalized to HPRT. (n = 4–6 mice per group). (h) IL-25 and IL-33 mRNA expression 
in the airway wall of naive mice 24 h after treatment with one dose of rTRAIL (n = 3–5 mice per group). (i,j) PP2A activity in lung homogenates (left), levels of 
phosphorylated IκBα protein (middle) and activated p65 and p50 (ng per gram of lung), p52 and RelB levels (absorbance at 450 nm) (right) (n = 4–5 mice per 
group) (i). Phosphorylated JNK (phos-JNK) protein levels in lung homogenates (n = 4–5 mice per group) and p38 (phos-p38) MAPK protein expression measured by 
quantification of immunofluorescence in the airway wall. (n = 3 mice per group) (j). Results are mean ± s.e.m. *P < 0.05, **P < 0.01 and ***P < 0.001.
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lipopolysaccharide (LPS) intranasally to naive WT mice (Fig. 1b). 
MID1 expression was significantly upregulated in the airway wall 
24 h after HDM, rTRAIL and high-dose but not low-dose LPS  
exposure (Fig. 1b).

The MID1 gene is located at locus Xp22.3 in humans, and mutations 
in MID1 have been associated with X-linked Opitz G/BBB syndrome, 
an inherited malformation characterized by midline defects such as 
cleft lip and/or palate20. Mutations found in individuals with Opitz 
syndrome disrupt transport of MID1 and migration of neural crest 
cells21,22. Beyond embryonic development, MID1 interacts with the α4 
regulatory subunit of the protein phosphatase PP2A and is required for 
the ubiquitin-specific modification and proteasome-mediated degrada-
tion of its catalytic subunit PP2Ac23–25. In HDM-challenged WT and 
Stat6−/− mice, induction of MID1 was associated with decreased PP2A 
activity and PP2Ac protein expression (Fig. 1a,c). MID1 expression, 
PP2A activity and PP2Ac expression remained unchanged in Tnfsf10−/− 
mice sensitized and challenged with HDM (Fig. 1a,c), suggesting that 
MID1 regulates PP2A activity upstream of STAT6 in vivo.

The PP2A holoenzyme is composed of three subunits; the PP2A-B  
subunit has multiple isoforms and confers substrate specificity, 
whereas PP2A-A and PP2Ac are the highly conserved scaffolding 
and catalytic subunits, respectively26. PP2A is the most abundantly 
expressed protein phosphatase and has been shown to dephosphorylate  
mitogen-activated protein kinases (MAPKs) and inhibitor of κBα 

(IκBα) protein, thereby limiting p38 MAPK, c-Jun N-terminal kinase 
(JNK) and nuclear factor-κB (NF-κB) activity 26–29. p38 MAPK sig-
naling activity is high in the airway wall of individuals with severe 
asthma30,31 and promotes airway inflammation in mice32,33, whereas 
NF-κB has a key role in TH2-mediated allergic airway disease34. 
Dephosphorylation of JNK by PP2A has been shown to regulate glu-
cocorticoid receptor nuclear translocation, which may be relevant for 
steroid-resistant asthma35.

To assess the role of MID1 in allergic airway disease, we reduced 
MID1 expression by siRNA in sensitized mice 24 h before the first chal-
lenge with HDM and then every second day during challenge to levels 
observed in nonallergic mice (Fig. 1d). MID1 silencing attenuated 
AHR (Fig. 1e), reduced the accumulation of eosinophils in the lungs 
and the number of Alcian blue–periodic acid–Schiff (PAS)-positive  
mucus-producing epithelial cells (Fig. 1f), reduced IL-5 and IL-13 
release from ex vivo HDM-stimulated lymph node cells isolated from 
the draining lymph nodes of the lungs (Fig. 1f), and lowered mRNA 
expression of CCL20, IL-25 and IL-33 (Fig. 1g) but not of TSLP, GM-CSF,  
CCL17 and CCL22 in the airway wall (Supplementary Fig. 2) as 
compared to allergic mice treated with a nonsense siRNA. Conversely, 
treatment of naive mice with rTRAIL increased IL-25 and IL-33 expres-
sion (Fig. 1h), which suggests that these factors are regulated by MID1 
downstream of TRAIL. MID1 silencing also increased PP2A activity  
(Fig. 1i) and reduced the levels of phosphorylated IκBα, the NF-κB 
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Figure 2  Pharmacological activation of PP2A decreases  
HDM-induced airway hyperreactivity and allergic airway  
inflammation. (a–c) PP2A activity in lung homogenates (a),  
differential blood cell count (b), and MID1 mRNA expression  
in the airway wall (c) of nonallergic (SAL) versus allergic  
(HDM) mice treated intranasally with 2% 2-hydroxypropyl- 
cyclodextrin (vehicle) or AAL(S) 24 h before and each day  
during the allergen challenge period (n = 3–5 mice per group).  
Neu, neutrophils; Lym, lymphocytes; Mono, monocytes;  
Eos, eosinophils. (d) Total lung resistance (RI) at baseline (left) and as percentage change of baseline measurement (PBS) in response to inhaled 
methacholine (right) (n = 5–8 mice per group). (e) Number of cells in bronchoalveolar lavage fluid (BALF) (n = 3 or 4 mice per group). Mac, macrophages.  
(f) Number of peribronchial/perivascular eosinophils, PAS-positive mucus-producing epithelial cells, and mast cells per 100 µm2 (n = 3 or 4 mice per group). 
(g) Cytokine release from in vitro HDM-stimulated peribronchial lymph node cells. (h) CCL20 concentration in lung homogenates, and IL-25 and IL-33 mRNA 
expression in the airway wall. (i) Number of CD4+ and CD8+ lymphocytes, and myeloid (m) and plasmacytoid (p) dendritic cells (DCs) determined by FACS in 
whole lung cell suspensions. Results are mean ± s.e.m. (n = 3 or 4 mice per group) for g–i . *P < 0.05, **P < 0.01 and ***P < 0.001.
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subunits p65, p50, p52 and RelB (Fig. 1i), and phosphorylated JNK in 
lung homogenates (Fig. 1j), and phosphorylated p38 MAPK measured 
by quantification of immunofluorescence (Fig. 1j and Supplementary 
Fig. 3). Similar results with respect to AHR, airway inflammation 
and PP2A activity were obtained when silencing MID1 using another 
MID1-specific siRNA sequence (Supplementary Fig. 4). Thus MID1 
expression promotes allergic airway disease and limits PP2A-mediated 
deactivation of NF-κB, p38 MAPK and JNK.

Next, we treated sensitized mice 24 h before the first challenge with 
HDM and then daily with the nonphosphorylatable FTY720 analog, 
2-amino-4-(4-heptyloyphenol)-2-methylbutanol (AAL(S)) to acti-
vate PP2A (Fig. 2a). In contrast to phosphorylated FTY720, AAL(S) 
does not cause lymphopenia because it cannot be phosphorylated by 
sphingosine kinase 2 and bind sphingosine 1-phosphate receptors 
(ref. 36 and Fig. 2b). AAL(S) treatment increased PP2A activation, 
decreased MID1 expression (Fig. 2c) and reduced allergic airway 
disease, which included decreased AHR (Fig. 2d), inflammatory cell 
recruitment to the lung (Fig. 2e,f ), release of IL-5 and IL-13 by lymph 
node cells (Fig. 2g), and decreased expression of CCL20, IL-25 and 

IL-33 (Fig. 2h) but not TSLP, GM-CSF, CCL17 and CCL22 in the 
airway wall (Supplementary Fig. 5). The effects of AAL(S) on MID1 
expression may indicate feedback inhibition by the adaptor protein α4 
(ref. 23) or could be due to the anti-inflammatory effects of AAL(S). 
We and others have previously shown a link between CCL20 and the 
activation of T cells in an ovalbumin-induced allergic airway disease 
model4,37. In accordance with this link, we observed a significant 
decrease in T cell numbers and in the ratio of myeloid to plasmacytoid 
dendritic cells in the lungs of AAL(S)-treated mice (Fig. 2i), which 
suppresses the development of TH2-mediated responses in vivo3,38. 
These data suggest that pharmacological activation of PP2A may be 
therapeutically effective in allergic airway disease and asthma.

Next, we investigated the role of MID1 in experimental rhino-
virus infection. First we silenced MID1 expression in naive mice 
using siRNA 24 h before infecting mice with rhinovirus (RV1B) (or 
ultraviolet light–inactivated RV1B). Silencing of MID1 abolished 
RV1B-induced AHR, reduced neutrophil influx, increased PP2A 
activity, decreased MID1, CCL20, mucin 5AC (a major gel-forming 
mucin expressed in the airways39) and CXCL2 (a mouse IL-8 analog)  
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Figure 3  MID1 inhibition attenuates rhinovirus-induced airway inflammation and asthma exacerbations. (a) Total lung resistance (RI) at baseline (left) 
and as percentage change of baseline measurement (PBS) in response to inhaled methacholine (right) in mice treated with nonsense siRNA or MID1 
siRNA 24 h before intranasal RV1B (n = 5 or 6 mice per group). (b) Number of cells in the BALF of mice in a. (c–f) PP2A activity in lung homogenates 
(c), MID1, CCL20 and mucin 5AC (muc5AC) mRNA expression in the airway wall (d), chemokine levels (e) and phosphorylated IκBα (left), p65, p50 
(middle) and phosphorylated JNK (pJNK; right) protein levels (f) in lung homogenates of mice from a (n = 3 or 4 mice per group). (g) Total lung resistance 
at baseline (left) and as percentage change of baseline measurement (PBS) in response to inhaled methacholine (right) in the airways of HDM-allergic 
mice treated with nonsense siRNA or MID1 siRNA 24 h before intranasal infection with RV1B (n = 6–8 mice per group). (h) Number of cells in BALF 
(left) and number of peribronchial/perivascular eosinophils, PAS-positive mucus producing epithelial cells, and mast cells per 100 µm2 (right) in the 
lungs of mice from g. (i,j) PP2A activity (left), chemokine amounts (i) and phosphorylated IκBα (left), p65, p50 (middle) and phosphorylated JNK (right) 
protein levels in lung homogenates of mice from g (j). Results are mean ± s.e.m. (n = 3–6 mice per group). *P < 0.05 and **P < 0.01.np

g
©

 2
01

3 
N

at
ur

e 
A

m
er

ic
a,

 In
c.

 A
ll 

rig
ht

s 
re

se
rv

ed
.



l e t t e r s

236	 VOLUME 19 | NUMBER 2 | FEBRUARY 2013  nature medicine

expression in the lungs, and reduced the amounts of phosphorylated 
IκBα, activated NF-κB subunits and phosphorylated JNK com-
pared to nonsense siRNA treatment (Fig. 3a–f). MID1 inhibition  
also impaired virus replication and, consequently, interferon-α  
(IFN-α) and IFN-β mRNA expression in the lung of RV1B-infected 
mice (Supplementary Fig. 6). Next, we silenced MID1 expression 
in allergic mice with one dose of siRNA given after the last HDM 
challenge and then infected them with RV1B 24 h later. MID1 silenc-
ing reduced rhinovirus-induced exacerbation of AHR, eosinophilic 
inflammation and the number of mucus-producing epithelial cells 
(Fig. 3g,h). MID1 inhibition also raised PP2A activity, impaired 
chemokine release and lowered levels of phosphorylated IκBα, acti-
vated NF-κB subunits and phosphorylated JNK in the lung of RV1B-
infected allergic mice (Fig. 3i,j). After ex vivo recall stimulation of 
peribronchial lymph node cells isolated from RV1B-infected allergic 
mice with HDM, production of IL-5 (nonsense siRNA, 8.6 ± 0.6 ng 
ml−1 versus MID1-siRNA 3.2 ± 0.6 ng ml−1; mean ± s.e.m., P < 0.01) 
but not IL-13 (data not shown) was reduced. Virus replication and 
IFN expression in the airway wall was not altered in allergic mice in 
response to MID1 inhibition (Supplementary Fig. 6).

Next, we incubated transformed human bronchial epithelial cells 
(BEAS-2B) with rTRAIL or HDM and found they increased MID1 
and CCL20 mRNA expression (Fig. 4a) and suppressed PP2A activity 
(Fig. 4b). Western blotting and immunopreciptation with a PP2Ac-
specific antibody suggested that MID1 was associated with PP2Ac 
and the α4 subunit (Fig. 4c).

Differences between transformed and primary human epithelial 
cell responses to rhinovirus have been described40.We therefore also 

collected primary human bronchial epithelial cells from subjects with 
asthma (n = 14) and healthy subjects (n = 14). As expected, lung 
function was lower in individuals with asthma (P < 0.05), and the 
majority of those subjects were treated with inhaled corticosteroids 
(Supplementary Table 1). In vitro infection with RV1B as well as 
exposure to rTRAIL or HDM increased MID1 expression in epithelial 
cells from both healthy subjects and those with asthma (Fig. 4d). 
TRAIL and CCL20 expression were also upregulated upon RV1B 
infection (Fig. 4d) and positively correlated with MID1 expres-
sion (Fig. 4e). We found impaired IFN-λ production by bronchial 
epithelial cells from asthmatics as compared to cells from healthy 
subjects as previously reported12,13 (Fig. 4f). Intracellular RV1B 
RNA levels isolated from epithelial cells 24 h after infection were not 
different between asthmatics and healthy subjects (Supplementary 
Fig. 6), which is in line with previous reports demonstrating in 
vitro differences in RV1B RNA levels at 8 h only when virus repli-
cation peaks12,13. Thus, MID1 activates proinflammatory signaling 
in bronchial epithelial cells from human subjects, which may act in 
concert with other aberrant responses to allergen and virus exposure  
in asthma to promote exaggerated airway inflammation and  
rhinovirus-induced exacerbation.

More than 500 E3 ubiquitin ligases have been identified to date 
that regulate diverse cellular processes through targeting specific sub-
strates for degradation by the proteasome. The ubiquitin system has 
been linked to cancer, neurodegenerative and muscle wasting disor-
ders, diabetes, infection and inflammation. Here we have identified 
MID1 as an E3 ubiquitin ligase that regulates airway inflammation by 
limiting PP2A activity (Supplementary Fig. 7) suggesting both MID1 

a

Asthma (rs = 0.85; P = 0.001, n = 14)
Healthy (rs = 0.55; P = 0.04, n = 14)

1,000

100

10

1

0.1
0.1 1 10 100

MID1 mRNA
(per ×103 copy of GAPDH)

TR
A

IL
 m

R
N

A
(p

er
 ×

 1
03  c

op
ie

s 
of

 G
A

P
D

H
)

Asthma (rs = 0.58; P = 0.03, n = 14)
Healthy (rs = 0.53; P = 0.05, n = 14)

0.1 1 10 100

MID1 mRNA
(per ×103 copy of GAPDH)

1,000

100

10

1

C
C

L2
0 

m
R

N
A

(p
er

 ×
 1

03  c
op

ie
s 

of
 G

A
P

D
H

)

Asthma (rs = 0.63; P = 0.02, n = 14)
Healthy (rs = 0.68; P = 0.008, n = 14)

1 10 100 1,000

CCL20 mRNA
(per ×103 copies of GAPDH)

1,000

100

10

1

0.1

TR
A

IL
 m

R
N

A
(p

er
 ×

 1
03  c

op
ie

s 
of

 G
A

P
D

H
)

Tot
al 

lys
at

e

IP
 a

nt
i–P

P2A
c

Pos
t-I

P ly
sa

te

MID1

α4

PP2Ac

d

e f

b

c

Hea
lth

y

Asth
m

a

*
*

*

4,000

3,000

2,000

1,000

0

IF
N

-λ
 (

pg
 m

l–1
)

M
ed

ium
RV1B

M
ed

ium
RV1B

Medium

80

*

**

M
ID

1 
m

R
N

A
(p

er
 ×

 1
03  c

op
y 

of
 G

A
P

D
H

)

TRAIL

HDM

60

40

20

0

20

**

*

C
C

L2
0 

m
R

N
A

(p
er

 ×
 1

05  c
op

y 
of

 G
A

P
D

H
)

Medium
TRAIL

HDM

10

0

10
**

TR
A

IL
 m

R
N

A

(p
er

 ×
 1

03  c
op

y 
of

 G
A

P
D

H
)

Medium
TRAIL

HDM

8

6

4

2

0

0

*
*

P
P

2A
 a

ct
iv

ity
 (

%
 fr

om
 m

ed
iu

m
)

TRAIL
HDM

–50

–100

**

Healthy Asthma

*

*
*

*

25

M
ID

1 
m

R
N

A

(p
er

 ×
 1

03  c
op

y 
of

 G
A

P
D

H
)

M
ed

ium
TRAIL

HDM
RV1B

M
ed

ium
TRAIL

HDM
RV1B

20

15

10

5

0

*

*

600

C
C

L2
0 

m
R

N
A

(p
er

 ×
 1

03  c
op

y 
of

 G
A

P
D

H
)

M
ed

ium
RV1B

M
ed

ium
RV1B

400

200

Hea
lth

y

Asth
m

a

0

800

P = 0.06

Hea
lth

y

Asth
m

a

**

TR
A

IL
 m

R
N

A

(p
er

 ×
 1

03  c
op

y 
of

 G
A

P
D

H
)

M
ed

ium
RV1B

M
ed

ium
RV1B

600

400

200

0

Figure 4  MID1 in allergen and rhinovirus exposed human airway epithelial cells. (a,b) MID1, CCL20 and TRAIL mRNA expression (a) and PP2A activity (b) in 
BEAS-2B cells incubated with HDM extract (50 µg ml−1), or recombinant TRAIL (1 µg ml−1). Results are representative of n = 3 independent experiments. (c) 
Immunoprecipitation (IP) for PP2Ac in unstimulated BEAS-2B cell lysates. Total lysate (lane 1), PP2Ac precipitant (lane 2), PP2Ac-depleted lysate  
(lane 3). (d) MID1 expression (left) in primary bronchial epithelial cells from healthy subjects and asthmatics incubated with control medium, HDM extract (50 µg 
ml−1), rTRAIL (1 µg ml−1), or infected with RV1B. CCL20 (middle) and TRAIL (right) expression in bronchial epithelial cells in response to RV1B infection. 
Lines indicate the median, boxes extend from the 25th to the 75th percentile and error bars extend to 10th and 90th percentiles. (e) Correlation between MID1, 
TRAIL and CCL20 mRNA expression in primary human airway epithelial cells after RV1B infection (n = 14 asthmatics and n = 14 healthy subjects). (f) IFN-λ 
concentration in primary bronchial epithelial cell supernatants from healthy subjects and subjects with asthma after infection with RV1B. Lines indicate the 
median, boxes extend from the 25th to the 75th percentile and error bars extend to the 10th and 90th percentiles.*P < 0.05 and **P < 0.01.

np
g

©
 2

01
3 

N
at

ur
e 

A
m

er
ic

a,
 In

c.
 A

ll 
rig

ht
s 

re
se

rv
ed

.



l e t t e r s

nature medicine  VOLUME 19 | NUMBER 2 | FEBRUARY 2013	 237

and PP2A activity may be targeted for the treatment of asthma and 
rhinovirus-induced exacerbations.

Methods
Methods and any associated references are available in the online 
version of the paper.

Note: Supplementary information is available in the online version of the paper.
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ONLINE METHODS
Mice. WT, Tnfsf10−/−, Tlr4−/−, Myd88−/−and Stat6−/−, all on a BALB/c back-
ground (male, 6–14 weeks of age) were obtained from the special pathogen–
free facility of the University of Newcastle. Mice were housed with ad libitum 
access to food and water with a 12-h light-and-dark cycle. The Animal Care 
and Ethics Committee of the University of Newcastle, Australia approved all 
experiments, which were conducted and reported in accordance with the 
ARRIVE guidelines.

Induction of allergic airway disease and rhinovirus infection. We sen-
sitized and challenged mice by exposing them intranasally to crude HDM 
extract (50 µg daily at days 0, 1 and 2 followed by four exposures of 5 µg 
HDM daily from day 14 to day 17 delivered in 50 µl of sterile saline) from 
Greer Laboratories (allergic mice). The single dose of HDM extract given to 
naive mice in some experiments was 50 µg in 50 µl of sterile saline. Control 
nonallergic mice received sterile saline only during sensitization and challenge 
instead of HDM extract. In some experiments, we infected allergic (day 18, 
1 d after last HDM extract challenge) or nonallergic mice with 50 µl infective 
or ultraviolet light (UV)–inactivated RV1B41 (2.5 × 106 median tissue culture 
infective dose) intranasally. Mice were killed 24 h after the last allergen or 
rhinovirus challenge by pentobarbital sodium (Virbac) overdose.

Airway hyperreacticity measurement (AHR). We assessed AHR invasively 
in separate groups of ketamine-xylene (Illum)–anesthetized mice by measure-
ment of total lung resistance and dynamic compliance (Buxco)4. Percentage 
increase over baseline (PBS) in response to nebulized methacholine (Sigma) 
was calculated.

Isolation of mRNA. We isolated total RNA with the mirVana m/miRNA 
Isolation kit (Ambion) from mouse airway wall tissue18. Briefly, we isolated the 
trachea and lungs and then carefully separated the lung parenchyma from the 
larger airway tissue by blunt dissection using two pairs of forceps. This allowed 
effective collection of several generations of airway wall tissue, consisting of 
resident airway cells such as epithelial cells, fibroblasts, smooth muscle cells, 
basement membrane and infiltrating inflammatory cells42. Airway wall tissue 
was stored in RNA later (Ambion) at −80 °C before extraction. Total RNA 
from human bronchial epithelial cells was extracted with TRIzol (Invitrogen) 
according to the manufacturer’s instructions.

Quantitative RT-PCR. We performed quantitative RT-PCRs with SYBR Green 
with premixed ROX (Invitrogen). We quantified mRNA copies using cDNA 
standards for all genes of interest. We normalized expression to the house-
keeper genes Hprt for mouse and GAPDH for human mRNAs. Primers are 
listed in the Supplementary Methods.

Airway inflammation. We cannulated the trachea of mice and lavaged their 
lungs with 1 ml HBSS (Gibco) to collect bronchoalveolar cells, which were 
enumerated and differentiated by cytospin and May-Grunwald staining under 
blinded conditions.

Airway morphology studies. We stained paraffin-fixed lung tissue with 
Alcian blue–periodic acid–Schiff for the enumeration of mucus-producing 
airway epithelial cells, Charbol’s chromotrope-hematoxylin for the identifi-
cation of eosinophils or toluidine blue for mast cells. We identified cells by 
morphological criteria, and we counted ten 100-µm2 fields in each slide under 
blinded conditions.

Cytokine and chemokine analysis. We excised peribronchial lymph node 
cells, filtered through a 100-µm cell sieve (BD) and cultured 5 × 106 cells per ml 
in RPMI-1640 medium (Hyclone) with 10% (vol/vol) FCS (SAFC Biosciences),  
2 mM l-glutamine, 20 mM HEPES, 100 U ml−1 penicillin-streptomycin (Gibco),  
0.1 mM sodium pyruvate (Hyclone) and 50 µM 2-mercaptoethanol in the 
presence or absence of 50 µg ml−1 HDM (optimal concentration) for 6 d. We 
determined IL-4, IL-5, IL-13 and IFN-γ levels in supernatants by ELISA (BD 
Biosciences Pharmingen). Lungs were homogenized using a Tissue-Tearor 
stick homogenizer (BioSpec Products). Homogenate levels of CCL2/MCP1, 

CCL3/MIP1α, CCL4/MIP1β, CCL11/eotaxin, CXCL10/IP10 and CXCL1/KC 
were measured by employing a Multiplex Immunoassay (Millipore), whereas 
CCL20/MIP3α and CXCL2/MIP2 were measured by ELISA (R&D Systems) 
according to the manufacturer’s instructions.

Total PP2Ac ELISA and active PP2A, IkBa, NFkB and JNK assays. We 
measured total PP2Ac and PP2A activity and phosphorylated JNK by R&D 
Systems’ Total PP2Ac DuoSet IC ELISA kit, Active PP2A DuoSet IC activity 
assay and Phospho-JNK DuoSet IC ELISA kit, respectively, according to the 
manufacturer’s instructions. We quantified phosphorylated IκBα and activated 
p50, p52, p65 and RelB NF-κB subunits with FunctionalELISA and TransAM 
Transcription Factor Assay kit from Active Motif, respectively, according 
to the manufacturer’s instructions. All measurements were performed on 
homogenized mouse lungs using a Tissue-Tearor stick homogenizer (BioSpec 
Products) or clarified BEAS-2B cell lysates (cell line obtained from ATCC).

siRNA. The antisense strand sequence of siRNA-MID1 from Ambion 
was: 5′-UUAGGUAAUCCAGACAUUCta-3′. A second siRNA-MID1 was 
ordered from Dharmacon to evaluate off-target effects (target sequence 5′-
UGAGCGCUAUGACAAAUUG-3′). We ordered the two nonsense siRNA 
(chosen to have an equivalent CG content) with no similarities to other 
sequences from Ambion (Option 2) and Dharmacon. We administered 
3.75 nmol siRNA in 25 µl of sterile saline intranasally at day 13 (after HDM 
sensitization and 24 h before first HDM challenge) and then every second day 
until mice were killed4. In all rhinovirus studies, mice were treated 24 h before 
and killed 24 h after RV1B challenge.

AAL(S) treatment. We treated mice with 10 µg of AAL(S) or 2%  
2-hydroxypropyl-cyclodextrin (vehicle) intranasally at day 13 (after HDM  
sensitization and 24 h before the first HDM challenge) and then daily through-
out the HDM challenge period until mice were killed.

Immunofluorescent detection. Formalin-fixed lung sections were blocked 
with 25% (vol/vol) sheep serum (SAFC Biosciences) for 1 h before being 
incubated with either an MID1-specific antibody (Santa Cruz Biotechnology, 
cat. no. sc-55247, 1:200) followed by a secondary PE-conjugated antibody 
(Santa Cruz Biotechnology, cat no. sc-3743, clone 2BB10, 1:2,000), or an Alexa 
Fluor 488–conjugated antibody against phosphorylated p38 (Cell Signaling 
Technology, cat. no. 4551S, clone 28B10, 1:200). Nuclei were counterstained 
with DAPI (Sigma). We analyzed stained slides with an Olympus BX51 UV 
microscope using DP Controller 3.1.1.267 software (Olympus). Fluorescent 
intensity was quantified using Image-ProPlus 6.0 software, measuring red 
channel (phycoerythrin-stained MID-1) or green channel (Alexa Fluor 488–
stained Phos-p38) intensity in the airway epithelial cells of ten high-powered 
fields per slide under blinded conditions.

Immunoprecipitation. We lysed BEAS-2B cells at 80% confluency in the pres-
ence of protease inhibitors (pepstatin, leupeptin, aprotinin and PMSF; Sigma). 
Protein lysate (500 mg) was incubated with 4 mg PP2A-C monoclonal antibody 
(clone 1D6, 1:5,000, Millipore) and protein A agarose beads (Millipore) at 4 °C 
overnight followed by three washes in lysis buffer. We separated immunopre-
cipitated proteins on 12% (wt/vol) polyacryamide gels and transferred them 
to nitrocellulose. We probed immunoblots with primary polyclonal antibodies 
to PP2Ac (affinity-purified rabbit antibodies raised against a PP2Ac peptide 
(PHVTRRTPDYFL), 1:1,000)43, α4 (Novus Biologicals, cat. no. NB100-487, 
1:500) or MID1 (Santa Cruz Biotechnology, cat. no. sc-55248, 1:200) and 
appropriate secondary antibodies as described above.

Flow cytometry. We dissociated mouse lung cells mechanically and stained 
whole lung cell suspensions with FITC-conjugated anti–TCR β chain (BD, 
cat. no. 553171, clone H57-597), phycoerythrin-conjugated anti-CD4 (BD, 
cat. no. 553652, clone H129.19), PerCP-conjugated anti-CD8a (BD, cat. no. 
561092, clone 53-6.7), PerCP-Cy5.5–conjugated anti-CD11b (BD, cat. no. 
561092, clone M1/70), FITC-conjugated anti-CD11c (BD, cat. no. 553801, 
clone HL3), phycoerythrin-conjugated anti-MHCII (eBioscience, cat. no.  
12-5321, clone M5/114.15.2) and allophycocyanin-conjugated anti-mPDCA-1 
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(Miltenyi Biotec, cat. no. 130-091-963, clone JF05-1C2.4.1), all at a 1:15 dilu-
tion. We determined numbers of positive cells by flow cytometry (FACSCanto, 
Becton Dickinson). Data were analyzed with BD FACsdiva.

Bronchial epithelium cell cultures. We cultured transformed human bron-
chial epithelial cells (BEAS-2B) in complete DMEM (Thermo Scientific) with 
5% (vol/vol) FCS and primary human bronchial epithelial cells in bronchial 
epithelial cell growth medium (BEGM, Clonetics) as previously described12. 
After one passage, we seeded 2 × 105 BEAS-2B cells onto 12-well trays, cul-
tured them until 80% confluence, serum-starved them for 24 h and incubated 
them with HDM (50 µg ml−1) or rTRAIL (1 µg ml−1) for 24 h in serum-free 
DMEM. Primary bronchial epithelial cells were obtained from patients with 
stable persistent asthma and healthy controls by bronchoscopy using a sin-
gle sheathed nylon cytology brush12. Primary bronchial epithelial cells were 
seeded, cultured, and incubated under the same conditions as BEAS-2B cells 
with the exception of using different growth medium (BEGM). Primary bron-
chial epithelial cells were also infected with RV1B (multiplicity of infection of 
2) and cultured for 24 h in serum-free BEGM media12. mRNA was extracted 
using TRIzol (Invitrogen) according to the manufacturer’s instructions. TRAIL, 
MID1 and CCL20 mRNA expression were quantified by quantitative RT-PCR. 
We measured the concentration of IFN-λ in the cell supernatant by ELISA 

(IFN-λ1/3 DuoSet ELISA, R&D Systems). The Hunter New England Health 
and University of Newcastle Human Research Ethics Committees approved all 
human studies, and written informed consent was obtained from all subjects 
before participation.

Statistical analyses. The significance of differences between groups was ana-
lyzed using Student’s t-test, Mann-Whitney test or two-way analysis of vari-
ance as appropriate using Graphpad Prism 5. A value of P < 0.05 is reported 
as significant. We cultured at least 13 pairs of primary bronchial epithelial 
cell samples per group (healthy subjects and asthmatics) in the presence or 
absence of RV1B to detect a significant difference in MID1 expression of 1 s.d.  
with a power of 90%.
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