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ABSTRACT
Rationale Upregulation of glucocorticoid receptor
b (GRb) has been implicated in steroid resistance in
severe asthma, although previous studies are conflicting.
GRb has been proposed as a dominant negative isoform
of glucocorticoid receptor a (GRa) but it has also been
suggested that GRb can cause steroid resistance via
reduced expression of histone deacetylase 2 (HDAC2),
a key regulator of steroid responsiveness in the airway.
Objectives To examine GRb, GRa, HDAC1 and HDAC2
expression at transcript and protein levels in bronchial
biopsies from a large series of patients with severe
asthma, and to compare the findings with those of
patients with mild to moderate asthma and healthy
volunteers.
Methods Bronchoscopic study in two UK centres with
real-time PCR and immunohistochemistry performed on
biopsies, western blotting of bronchial epithelial cells and
immunoprecipitation with anti-GRb antibody.
Measurements and main results Protein and mRNA
expression for GRa and HDAC2 did not differ between
groups. GRb mRNA was detected in only 13 of 73
samples (seven patients with severe asthma), however
immunohistochemistry showed widespread epithelial
staining in all groups. Western blotting of bronchial
epithelial cells with GRb antibody detected an additional
‘cross-reacting’ protein, identified as clathrin. HDAC1
expression was increased in patients with severe asthma
compared with healthy volunteers.
Conclusions GRb mRNA is expressed at low levels in
a minority of patients with severe asthma. HDAC1 and
HDAC2 expression was not downregulated in severe
asthma. These data do not support upregulated GRb and
resultant reduced HDAC expression as the principal
mechanism of steroid resistance in severe asthma.
Conflicting GRb literature may be explained in part by
clathrin cross-reactivity with commercial antibodies.

INTRODUCTION
Patients with severe asthma respond poorly to
available therapies, which results in high healthcare
costs due to unscheduled healthcare visits, treatment of co-morbidities and work absence.1 The
cornerstone of asthma treatment is glucocorticoid
therapy; however patients with severe asthma are
relatively resistant to inhaled glucocorticoids, often
resulting in a requirement for systemic steroids to
maintain disease control.2
Proposed molecular mechanisms for glucocorticoid
resistance include abnormalities of glucocorticoid
392

Key messages
What is the key question?

b (GRb) with
resultant reduction in histone deacetylase 2
(HDAC2) expression has been implicated in the
pathogenesis of severe steroid-resistant
asthma, but previous data are conflicting.

< Increased glucocorticoid receptor

What is the bottom line?

< GRb mRNA was expressed at very low levels in

the airways of a minority of patients with severe
asthma. GRb immunostaining was prominent in
bronchial biopsies from all patients, but this was
subsequently shown to be due to antibody
cross-reactivity with heavy chain clathrin. No
reduction in HDAC2 expression was identified in
severe asthma.

Why read on?

< These data do not support altered GRb/HDAC

expression as the principal underlying mechanism of steroid resistance in severe asthma.
Some of the discrepancies in the GRb literature
may be explained by clathrin cross-reactivity
with commercial antibodies.

binding,2e4 reduced glucocorticoid receptor nuclear
translocation in response to steroids,5 6 increased
expression of pro-inﬂammatory transcription factors
(eg, activator protein-1 and nuclear factor-kB)7 8 and
altered expression of co-repressor proteins (eg,
histone deacetylases).9 Two commonly proposed
mechanisms for steroid resistance in severe asthma
are increased expression of the dominant negative
isoform of the glucocorticoid receptor, glucocorticoid
receptor b (GRb), and reduced expression and
activity of histone deacetylase 2 (HDAC2).3 5 A
recent study suggested the reduced HDAC2 in severe
asthma may be regulated by GRb overexpression.10
Existing data on GRb expression in severe
asthma have been variable. GRb-immunoreactive
peripheral blood mononuclear cells (PBMCs), CD3
T cells and bronchoalveolar lavage cells were
increased in steroid-resistant asthma.3 11 12
Furthermore, Sousa et al reported increased GRbpositive cells in steroid-resistant asthmatic tuberculin responses.13 In the lungs of patients who have
died from asthma increased GRb immunoreactivity
has been reported,14 and in the only published
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ORIGINAL ARTICLE

Asthma

METHODS
Subjects
This study was performed in two UK centres, Queens University Belfast and University of Leicester. Patients with severe
asthma were recruited from the Belfast City Hospital and
Glenﬁeld Hospital, Leicester Difﬁcult Asthma Services, where
systematic evaluation protocols ensure patients have well characterised severe asthma as deﬁned by current American Thoracic
Society guidelines.18 All patients had persisting symptoms
despite treatment at step 4 or 5 of the Global Initiative for
Asthma (GINA) guidelines.19 Patients with mild to moderate
asthma and healthy volunteers were recruited from hospital
clinics or by advertisement.
In total, 27 participants were recruited from Belfast (10
healthy volunteers (HV), 7 patients with mild to moderate
asthma (MA) and 10 patients with severe asthma (SA)) and 56
participants from Leicester (12 HV, 23 MA and 21 SA) (table 1).

Bronchoscopy
Bronchoscopy was performed using standard techniques (see
online supplement). Biopsies were either placed immediately in
RNA preservative (RNAlater, Ambion, Austin, Texas, USA) and
submitted for real-time PCR (qPCR) or placed into dry acetone
containing protease inhibitors (iodoacetamide and phenylmethylsulfonyl ﬂuoride) and ﬁxed overnight at 208C for
immunohistochemistry. Brushings were placed in Promocell
medium containing penicillin/streptomycin and Primocin for
cell culture (Promocell, Heidelberg, Germany).

Gene expression analysis
qPCR analysis was performed using RNA from homogenised
bronchial biopsies (74 biopsies; 22 HV, 28 MA and 24 SA) using
TaqManÒ Gene Expression Assays (Applied Biosystems, Foster
City, California, USA). RNA puriﬁcation and qPCR quality control
are detailed in the online supplement. Relative expression levels
were determined by the 2(-DeltaDelta CT) method, as described in
Applied Biosystems User Bulletin No. 2 (P/N 4303859).20

Bronchial biopsy immunohistochemistry and confocal
microscopy
For immunohistochemistry, biopsy samples were processed and
stained using local protocols. Fifty-ﬁve biopsies (17 HV, 21 MA
and 17 SA) were processed for immunohistochemistry. Inﬁltration and embedding with JB4 resin was performed.21 The
immunohistochemical technique and confocal analysis are
detailed in the online supplement.
Immunostained sections were evaluated by two independent
assessors with consensus scoring for any conﬂicting results
(scoring system given in the online supplement). Two polyclonal
anti-GRb antibodies were compared, ab3581 (Abcam,
Thorax 2012;67:392e398. doi:10.1136/thoraxjnl-2011-200760

Cambridge, UK) and PA3-514 (Afﬁnity Bioreagents, Golden, CO,
USA via Pierce Biotechnology, Rockford, IL, USA) along with
anti-GRa (sc-1002), HDAC1 (sc-7872) and HDAC2 (sc-7899)
(Insight Biotechnology, Wembley, UK).

Epithelial cell culture and western blotting
Bronchial epithelial brushings (Belfast cohort) were cultured
(Promocell) and lysates (NE-PER lysis kit, Pierce Biotechnology,
MSC, Dublin) used for western blot experiments (see online
supplement). For clathrin identiﬁcation blots, anti-clathrin
antibody (ab2731, Abcam) was used. For immunoprecipitation,
BEAS-2B cells (ATCC, Manassas, VA, USA) were also used
following culture in supplemented Dulbecco’s Modiﬁed Eagle’s
Medium (Gibco-Invitrogen Ltd, Paisley, UK).

Immunocytochemistry
Primary bronchial epithelial cells (PBECs) were grown onto
collagen-coated Thermanox coverslips (catalogue no. 174950,
Nalge Nunc International, Rochester, NY, USA), permeabilised
and stained (see online supplement), and mounted on slides.

Immunoprecipitation
Immunoprecipitation was performed using IgA Magnetic Beads
(Pierce Biotechnology, Rockford, IL, USA). PBECs and BEAS-2B
cells were used. The method is detailed in the online supplement
and the resultant blots were probed with anti-GRb and anticlathrin (ab2731, Abcam) antibodies. In addition, increasing
amounts (250 ng, 500 ng, 1000 ng and 2500 mg) of recombinant
clathrin was run on a gel and the blot probed with anti-GRb and
anti-clathrin antibodies.

Proteomics
Protein identiﬁcation was performed by the Proteomics Facility,
University of Dundee, UK. Following immunoprecipitation, gels
were stained with Coomassie blue and the higher molecular
weight band cut out of the gel, digested with trypsin prior to
analysis by one-dimensional nano-scale liquid chromatography
tandem mass spectrometry (nLC-MS-MS) and protein identiﬁcation performed with Mascot (www.matrixscience.com/).

Statistical analysis
The statistical package Prism (GraphPad Prism version 4.00 for
Windows, GraphPad Software, San Diego, California, USA) was
used to generate graphs and perform appropriate statistical
analysis. Data are presented as median (IQR) unless otherwise
stated. Between-group data were analysed using one-way analysis of variance (KruskaleWallis) with Dunn’s post hoc test or
Wilcoxon Signed Rank test as appropriate. A p value <0.05 was
considered signiﬁcant.

RESULTS
GRb, GRa, HDAC1 and HDAC2 mRNA expression

In the samples available for qPCR (n¼74), GRb mRNA was
detectable in only 13 of the 74 (18%) participants (seven
SAdfour of whom were on oral steroids, four with moderate
persistent asthma on inhaled steroids, one with steroid-naive
asthma and one HV) (ﬁgure 1A). There was a similar rate of
detection in the SA group (p¼0.10, Fisher’s exact test). Despite
the use of different speciﬁc primer-probe sets for GRb, GRb
mRNA was not detected in any of the other samples. GRa
mRNA was detectable in 70 of the biopsy samples (ﬁgure 1B,
median (IQR) relative fold expression of GRa mRNA expression
was 343.7 (137.4e928.2), 498.4 (200.4e1439) and 463.1
(186.3e1349) in HV, MA and SA groups respectively, p¼0.62,
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bronchial biopsy study, GRb expression detected by immunohistochemistry was increased in the epithelium and submucosa
of patients with severe asthma.15 However, other studies in
PBMCs in severe asthma have been negative.16 17 Thus, it
remains unclear if GRb is elevated in the airways of severe
asthma (and other ‘steroid resistant’ conditions) and why there
is such variability in the published literature.
Our aims were to examine GRb and GRa expression at
transcript and protein levels in bronchial biopsies from a large
series of patients with severe asthma, and to compare the ﬁndings with those for patients with mild to moderate asthma and
healthy volunteers. We also studied HDAC1 and HDAC2
expression in matched biopsies.

Asthma
Demographic characteristics of patients with asthma and healthy volunteers (Belfast and Leicester cohorts combined)
Healthy volunteers
(n[22)

Patients with mild to
moderate asthma (n[30)

Age (years), median (IQR)
Sex, men/women (n)
Duration of asthma (years), mean6SD
Atopy (n)
FEV1 (litre/min), mean6SD
FEV1 (% predicted), mean6SD
FEV1/ FVC, mean6SD
Inhaled steroid (n)
BDP equivalent (mg), median (IQR)
Maintenance systemic steroids (n)

30 (22e45)
10/12
N/A
11
3.6760.78
102.8611.9
82.169.8
0
0
0

29 (24e39)
14/16
12610
21
3.3260.77
93.5616.0
75.9610.6
19
400 (0e800)
0

Theophylline (n)
Long-acting b2-agonists (n)
Prior smoking history (pack years) (n, median range)
Eosinophils (109/litre), median (IQR)
IgE (kU/litre), geometric mean (95% confidence interval)

0
0
1 (4)
0.1 (0.07e0.21)
24.6 (13.3 to 45.8)

1
14
5 (1, 1e10)
0.26 (0.14e0.45)zz
159.8 (89.8 to 284.6){{

Patients with severe asthma (n[31)

p Value*

48 (38e54)y
22/9
22615z
23
2.4860.67x
75.9616.9{
64.6611.1**
31
1600 (1200e1600)yy
15 (median dose prednisolone 5 mg
(0e10 mg) plus 1 subject maintenance
intramuscular triamcinolone)
17
31
13 (2.5, 1e20)
0.49 (0.25e0.74)xx
238.5 (136.2 to 417.5)***

<0.0001
0.09
0.007
0.16
<0.0001
<0.0001
<0.0001
<0.0001

<0.0001
<0.0001
0.004
<0.0001
<0.0001

Comparison with the healthy volunteer group: yp<0.001, xp<0.001, {p<0.001, **p<0.001, xxp<0.001, zzp<0.05, {{p<0.001. Comparison with patients with mild to moderate asthma:
yp<0.001, zp¼0.007, xp<0.001, {p<0.001, **p<0.001, yyp<0.0001, xxp<0.05, ***p<0.001.
*Calculated by analysis of variance (ANOVA) with Bonferroni’s multiple comparisons test (parametric) or KruskaleWallis with Dunn’s multiple comparison test (non-parametric) or t-test when
only asthma groups compared or c2 for categorical variables (sex, atopy, theophylline, long-acting b2 agonists, smoking history).
BDP, beclometasone dipropionate; FEV1, forced expiratory volume in 1 s; FVC, forced vital capacity.

KruskaleWallis). HDAC1 mRNA was signiﬁcantly upregulated
in the SA group compared with the HV group (ﬁgure 1C,
HDAC1dmedian (IQR) relative fold expression was 0.08 (0.04,
0.21), 0.22 (0.09, 0.49) and 0.27 (0.10, 0.94) in the HV, MA and
SA groups respectively (p¼0.02, KruskaleWallis, post hoc analysis p<0.05 between HV and SA). HDAC2 expression did not

differ between participant subgroups (ﬁgure 1D, HDAC2d
median (IQR) relative fold expression was 0.52 (0.14e0.97), 0.63
(0.33e4.29) and 0.76 (0.36e1.97) in the HV, MA and SA groups
respectively (p¼0.23, KruskaleWallis). There was a signiﬁcant
correlation between HDAC2 mRNA and GRa mRNA (ﬁgure 3D,
Spearman r¼0.75, p<0.001).

Figure 1 Gene expression in bronchial biopsies (n¼74). Values represent fold change in target gene expression with GAPDH as housekeeping gene
(2ΔΔCt). (A) Glucocorticoid receptor b (GRb) mRNA was detectable in only 13 of 74 samples (seven patients with oral-steroid-dependent asthma, four
with moderate persistent asthma on inhaled steroids, one with steroid-naive asthma and one healthy volunteer). (B) GRa mRNA widely expressed in
bronchial biopsies. There were no significant between-group differences (p¼0.62, KruskaleWallis). (C) Histone deacetylase 1 (HDAC1) mRNA
expression in bronchial biopsies. HDAC1 was increased in patients with severe asthma compared with healthy volunteers (HDAC1 p¼0.02,
KruskaleWallis, post hoc analysis p<0.05 between healthy volunteers and severe asthma). (D) HDAC2 mRNA expression in bronchial biopsies. There
were no significant between-group differences (HDAC2 p¼0.23, KruskaleWallis).
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Table 1

Asthma

Similar location and intensity of immunostaining for GRb was
seen using both immunohistochemistry protocols (ﬁgure 2A).
Identical staining was noted with both GRb antibodies (data not
shown). The most striking observation was the intensity of
immunostaining in contrast to low mRNA expression. GRb
immunostaining was mainly localised to the epithelium with
scant submucosal expression in glands, smooth muscle cells and
inﬂammatory cells (ﬁgure 2A,B). Confocal microscopy revealed
that epithelial immunostaining with GRb antibodies was
predominantly cytoplasmic, though some cells did demonstrate
nuclear staining (ﬁgure 2D).
There was no signiﬁcant between-group difference in epithelial GRb immunostaining (ﬁgure 2C, p¼0.18, KruskaleWallis).
Figure 2B shows representative sections from each of the
participant groups. Among the 10 patients with mRNA above
the limit of detection and matched immunohistochemistry
samples, there was no correlation between mRNA levels and
epithelial expression of GRb (data not shown).
Glucocorticoid receptor a (GRa) immunostaining was
diffusely present in the epithelium and submucosa with no
difference between participant subgroups (data not shown),
but GRa immunostaining was more abundant than GRb
immunostaining in all groups.
HDAC1 and HDAC2 immunostaining was also more prominent in the epithelium, with occasional submucosal cells. There
was no difference between subgroups (ﬁgure 3AeC; HDAC1,
p¼0.55, KruskaleWallis and HDAC2, p¼0.89, KruskaleWallis).
In the SA group, there was no signiﬁcant difference in mRNA or
protein expression for HDAC1 and HDAC2 between those
taking theophyllines and those who were not (data not shown).

Western blot analysis and immunocytochemical analysis of
PBEC lysates
Immunocytochemical analysis of cultured PBECs revealed
predominantly cytoplasmic location of GRb with some cells

Mild/Mod asthma

demonstrating concomitant nuclear expression (ﬁgure 4A). In
view of the ‘dissociation’ between mRNA levels of GRb
and immunohistochemical staining, further analysis of GRbantibody speciﬁcity was performed using western blots of
cultured PBECS. This consistently demonstrated two bands
(ﬁgure 4B); one band was identiﬁed at the anticipated molecular
weight of GRb at 90 kDa but a second higher molecular weight
band (w180 kDa, band 2) was consistently present on the PBEC
blots and always stronger than the GRb band in both nuclear
and cytoplasmic compartments (ﬁgure 5, online supplement).
To evaluate the 180 kDa band, immunoprecipitation using
both GRb antibodies was performed using BEAS-2B cells (where
the 180 kDa band was also identiﬁed) and PBEC lysates. The
higher molecular weight bands were cut out of the gel and
sequenced. In both BEAS-2B cells and PBECs, this identiﬁed
heavy chain clathrin as the 180 kDa protein.
To further conﬁrm that clathrin was responsible for band 2,
recombinant clathrin was run on a gel and probed separately
with anti-GRb and anti-clathrin antibodies (ﬁgure 4C). Both
antibodies identiﬁed the clathrin protein, conﬁrming this band
was clathrin and importantly both anti-GRb antibodies
displayed similar bands on western blotting. There was no
signiﬁcant difference in clathrin mRNA expression in bronchial
biopsies between groups (ﬁgure 4D).

DISCUSSION

This study examined GRb, HDAC1 and HDAC2 gene expression
and protein in the largest cohort of patients with severe asthma
to date. We demonstrated low levels of GRb mRNA expression
in bronchial biopsies from a minority of patients with severe
asthma despite prominent immunostaining in matched tissue
sections. GRb is upregulated at the transcriptional level by
steroid exposure in an airway epithelial cell line22 and of the 13
participants in the present study in whom GRb mRNA was
detectable, 11 were on inhaled steroids; however, in the majority
of patients with asthma on steroid therapy, GRb was not

Severe asthma

Figure 2 Glucocorticoid receptor b (GRb) expression in bronchial biopsies; representative immunohistochemistry shown at 3400 magnification. (A)
Biopsy from patients with severe asthma, demonstrating the pattern and anatomical localisation of GRb expression to be identical in both clinical
centres. (B) GRb expression in individual patient groups. (C) Quantitative immunohistochemical epithelial expression for GRb in bronchial biopsies.
There was no significant difference between groups (p¼0.18, KruskaleWallis). (D) Immunostaining with GRb antibody (ab3581) using confocal
microscopy in bronchial biopsy from a patient with severe asthma, demonstrating diffuse epithelial staining with scattered submucosal reactivity
(3400 magnification).
Thorax 2012;67:392e398. doi:10.1136/thoraxjnl-2011-200760

395

Thorax: first published as 10.1136/thoraxjnl-2011-200760 on 8 December 2011. Downloaded from http://thorax.bmj.com/ on May 17, 2022 by guest. Protected by copyright.

Immunohistochemistry for GRb, GRa, HDAC1 and HDAC2 and
relation to asthma severity in bronchial biopsies

Asthma

detectable. No previous study has reported the existence of
a 180 kDa band on western blot with commercially available
GRb antibodies, which we have subsequently identiﬁed as heavy
chain clathrin. Therefore it is impossible to comment with
conﬁdence on the distribution of GRb using these antibodies.
Previous data suggested predominantly nuclear expression of
GRb, though cytoplasmic expression has been reported.23
Clathrin is a ubiquitous protein complex involved in transport
vesicle formation to mediate endocytosis of transmembrane
receptors,24 and given the low GRb mRNA expression in a few
patients, we believe that cross-reactivity with clathrin resulted
in prominent biopsy staining. The only other bronchial biopsy
study in severe asthma reported signiﬁcant upregulation of GRb
in bronchial biopsies from patients with severe asthma.15 Their
pattern of staining was similar to that reported here but tissue
expression of GRb at the mRNA level was not examined. Other
studies examining GRb expression in severe asthma using these
antibodies have reported variable associations. GRb immunoreactivity was increased in PBMCs and bronchoalveolar lavage
(BAL) cells from patients with severe asthma.3 12 25 However,
another PBMC study was unable to identify any GRb immunoreactivity in healthy volunteers and patients with asthma
that is steroid sensitive or resistant.16 Of note, that study was
unable to identify GRb mRNA in the ﬁrst round of PCR, though
it did on the second cycle of nested PCR.16 A further PBMC
study by Torrego et al reported 600-fold lower GRb mRNA
expression than GRa, but that group was also unable to detect
any GRb expression on western blot.17 Goleva et al demonstrated readily appreciable GRb expression using immunohistochemistry in BAL macrophages but demonstrated only
femtograms of GRb mRNA.12
In other inﬂammatory disease states, such as glaucoma,
ulcerative colitis and rheumatoid arthritis, GRb expression has
396

been reported to be upregulated in glucocorticoid-unresponsive
disease, although again there is controversy.26e30 Some of these
studies have looked at mRNA expression from PBMCs rather
than immunohistochemistry. For example, GRb mRNA was
detectable in PBMCs from patients with glucocorticoid-resistant
ulcerative colitis compared with low detection in glucocorticoidresponsive disease and healthy volunteers.27 This same group
also demonstrated elevated PBMC GRb mRNA in patients with
active ulcerative colitis compared with inactive disease or
Crohn’s disease, though this was disputed by Hausmann et al,
who did not ﬁnd elevated PBMC GRb mRNA in relation to
steroid resistance.26 29 PBMC GRb mRNA and GRb-positive
PBMCs were increased in steroid-resistant rheumatoid
arthritis.28 Zhang et al were able to conﬁrm that glaucomatous
trabecular meshwork cells expressed lower levels of GRb protein
by western blotting and these cells were more sensitive to the
effects of steroids compared with normal trabecular meshwork
cells.30 A recent immunohistochemistry study by Ishida et al
reported increased GRb expression in patients with severe
allergic rhinitis compared with healthy controls, and of note,
GRb mRNA was not assessed in this study.31
Our data suggest that tissue immunohistochemistry with
these GRb antibodies is unreliable due to concomitant clathrin
staining. This illustrates the problems associated with using
antibodies for immunohistochemistry in the absence of validation with other methods, for example, mRNA expression and
target protein speciﬁcity using western blots. If multiple bands
are seen on western blot from the target tissue, we would
suggest that this antibody may be inappropriate for use in
immunoﬂuorescence, immunocytochemistry or immunohistochemistry. These techniques have been widely used in the GRb
literature and this study questions the validity of previous
immunohistochemical and immunocytochemical data utilising
Thorax 2012;67:392e398. doi:10.1136/thoraxjnl-2011-200760
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Figure 3 Immunohistochemical epithelial expression for histone deacetylase 1 (HDAC1) and HDAC2 in bronchial biopsies. (A) HDAC1: there was no
significant difference between groups (p¼0.55, KruskaleWallis); (B) HDAC2: there was no significant difference between groups (p¼0.89,
KruskaleWallis). (C) HDAC2 expression in individual patient groupsdrepresentative immunohistochemistry shown at 3400 magnification. (D) Highly
significant correlation between glucocorticoid receptor a (GRa) and HDAC2 mRNA.

Asthma

these antibodies and supports the need for western blotting
techniques. In view of the low mRNA signal compared with
that for GRa, we would further conclude that GRb is not highly
expressed in the airways of patients with severe asthma. Given
the substantially higher expression of GRa, GRb is unlikely to
function as a dominant-negative isoform of GRa and this
mechanism has little to do with the relative steroid resistance
seen in this group.
Another proposed mechanism for the induction of steroid
resistance by GRb is reduced tissue expression of HDAC2
mRNA and recent data suggested reduced HDAC2 in severe
asthma may be regulated by GRb overexpression. If this mechanism of HDAC2 regulation is correct, then our data provide no
support that it is relevant in severe asthma because, consistent
with the low levels of GRb expression in severe asthma biopsies,
we identiﬁed no reduction in HDAC2 expression in matched
biopsies from the same patients when compared with normal
controls and patients with mild to moderate asthma. Reduced
HDAC2 tissue expression has been described in patients with
chronic obstructive pulmonary disease (COPD) and those who
smoke and is associated with reduced HDAC function,32 33 but
the data in asthmatic airway samples are conﬂicting. One study
suggested decreased expression of HDAC1 and HDAC2 in mild
asthma which increased with steroid treatment.34 In more
severe asthma, Bergeron et al reported similar HDAC2 expression
between patients with asthma that is steroid resistant and
steroid responsive,15 whereas another study reported reduced
HDAC2 mRNA expression in BAL cells.10 Importantly, in
previous studies in which HDAC mRNA data have been
Thorax 2012;67:392e398. doi:10.1136/thoraxjnl-2011-200760

presented along with functional HDAC activity, when there has
been a reduction in HDAC activity, there has been a concomitant reduction in HDAC mRNA.34 Thus, there has been no
suggestion that reduced HDAC function in asthma or COPD
disease is due to any speciﬁc alteration in HDAC function, but
rather reduced activity is due to reduced tissue expression.
Therefore, we believe it is reasonable to conclude that an absence
of reduction of HDAC1 and HDAC2 in this large cohort of
patient with refractory asthma argues against this being the
mechanism of steroid resistance in this patient group.
At a transcriptional level, we found HDAC1 was increased in
patients with severe asthma on higher dose steroid treatment
compared with healthy volunteers but not those with mild to
moderate asthma, which is consistent with the previously
described steroid effect of upregulating HDAC1.35 However, this
difference appeared small compared with milder disease and no
difference was identiﬁed in HDAC1 protein expression. Thus,
even if HDAC1 is upregulated by steroid treatment, the fact that
many patients with severe asthma remain dependent on oral
steroids suggests that this upregulation does not enhance steroid
efﬁcacy in this group. There was no association between
HDAC2 and theophylline treatment, suggesting that the normal
HDAC2 levels in severe asthma are not due to theophylline
treatment, as has previously been suggested.36 37 The close
correlation of HDAC2 with GRa expression at the transcriptional level suggests that these molecules are co-regulated, with
increased expression of both molecules tending to increase
steroid responsiveness. We did not speciﬁcally examine bronchoalveolar macrophages in the present study and thus
397
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Figure 4 (A) Immunocytochemical analysis of primary bronchial epithelial cells from a healthy volunteer showing predominantly cytoplasmic
glucocorticoid receptor b (GRb) expression with occasional cells demonstrating nuclear expression (arrowed). (B) Typical western blot showing GRb
band (at around 90 kDa) and higher molecular weight band (band 2) at 180 kDa in primary bronchial epithelial cells. (C) Recombinant clathrin
(250e2500 ng) was immunoblotted with (i) anti-clathrin antibody (1:1000 in 5% milk) and (ii) anti-GRb antibody (1:500 in 3% bovine serum albumin
(BSA)). Similar bands were noted in the anti-GRb and anti-clathrin probed gels at 180 kDa. (D) Gene expression for clathrin in bronchial biopsies. There
was no significant difference between patient groups noted.
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a reduction in HDAC2 activity in macrophages contributing to
steroid resistance cannot be completely excluded. However,
other important and relevant immunological mechanisms in
asthma pathogenesis have been identiﬁed in proximal airway
samples obtained at bronchoscopy.
In conclusion, we have demonstrated that commercially
available GRb antibodies cross-react with clathrin and are
unreliable for the analysis of GRb expression in situ. GRb mRNA
was expressed at low levels in the airways with no difference
between steroid-sensitive and severe disease. Our ﬁndings may
explain the discrepant reports for the role of GRb in steroidresistant states in a variety of diseases, and do not support the
view that GRb plays a role in severe asthma. In addition, our
data suggest that downregulation of HDAC1 or HDAC2 does
not occur in severe asthma, and so the mechanism of relative
steroid resistance in severe asthma remains unclear.
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METHODS
Ethical approval
The study was approved by the Research Ethics Committees of each Institution
(Belfast ‐ Office of Research and Ethics Committee of Northern Ireland reference
06/NIR02/114, Leicester ‐ Leicestershire, Northamptonshire, & Rutland Research
Ethics Committee reference 04/Q2502/74). Written informed consent was gained
from all participants prior to their involvement.

Subjects
Subjects with asthma had a clinical diagnosis of asthma with a current history of
recurrent wheezing and response to asthma medication. Healthy volunteers had no
history of asthma or persistent respiratory symptoms and normal lung function. All
participants had an FEV1 of greater than 60% predicted.

Asthmatic subjects in Leicester underwent further formal assessment and
demonstrated one or more of the following: FEV1 bronchodilator response >12% in
response to salbutamol, PC20 methacholine <8 mg/ml or PEF % amplitude of the
mean >20%. All participants were current non‐smokers with no upper or lower
respiratory tract infection in the 6 weeks prior to their bronchoscopy. All asthmatic
participants were clinically stable on their usual medication at the time of
bronchoscopy. Written informed consent was gained from all participants prior to
their involvement.

Bronchoscopy
Bronchoscopy was performed using standard technique. In brief, after intravenous
sedation and local anaesthesia with topical lignocaine, bronchial biopsies and
bronchial bushings were obtained from lobar / segmental airways.

Gene expression analysis
RNA samples were quantified with a Nanodrop ND‐1000 UV‐spectrophotometer
(Thermo Scientific, West Palm Beach, FL), and RNA quality was assessed with an
Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA). Only RNA samples
with a RNA Integrity Number RIN value greater or equal to 5 were used for
subsequent gene expression analyses. RNA was converted to cDNA by whole
transcriptome amplification (Qiagen, Valencia, CA) for subsequent qPCR analyses.

CT values were averaged among technical quadruplicates. Delta CT was calculated as
target gene expression (CT) minus internal housekeeping control, GAPDH gene
expression (CT). Human Universal Reference RNA (Clontech, P/N 639654) was
prepared as cDNA and utilised as plate calibrators. DeltaDelta CT was calculated as
sample Delta CT minus plate calibrator Delta CT.

We utilized several filtering criteria to ensure high quality, interpretable qPCR results
for target and housekeeping gene analyses. Each of the following criteria were
required for all qPCR data for acceptability:

1.

CT values for negative control samples, mock RT (healthy control biopsy

sample) and no template control were > 40.
2.

CT values for samples were > 15 and < 40.

3.

COV for replicate wells for a sample < 10%.

GAPDH CT values were within the range of 16.7 and 30.0 CT.

Bronchial biopsy immunohistochemistry
Following infiltration and embedding, two m sections were cut from each biopsy.
Endogenous peroxidase was blocked with 0.3% hydrogen peroxide. In Belfast,
antigen retrieval was performed on all sections (pressure cooked in 0.01M Tris‐EDTA
pH 9.0 for 3 minutes). Sections were incubated with primary antibody overnight at
4°C, then primary antibodies were detected by incubation for 30 min at RT with
peroxidase‐labelled EnVision anti‐mouse or anti‐rabbit secondary antibodies (both
Dako, Ely, UK) using 3,3’‐diaminobenzidine (DAB; Dako, Ely, UK) as chromagen.
Matched biopsies from the Leicester cohort were processed for
immunohistochemistry in a similar fashion and stained as described previously using
3‐Amino‐9‐ethylcarbazole, which gave a red reaction product.

A 4‐point scoring system was used: 0 ‐ no detectable expression in epithelium or
submucosa; 1 ‐ patchy or focal areas of low intensity epithelial expression, not all
cells expressing positivity for protein, scattered positivity in submucosa; 2 ‐
moderate / majority of epithelial and submucosal cell expression; 3 ‐ widespread and
strong epithelial and submucosal cell expression.

For confocal analysis, primary antibodies were incubated on sections for 1 h at 37C,
washed in PBS, and detected by incubating in goat anti‐rabbit Alexa 568 (Molecular
Probes, 1:500) for 1 h at 37C. All sections were mounted in propidium iodide
(Sigma, 1:5000) for examination under a ×40 oil‐immersion objective on a Leica
TCS/NT confocal microscope equipped with a krypton–argon laser.

Epithelial cell culture and Western blotting
Bronchial brushings were cultured in Promocell® medium (Promocell, UK) and at
Passage 1, cell lysates produced (NE‐PER lysis kit, Pierce Biotechnology, MSC,
Dublin). Lysates were boiled in reducing buffer for 5 min then 20µg of protein was
loaded per well and 8% gels were run at 100V for 45 min followed by transfer onto a
nitrocellulose membrane for 2 h. Blots were blocked with 5% non‐fat milk in Tris‐
buffered saline (TBS) to reduce non‐specific antibody binding followed by incubation
with primary antibody overnight at 4°C (antibodies as above), then incubation with a
HRP‐linked secondary antibody for 1 h at room temperature (ab6721, Abcam).

Immunocytochemistry
Primary bronchial epithelial cells were grown onto collagen‐coated Thermanox
coverslips (Cat no. 174950, NUNC) and cultured at 37C and 5%CO2 until 80%
confluent. Coverslips were washed twice with PBS and then fixed with 4%
paraformaldehyde (PFA) for 15 minutes at room temperature. In order to achieve
nuclear staining, cells were permeabilised for 15 minutes with PBS containing 0.01%
saponin (Cat no. S4521, Sigma‐Aldrich, UK), 0.1% BSA (Cat no. A‐2153, Sigma‐Aldrich,

UK), and 1% Tween‐20 (Cat no. 11322465001, Roche, UK). Following two washes
with PBS containing 0.1% Tween‐20, non‐specific binding was blocked with 1% BSA
in PBS, and primary antibody (in PBS) was applied overnight. The following day,
coverslips were washed twice with PBS/0.1% Tween‐20 and then incubated for 1
hour at room temperature with Alexoflour‐488‐conjugated secondary antibody. Five
minutes before the end of this incubation, nuclear stain was added and following
two further washes in PBS/0.1% Tween‐20 coverslips were mounted on slides with
Vectashield (Vectorshield Laboratories, Dublin) and assessed with on the
Fluorescence microscope.

Immunoprecipitation
Briefly, 50g cell lysate was supplemented with 450ul RIPA buffer containing
protease inhibitors followed by addition of anti‐ GR antibody (1:10 dilution).
Samples were rocked on ice for 2 h to allow antibody binding then 25ul of pre‐
washed magnetic beads were added to each lysate mixture and rocked overnight at
+4C. Beads were washed three times with wash buffer (50mM Tris pH7.5, 150mM
NaCl, 0.1% Triton X diluted in sterile water), with the supernatant removed following
each wash. Sample reducing buffer was added to the magnetic bead‐antibody‐
protein immunoprecipitate and boiled (5 min, 95C) to separate the beads from the
antibody and protein. The supernatant was loaded onto gels which were run as
described above.

ADDITIONAL RESULTS
Study population

Patients in the severe asthmatic group were significantly older than the other two
study groups and had significantly lower and more obstructive lung function (Table
1). Duration of asthma and both dose of inhaled steroid and number of add‐on
therapies were greater in the severe asthma group compared to the mild/ moderate
asthmatics; 15 of 31 severe asthmatics were on maintenance systemic steroids.
More of the severe asthma participants had previously smoked, though the pack‐
year history was low with a median of 2.5 years.

Figure 5. Western blots of nuclear (A) and cytoplasmic (B) extracts from primary
bronchial epithelial cell lysates stained with anti‐GR antibody (ab3581)
demonstrating the 90kDa and 180kDa band in both compartments.
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