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IL-17A induces glucorticoid insensitivity in epithelium

ABSTRACT

A subset of asthma patients suffer from glucocorticoid (GC) insensitivity. T-helper cell 

type 17 cells have an emerging role in GC insensitivity, although the mechanisms are still 

poorly understood.

We investigated whether interleukin (IL)-17A induces GC insensitivity in airway epithelium 

by studying its effects on responsiveness of tumour necrosis factor (TNF)-a-induced IL-8 

production to budesonide in human bronchial epithelial 16HBE cells. We unravelled 

the underlying mechanism by the use of specific pathway inhibitors, reporter and 

overexpression constructs and a histone deacetylase (HDAC) activity assay.

We demonstrated that IL-17A-induced IL-8 production is normally sensitive to GCs, 

while IL-17A pre-treatment significantly reduced the sensitivity of TNF-a-induced IL-8 

production to budesonide. IL-17A activated the p38, extracellular signal-related kinase 

(ERK) and phosphoinositide-3-kinase (PI3K) pathways, and the latter appeared to be 

involved in IL-17A-induced GC insensitivity. Furthermore, IL-17A reduced HDAC activity, 

and overexpression of HDAC2 reversed IL-17A-induced GC insensitivity. In contrast, IL-

17A did not affect budesonide-induced transcriptional activity of the GC receptor, 

suggesting that IL-17A does not impair the actions of the ligated GC receptor.

In conclusion, we have shown for the first time that IL-17A induces GC insensitivity in 

airway epithelium, which is probably mediated by PI3K activation and subsequent 

reduction of HDAC2 activity. Thus, blockade of IL-17A or downstream signalling molecule 

PI3K may offer new strategies for therapeutic intervention in GC-insensitive asthma.

Key words
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Introduction

Asthma is an obstructive lung disorder, characterised by airway hyperreactivity, 

airway remodelling and invasion of inflammatory cells, e.g. eosinophils, mast cells 

and T-helper (Th) cells. Inhaled glucocorticoids (GCs) are currently the most effective 

anti-inflammatory treatment for asthma. However, a subset of asthmatic subjects is 

relatively insensitive to this treatment [1, 2].

GCs exert a broad spectrum of anti-inflammatory effects upon binding to their receptor 

(GR). The ligated receptor translocates to the nucleus and suppresses pro-inflammatory 

gene transcription by recruitment of histone deacetylases (HDACs). HDAC2, in 

particular, is able to induce deacetylation of histones containing inflammatory genes, 

thereby restricting access of the transcriptional machinery to these genes and inhibiting 

transcription [3]. In addition to the recruitment of HDACs, GCs are able to exert anti-

inflammatory effects through activation of GC response elements (GREs), which are 

present in the promoter of several anti-inflammatory genes, inducing their transcription.

Reduced sensitivity to GCs has been clinically associated with neutrophilic airway 

inflammation [4, 5], but it is still largely unclear which cellular and molecular mechanisms 

contribute to this GC insensitivity. Th17 lymphocytes have an emerging role in the 

induction of neutrophilic airway inflammation [6]. Moreover, Th17-induced neutrophilic 

airway inflammation in mice was reported to be GC insensitive [7]. Th17 cells act by 

producing various inflammatory cytokines, including interleukin (IL)-17A, IL-17F, IL-21 and 

IL-22, which act locally to induce pro-inflammatory transcription in tissue cells, example 

IL-8 [6]. Interestingly, IL-17A is known to enhance chemotaxis of neutrophils by inducing 

IL-8 release in bronchial epithelial cells [8] and airway smooth muscle cells [9]. Despite 

these novel insights, it is still unknown why GCs are unable to efficiently suppress Th17-

mediated inflammation. Although neutrophils are considered relatively unresponsive 

to GCs, the production of chemokines involved in neutrophilic infiltration, e.g. IL-8 by 

airway epithelium, can be suppressed by GCs [10].

Therefore, we hypothesise that Th17-mediated GC-insensitive inflammation is not 

mediated by direct induction of GC-insensitive neutrophil chemoattractant production, 

but by IL-17A inducing epigenetic changes diminishing the possibilities for GCs to inhibit 

cytokine production. In the present study, we demonstrate that IL-17A significantly 

reduces GC responsiveness in the human bronchial epithelial cell line 16HBE, which is 

probably mediated by activation of phosphoinositide-3-kinase (PI3K) signalling and 

subsequent reduction in HDAC2 activity.
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METHODS

Cell culture
16HBE14o-human bronchial epithelial cells (16HBE; kindly provided by D.C. Gruenert, 

University of California, San Francisco, CA, USA) were cultured in flasks coated with 

30 μg-mL-1 collagen and 10 μg-mL-1 bovine serum albumin in Eagle’s minimal essential 

medium (EMEM; Lonza, Walkersville, MD, USA) containing 10% fetal calf serum (FCS; 

Hyclone, Logan, UT, USA) and supplemented with 100 μg-mL-1 penicillin and 100 μg-mL-1 

streptomycin (Biowhittaker, Verviers, Belgium), as previously described [11].

Stimulation of the cells
Cells were seeded in duplicates at a concentration of 105 cells-mL-1 in 24-well plates, 

grown to ,90% confluence and serum-deprived overnight. For measurement of IL-8 

levels, cells were pre-treated for 2 h with budesonide (BUD; AstraZeneca, Lund, Sweden) 

in concentrations ranging from 10-11 to 10-9 M, washed and subsequently stimulated with/

without 10 ng-mL-1 IL-17A (R&D Systems, Abingdon, UK) or 10 ng-mL-1 tumour necrosis 

factor (TNF)-a (Sigma, St. Louis, MO, USA) for 24 h. Alternatively, IL-17A was added 2 h 

prior to BUD treatment, in the presence and absence of specific inhibitors of extracellular 

signal-related kinase (ERK) (U0126, 10 μM), p38 (SB203580, 1 μM) and PI3K (LY294002,  

10 μM) pathways, which were added 30 min prior to IL-17A incubation. All inhibitors were 

purchased from Tocris Bioscience (Bristol, UK). For measurements of GRE-mediated 

transcription, cells were incubated for 2 h with 10 ng-mL-1 IL-17A and subsequently 

incubated with BUD in a concentration ranging from 10-9 to 10-7 M.

Measurement of IL-8 production
Cell-free supernatants were harvested 24 h after stimulation with IL-17A or TNF-a. IL-8 

production was measured by ELISA (R&D Systems) according to the manufacturer’s 

instructions.

Immunodetection
Upon stimulation with/without IL-17A (10 ng/mL-1) for 5– 120 min, total cell lysates were 

obtained by resuspension of cells in sample buffer (2% sodium dodecyl sulphate (SDS), 

10% glycerol, 2% 2-mercapto-ethanol, 60 mM Tris-HCl (pH 6.8) and bromophenol 

blue) and boiling for 5 min. Proteins were separated by SDS-polyacrylamide gel 

electrophoresis and blotted onto a nitrocellulose membrane. Immunodetection 

was performed with anti-phospho-p38, anti-phospho-ERK, anti-phospho-Akt (Cell 

Signaling Technology, Hitchin, UK) and pan-ERK (Santa Cruz Biotechnology, Santa 

Cruz, CA, USA), as previously described [11].
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HDAC activity
Cells were stimulated for 2 h with 10 ng/mL-1 IL-17A, resuspended in radio-immuno- 

precipitation assay buffer containing 150 mM NaCl, 1% nonyl phenoxyl-

polyethoxylethanol-40, 0.5% deoxycholate, 0.1% SDS and 50 mM Tris pH 8.0, and 

sonicated to obtain total cell lysates. Protein levels were determined using a BCA kit 

(Thermo Scientific, Rockford, IL, USA). HDAC activity was assessed by a fluorometric 

HDAC activity assay (BioVision, Mountainview, CA, USA) performed according to  

the manufacturer’s instructions.

Transfection with GRE-luciferase construct
The GRE-luciferase construct was kindly provided by S.A. Asgeirsdottir (University 

Medical Center Groningen, Groningen, the Netherlands). The thymidine kinase-driven 

renilla luciferase vector (pRL-TK; Clonetech, Paris, France) was used as an internal 

control. 16HBE cells were grown to 80–90% confluence in EMEM containing 10% 

FCS. For GRE promoter activity measurements, cells were transfected with OptiMEM 

(Invitrogen, Carlsbad, CA, USA), 1 μL-mL-1 LipofectamineTM 2000 (Invitrogen), 1,000 ng-

mL-1 of GRE-luciferase and 100 ng/mL-1 of renilla luciferase construct. After 20 h, cells 

were washed and stimulated with the indicated amounts of BUD for 24 h. Next, cells 

were lysed in 50 mL passive lysis buffer (Promega, Madison, WI, USA) and subjected 

to freezing/thawing. Firefly and renilla luciferase activities were determined using 

the dual-luciferase reporter assay kit (Promega) on a Luminoskan Ascent microplate 

luminometer (Thermo Scientific) according to manufacturer’s instructions. Results 

were normalised by dividing the firefly luciferase activity with the renilla luciferase 

activity of the same sample.

Transfection with HDAC2 construct
Cells were grown to 80–90% confluence in EMEM containing 10% FCS, transfected 

overnight in OptiMEM with 1 mL-mL-1 lipofectamine and 1,000 ng-mL-1 of a pcDNA3.1-

HDAC2 construct (kindly provided by K. Ito, Imperial College London, London, UK) or 

an empty vector. After transfection, stimulations were performed as described before.

Statistical analysis
We tested for normal distribution with the Shapiro–Wilks normality test and observed 

that TNF-a-induced IL-8 production by 16HBE cells was normally distributed. We used 

the t-test for paired observations to test for statistical significance and the ANOVA 

with Dunnett’s post-test when we compared different concentrations.
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RESULTS

IL-17A-induced IL-8 production in 16HBE cells is normally sensitive to BUD
First, we tested whether IL-17A induced IL-8 production in 16HBE cells. We observed 

that treatment with increasing doses of IL-17A (24 h) induced an approximate two-fold 

increase in IL-8 production (fig. 1a). To explore the possibility that IL-17A induced IL-8 

production through a GC-insensitive pathway, we tested whether IL-17A-induced IL-8 

production was sensitive to BUD. We observed that BUD dose-dependently decreased 

IL-17A-induced IL-8 production by 16HBE cells, resulting in a reduction of 49.6±7.2% at a 

concentration of 10-9 M (fig. 1b). 10-9 M BUD reduced TNF-a-induced IL-8 production to 

a similar extent, e.g. by 46.7±7.1% (fig. 2), indicating that IL-17A-induced IL-8 production 

in bronchial epithelium is normally sensitive to GCs.

IL-17A induces GC insensitivity of TNF-a-induced IL-8 production
Next, we aimed to determine whether IL-17A was able to induce GC insensitivity of TNF-

a-induced IL-8 production in 16HBE cells and we assessed the effect of pre-treatment 

with 10 ng-mL-1 IL-17A prior to the addition of BUD. 2 h pre-treatment with IL-17A did 

not affect baseline or TNF-a-induced IL-8 levels (fig. 2), but importantly, it significantly 

reduced the inhibitory effect of 3�10-10 M BUD from 34.1±6.7% to 12.5±5.8% (p50.006, 

n54) (fig. 2). Furthermore, we observed that pre-treatment with IL-17 increased  

the mean inhibitory concentration of BUD on TNF-a-induced IL-8 production from 

5.20�10-10 to 1.15�10-9 M (n54, p,0.05; data not shown). This indicates that IL-17A  

pre-treatment reduces sensitivity of TNF-a-induced IL-8 production to BUD. Increasing 

the period of incubation (up to 6 h) or altering the concentration of IL-17A (1–100 ng-

mL-1) did not further affect GC sensitivity (data not shown).

IL-17A induces phosphorylation of ERK, p38 and Akt
To unravel the molecular mechanisms involved in the reduced responsiveness of IL-8 

production to BUD upon IL-17A treatment, we first studied whether IL-17A was able to 

activate PI3K/Akt, mitogen activated protein kinase (MAPK)/ERK kinase (MEK)/ERK-1/2 

and p38 MAPK signalling pathways in 16HBE cells. Immunodetection revealed that 

IL-17A induced phosphorylation of Akt, ERK-1/2 and p38 in 16HBE cells, with a peak 

between 5 and 20 min (fig. 3a). Analysis by densitometry revealed that levels of 

phosphorylated p-Akt, p-ERK and p-p38 were significantly increased upon 5 min of 

incubation with IL-17 (fig. 3b–d).

Inhibition of PI3K abrogates IL-17A-induced GC insensitivity 
Next, we aimed to determine whether activation of these pathways was involved in 

IL-17A-induced GC insensitivity. We used the specific inhibitors LY294002, U0126 and 
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SB203580 to inhibit the PI3K, MEK/ERK and p38 pathways, respectively. Notably, IL-

17A-induced GC insensitivity was, at least partially, reversed upon addition of the PI3K 

inhibitor LY294002, resulting in stronger inhibition of IL-8 production by BUD in the 

presence of IL-17A (from 1.8±9.0% to 24.9±6.6%, p50.04). In contrast, the effect of IL-17A 

on GC sensitivity was not significantly affected by the presence of U1026 and SB203580 

(fig. 3e). These data indicate that PI3K, but not ERK and p38, activity contributes to the 

effect of IL-17A on GC sensitivity.

of IL-17A (24 h) induced an approximate two-fold increase in
IL-8 production (fig. 1a). To explore the possibility that IL-17A
induced IL-8 production through a GC-insensitive pathway,
we tested whether IL-17A-induced IL-8 production was
sensitive to BUD. We observed that BUD dose-dependently
decreased IL-17A-induced IL-8 production by 16HBE cells,
resulting in a reduction of 49.6¡7.2% at a concentration
of 10-9 M (fig. 1b). 10-9 M BUD reduced TNF-a-induced IL-8
production to a similar extent, e.g. by 46.7¡7.1% (fig. 2),
indicating that IL-17A-induced IL-8 production in bronchial
epithelium is normally sensitive to GCs.

IL-17A induces GC insensitivity of TNF-a-induced IL-8
production
Next, we aimed to determine whether IL-17A was able to induce
GC insensitivity of TNF-a-induced IL-8 production in 16HBE
cells and we assessed the effect of pre-treatment with 10 ng?mL-1

IL-17A prior to the addition of BUD. 2 h pre-treatment with IL-
17A did not affect baseline or TNF-a-induced IL-8 levels (fig. 2),
but importantly, it significantly reduced the inhibitory effect of
3610-10 M BUD from 34.1¡6.7% to 12.5¡5.8% (p50.006, n54)
(fig. 2). Furthermore, we observed that pre-treatment with IL-17
increased the mean inhibitory concentration of BUD on TNF-a-
induced IL-8 production from 5.20610-10 to 1.15610-9 M (n54,
p,0.05; data not shown). This indicates that IL-17A pre-
treatment reduces sensitivity of TNF-a-induced IL-8 production
to BUD. Increasing the period of incubation (up to 6 h) or
altering the concentration of IL-17A (1–100 ng?mL-1) did not
further affect GC sensitivity (data not shown).

IL-17A induces phosphorylation of ERK, p38 and Akt
To unravel the molecular mechanisms involved in the reduced
responsiveness of IL-8 production to BUD upon IL-17A
treatment, we first studied whether IL-17A was able to activate
PI3K/Akt, mitogen activated protein kinase (MAPK)/ERK
kinase (MEK)/ERK-1/2 and p38 MAPK signalling pathways
in 16HBE cells. Immunodetection revealed that IL-17A
induced phosphorylation of Akt, ERK-1/2 and p38 in 16HBE
cells, with a peak between 5 and 20 min (fig. 3a). Analysis by
densitometry revealed that levels of phosphorylated p-Akt,

p-ERK and p-p38 were significantly increased upon 5 min of
incubation with IL-17 (fig. 3b–d).

Inhibition of PI3K abrogates IL-17A-induced GC insensitivity
Next, we aimed to determine whether activation of these
pathways was involved in IL-17A-induced GC insensitivity. We
used the specific inhibitors LY294002, U0126 and SB203580 to
inhibit the PI3K, MEK/ERK and p38 pathways, respectively.
Notably, IL-17A-induced GC insensitivity was, at least partially,
reversed upon addition of the PI3K inhibitor LY294002,
resulting in stronger inhibition of IL-8 production by BUD in
the presence of IL-17A (from 1.8¡9.0% to 24.9¡6.6%, p50.04).
In contrast, the effect of IL-17A on GC sensitivity was not
significantly affected by the presence of U1026 and SB203580
(fig. 3e). These data indicate that PI3K, but not ERK and p38,
activity contributes to the effect of IL-17A on GC sensitivity.

Reduced HDAC activity may be involved in IL-17A-induced
GC insensitivity
Since PI3K has been implicated in the phosphorylation of
HDAC2, leading to its inactivation and a subsequent reduction
in GC sensitivity [12], we were interested to see whether
IL-17A can reduce HDAC activity in bronchial epithelium.
We analysed HDAC activity upon 2 h of incubation with
or without IL-17A. Importantly, IL-17A significantly reduced
HDAC activity compared with untreated cells (fig. 4a). In
contrast to HDAC activity, IL-17 did not significantly affect
total protein expression of HDAC2 (data not shown).

Since HDAC2 has previously been described as the predomi-
nant HDAC involved in GC action, we were interested to
further underscore the role of HDAC2 in IL-17A-induced GC
insensitivity and we studied the effect of IL-17A on GC
insensitivity upon overexpression of HDAC2. In cells expres-
sing the control vector, BUD (3610-10 M) inhibited TNF-a-
induced IL-8 production by 14.2¡4.3%. Pre-treatment with
IL-17A significantly reduced this effect to 0.6¡5.4%. In
contrast, IL-17A was not able to reduce the effect of BUD in
cells overexpressing HDAC2, as BUD still reduced TNF-a-
induced IL-8 production by 11.1¡3.2% (fig. 4b). Overexpression
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Figure 1. a) Interleukin (IL)-17A induced IL-8 production in human bronchial epithelium cells (16HBE) cells. Cells 

were serum-deprived overnight, washed and treated for 24 h with the indicated amounts of IL-17A. b) IL-17A-

induced IL-8 production is dose-dependently inhibited by budesonide (BUD) in 16HBE cells. Cells were pre-

treated with control medium, 10-11 M BUD or 10-9 M BUD for 2 h, washed and treated for 24 h with 10 ng-mL-1 IL-17A. 

Absolute±SEM values of IL-8 are shown in pg-mL-1 (n53).

*: p,0.05; **: p,0.01 between the indicated values.

of HDAC1 and HDAC3 did not result in a significant abrogation
of the IL-17-mediated effect (see online supplementary fig. 1).
These data further support the role for reduced HDAC2 activity
in IL-17A-induced GC insensitivity.

IL-17A has no effect on GRE-mediated transcription
Another mechanism that has been implicated in cytokine-
induced GC insensitivity is the reduced translocation of the
ligated GR [13]. Nuclear translocation of the ligated GR is
required for GCs to exert their suppressive effect on transcrip-
tion pro-inflammatory genes as well as on transcription of anti-
inflammatory genes that contain a GRE in their promoter [3, 13].
To test whether IL-17A affects transcriptional activity of the GR,
we determined the effect of IL-17A treatment on a GRE reporter
construct in 16HBE cells. Our data demonstrated that BUD
induced a dose-dependent increase in GRE transcriptional
activity, which reached an approximate seven-fold increase at
3610-8 M BUD over basal GRE transactivation (p,0.001). Pre-
treatment with IL-17A did not affect BUD-induced activity of
the GRE promoter at any of the used concentrations (fig. 5). This
indicates that IL-17A does not decrease GRE transcriptional
activity or translocation of the ligated receptor within 2 h of
incubation, the time frame in which IL-17A induced GC
sensitivity. Therefore, IL-17A-induced GC insensitivity is not
likely to be caused by a decrease in translocation of the ligated
receptor, but the reduced HDAC activity appears to be the main
contributor to this effect.

DISCUSSION
There is increasing evidence that Th17 cells play a role in the
development of GC-insensitive airway inflammation in asthma,
although it is still poorly understood why Th17-dependent
inflammation is less responsive to GCs. Here, we have shown
that IL-17A induced GC insensitivity of TNF-a-induced IL-8
production in human bronchial epithelial cells. Furthermore,
our data demonstrate that IL-17A-induced IL-8 production is
normally sensitive to GCs and that IL-17A does not induce GC-
insensitive transcription, as previously suggested [8, 14]. We are

the first to show that IL-17A-induced GC insensitivity is
mediated by PI3K downstream signalling and a reduction in
HDAC activity. As a result, this leads to impaired ability of GCs
to efficiently suppress IL-8 production upon stimulation with
pro-inflammatory cytokines (e.g. TNF-a). In contrast to PI3K
downstream signalling, the MEK/ERK, p38 MAPK pathways
and/or decreased GR translocation to the nucleus do not seem
to play a role in IL-17A-induced GC insensitivity in bronchial
epithelial cells.

Although inhaled GCs are currently the most effective anti-
inflammatory treatment of asthma, a subset of patients suffer
from a difficult-to-treat and relatively GC-insensitive asthma,
which is a burdensome problem in the management of asthma.
The mechanisms underlying the poor response in this subset
of patients are still largely unknown. Previous studies have
shown a link between neutrophilic inflammation and GC
insensitivity in asthma [4, 5] as well as between neutrophilic
inflammation and the presence of Th17 cells in the airways [6].
This led to the hypothesis that Th17-mediated inflammation
related to GC-insensitivity. In line with this hypothesis,
MCKINLEY et al. [7] showed that the transfer of Th17 cells in
mice results in GC-insensitive airway inflammation and
airway hyperresponsiveness when compared with the inflam-
mation induced upon the transfer of Th2 cells. Thus, Th17 cells
have an emerging role in GC-insensitive neutrophilic inflam-
mation, although the underlying mechanism of GC insensitivity
has remained unknown so far.

Our results demonstrate that Th17-induced GC insensitivity is
not mediated by activation of GC-insensitive pathways by IL-17A.
Similar effects were observed by PRAUSE et al. [15], showing
that IL-17A-induced production of IL-8, as well as granulocyte
chemotactic protein-2 and growth-related oncogene-a, in 16HBE
cells is sensitive to hydrocortisone. In contrast to our findings and
those of PRAUSE et al. [15], JONES et al. [8] showed that IL-17A-
induced IL-8 production is insensitive to dexamethasone in
primary bronchial epithelial cells. One of the dissimilarities is that
JONES et al. [8] seem to have conducted experiments under
subconfluent conditions. However, a relationship between cell-
cell contacts and the actions of GCs has, to our knowledge, not
been described. Another important difference is that JONES et al. [8]
performed their experiments in primary epithelial cells, while the
study by PRAUSE et al. [15] and our study used cell lines. In future
studies we plan to compare the effects in cell lines to primary cells,
although it may be of concern that the GC hydrocortisone is
customarily present in the culture medium for primary cells.

We do not consider it probable that IL-17A plays a major role in
the release of IL-8 in the airways and subsequent development of
neutrophilia, since IL-17A was relatively inefficient in inducing
IL-8 production when compared with the pro-inflammatory
cytokine, TNF-a. Thus, we hypothesised that IL-17A exerts a
different role in GC sensitivity, reducing the responsiveness of
IL-8 transcription to GCs.

In line with this hypothesis, we showed that the pre-incuba-
tion with IL-17A reduced the capacity of GCs to inhibit
TNF-a-induced IL-8 production. Thus, the presence of IL-17A
secreting cells in the airways may render airway epithelial
production of IL-8 less responsive to GCs. It is of importance to
note that we did not observe an effect on the inhibitory effect of

400

300

200

IL
-8

 p
g.

m
L-

1

100

0
BUD M
TNF-

- -
24 h 24 h 24 h 24 h

10-10 10-9

**

-
  10-103 

FIGURE 2. Inhibition of tumour necrosis factor (TNF)-a-induced interleukin

(IL)-8 production by budesonide (BUD) is impaired by pre-incubation with IL-17A.

Cells were serum-deprived overnight, pre-treated with 10 ng?mL-1 IL-17A (&) or

control medium (h) for 2 h, washed, treated for 2 h with control medium or BUD,

washed, and finally incubated for 24 h with 10 ng?mL-1 TNF-a. Absolute¡SEM

values of IL-8 are shown in pg?mL-1 (n54). **: p,0.01 between the indicated

values.

LUNG CELL BIOLOGY G.J. ZIJLSTRA ET AL.

442 VOLUME 39 NUMBER 2 EUROPEAN RESPIRATORY JOURNAL

Figure 2. Inhibition of tumour necrosis factor (TNF)-a-induced interleukin (IL)-8 production by budesonide 

(BUD) is impaired by pre-incubation with IL-17A. Cells were serum-deprived overnight, pre-treated with  

10 ng-mL-1 IL-17A (&) or control medium (h) for 2 h, washed, treated for 2 h with control medium or BUD, washed, 

and finally incubated for 24 h with 10 ng-mL-1 TNF-a. Absolute±SEM values of IL-8 are shown in pg-mL-1 (n54). **: 

p,0.01 between the indicated values.
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Reduced HDAC activity may be involved in IL-17A-induced GC insensitivity
Since PI3K has been implicated in the phosphorylation of HDAC2, leading to its 

inactivation and a subsequent reduction in GC sensitivity [12], we were interested to see 

whether IL-17A can reduce HDAC activity in bronchial epithelium. We analysed HDAC 

activity upon 2 h of incubation with or without IL-17A. Importantly, IL-17A significantly 

reduced HDAC activity compared with untreated cells (fig. 4a). In contrast to HDAC 

activity, IL-17 did not significantly affect total protein expression of HDAC2 (data not 

shown).

BUD at high concentrations. One of the explanations for the lack
of effect on the maximum inhibition of BUD is that IL-17A did
not affect GR binding to the GRE region. Possibly, the inhibitory
effect of GR binding to the IL-8 promoter predominates over the
effect of HDAC2 on IL-8 production at higher concentrations of
GCs. In addition to our novel findings on the role of IL-17A in
GC insensitivity, earlier studies concerning cytokine-induced
GC insensitivity have shown possible roles for different
cytokines in GC insensitivity, i.e. IL-2 in combination with IL-4
in T-cells [16], IL-13 in monocytes [17], TNF-a in combination
with interferon (IFN)-c in airway smooth muscle cells [18] and
IL-27 in combination with IFN-c in macrophages [19]. However,
none of these cytokines can explain the association between
Th17 cells and GC insensitivity, and clinical data on the
association between these cytokines and GC insensitivity in
asthma is rather scarce. Since IL-17A induces GC insensitivity of
IL-8 production in epithelial cells, we postulate that IL-17A itself
plays an important role in the development of GC-insensitive
neutrophilic inflammation.

We showed that IL-17A-induced PI3K/Akt signalling is
involved in the observed effects on GC sensitivity. IL-17A
has previously been shown to activate PI3K signalling [20].
Furthermore, PI3K activation has been implicated in H2O2- and
cigarette smoke-induced GC insensitivity in A549 cells, i.e. by a
mechanism involving HDAC2 phosphorylation and subse-
quent inactivation [12]. In line with this, we found that IL-17A
activated the PI3K downstream signalling and decreased
overall HDAC activity. Specific overexpression of HDAC2
abrogated IL-17A-induced GC insensitivity, strongly suggest-
ing that PI3K activation and subsequent HDAC2 inactivation
play a role in IL-17A-induced GC insensitivity.

In addition to the PI3K-signaling pathway, IL-17A has been
described to activate the MEK/ERK signalling in A549 cells
and primary tracheal cells [21, 22], and both the p38 MAPK and
theMEK/ERK signalling in 16HBE cells [23]. We confirmed this
in our cells. Activation of the MEK/ERK and p38 pathways has
been shown to induce phosphorylation of the GR and decrease
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FIGURE 3. a) Interleukin (IL)-17A induced phosphorylation of extracellular signal related kinase (ERK), p38 and Akt. Cells were serum-deprived overnight. IL-17A was

added for the indicated period. Phosphorylation (p) of ERK, p38 and Akt was assessed by immunodetection. Representative blots of four independent experiments are

shown. Analysis by densitometry of immunodetection of b) phosphorylated ERK (p-ERK), c) phosphorylated Akt (p-Akt) and d) phosphorylated p38 (p-p38) (n54). e) An

inhibitor of phosphoinositide-3-kinase (PI3K) negates the effects of IL-17A on inhibition of IL-8 production by budesonide (BUD). 30 min prior to IL-17A treatment, the PI3K,

ERK and p38 inhibitors were added: LY294002 (LY; 10 mM), U0126 (U; 10 mM) and SB203580 (SB; 1 mM), respectively. 10 ng?mL-1 of IL-17A was added and cells were

incubated for 2 h, washed and incubated for 2 h with 3610-10 M BUD, washed and then incubated for 24 h with 10 ng?mL-1 tumour necrosis factor (TNF)-a. Cell-free

supernatants were harvested and IL-8 was determined with ELISA. Data are shown as %¡SEM of inhibition by BUD of corresponding TNF-a stimulated control (n54).

*: p,0.05; **: p,0.01; ***: p,0.001.
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Figure 3. a) Interleukin (IL)-17A induced phosphorylation of extracellular signal related kinase (ERK), p38 and 

Akt. Cells were serum-deprived overnight. IL-17A was added for the indicated period. Phosphorylation (p) of 

ERK, p38 and Akt was assessed by immunodetection. Representative blots of four independent experiments are 

shown. Analysis by densitometry of immunodetection of b) phosphorylated ERK (p-ERK), c) phosphorylated Akt 

(p-Akt) and d) phosphorylated p38 (p-p38) (n54). e) An inhibitor of phosphoinositide-3-kinase (PI3K) negates 

the effects of IL-17A on inhibition of IL-8 production by budesonide (BUD). 30 min prior to IL-17A treatment, the 

PI3K, ERK and p38 inhibitors were added: LY294002 (LY; 10 mM), U0126 (U; 10 mM) and SB203580 (SB; 1 mM), 

respectively. 10 ng?mL-1 of IL-17A was added and cells were incubated for 2 h, washed and incubated for 2 h 

with 3610-10 M BUD, washed and then incubated for 24 h with 10 ng?mL-1 tumour necrosis factor (TNF)-a. Cell-free 

supernatants were harvested and IL-8 was determined with ELISA. Data are shown as %± SEM of inhibition by 

BUD of corresponding TNF-a stimulated control (n54).

*: p,0.05; **: p,0.01; ***: p,0.001.
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Since HDAC2 has previously been described as the predominant HDAC involved in GC 

action, we were interested to further underscore the role of HDAC2 in IL-17A-induced GC 

insensitivity and we studied the effect of IL-17A on GC insensitivity upon overexpression 

of HDAC2. In cells expressing the control vector, BUD (3�10-10 M) inhibited TNF-a-

induced IL-8 production by 14.2±4.3%. Pre-treatment with IL-17A significantly reduced 

this effect to 0.6±5.4%. In contrast, IL-17A was not able to reduce the effect of BUD in 

cells overexpressing HDAC2, as BUD still reduced TNF-a-induced IL-8 production by 

11.1±3.2% (fig. 4b). Overexpression of HDAC1 and HDAC3 did not result in a significant 

abrogation of the IL-17-mediated effect (see online supplementary fig. 1). These data 

further support the role for reduced HDAC2 activity in IL-17A-induced GC insensitivity.

IL-17A has no effect on GRE-mediated transcription
Another mechanism that has been implicated in cytokineinduced GC insensitivity is the 

reduced translocation of the ligated GR [13]. Nuclear translocation of the ligated GR 

is required for GCs to exert their suppressive effect on transcription pro-inflammatory 

genes as well as on transcription of antiinflammatory genes that contain a GRE in 

their promoter [3, 13]. To test whether IL-17A affects transcriptional activity of the GR, 

we determined the effect of IL-17A treatment on a GRE reporter construct in 16HBE 

its translocation to the nucleus causing GC insensitivity in
various cell types [13, 24, 25]. However, our data do not support
a role for the MEK/ERK and p38 MAPK pathways in IL-17A-
induced GC insensitivity in airway epithelial cells, since specific
inhibition of these pathways could not block the IL-17A-
induced effects. Moreover, GRE-mediated transcription was
not impaired upon IL-17A exposure in airway epithelium,
suggesting that IL-17A-induced MAPK activity does not result
in altered translocation of the ligated receptor.

Previous studies in peripheral blood mononuclear cells and
broncholaveolar lavage (BAL) fluid of asthmatic patients have
suggested that GC insensitivity in asthma patients is associated
with increased GR-b [26, 27], which acts as a negative competitor
to the active variant GR-a. In line with these findings, VAZQUEZ-
TELLO et al. [14] recently demonstrated that IL-17A induced
GR-b. However, this probably does not contribute to the effect
observed in our study, since we observed the strongest effect of
IL-17A on GC sensitivity within 2 h of pre-incubation, whereas
VAZQUEZ-TELLO et al. [14] showed that IL-17A does not induce
GR-b mRNA until after 6 h in primary bronchial epithelial cells.
Moreover, if GR-b does play a role in our model, we would
expect an effect on the transactivation of the GRE reporter
construct due to the competitive nature of this mechanism. Since
we did not observe such an effect, we do not render it probable
that GR-b plays a role in our experiments.

Together with VAZQUEZ-TELLO et al. [14], we are the first to
describe mechanisms of GC insensitivity in bronchial epithelial
cells. Previous studies on GC insensitivity have mainly focused
on leukocytes. However, bronchial epithelial cells have an

emerging role in the innate immune response and we speculate
that changes in sensitivity to GCs in airway epithelial cells
strongly contribute to GC insensitivity of inflammatory responses
in the lung.

Cigarette smoking has been associated with a poor response to
GCs in asthma [28] and smoking asthmatics displayed increased
levels of sputum neutrophils [29]. Interestingly, IL-17A is
increased in the BAL of a mouse model of cigarette smoke-
induced inflammation [30, 31], and therefore it is tempting to
speculate that Th17 cells also play a role in smoking-induced GC
insensitivity. Strikingly, similar mechanisms have been pro-
posed in smoking-induced GC insensitivity, i.e. PI3K-dependent
HDAC2 inactivation [32]. Therefore, it will be of interest to
study whether cigarette smoke-induced GC insensitivity is
(partly) mediated by IL-17A in future studies.

Given our novel results on the role of PI3K in GC insensitivity,
we propose that inhibition of the PI3K pathway may be a
promising tool to improve GC function and revert GC
insensitivity. In macrophages it has been demonstrated that
theophylline treatment restores response to GCs by its inhibi-
tory effect on PI3K activity [33]. Therefore, we anticipate that
treatment with theophylline might serve as a strategy to revert
GC insensitivity associated with IL-17A, especially given
the fact that inhibition of PI3K was also able to restore GC
sensitivity in our study. In asthma as well as chronic obstructive
pulmonary disease, clinical pilot studies have been performed
on the effect of theophylline combinedwith inhaled GCs [34, 35].
Although these first data show some improvement in lung
function, the authors of both studies also stress the need formore
extensive investigation into this possible treatment, because
both studies were relatively small and single centred. No in vivo
and clinical data are available on the action of theophylline on
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FIGURE 4. a) Interleukin (IL)-17A decreased histone deacetylase (HDAC)

activity. Cells were serum-deprived overnight, treated for 2 h with and without

10 ng?mL-1 IL-17A, resuspended in radio-immunoprecipitation assay buffer and

sonicated. HDAC activity was measured using a fluorometric activity assay. HDAC

activity is shown as a ratio of the fluorescent units (RFU) per mg of protein (n54). b)

Effect of HDAC2 overexpression on IL-17A-induced glucocorticoid insensitivity.

Cells were grown to 90–95% confluence before transfection with control vector or

HDAC2 overexpression. Cells were then pre-treated with 10 ng?mL-1 IL-17A or

control medium for 2 h, washed, treated for 2 h with control medium or budesonide

(BUD), washed, and finally incubated for 24 h with 10 ng?mL-1 tumour necrosis

factor (TNF)-a. Cell-free supernatants were harvested and IL-8 was determined with

ELISA. Data are shown as %¡SEM of inhibition by BUD of corresponding TNF-a

stimulated control (n58). *: p,0.05; **: p,0.01.
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FIGURE 5. Interleukin (IL)-17A has no effect on glucocorticoid response

element (GRE)-mediated transcription. Cells were grown to 90–95% confluence

before transfection with GRE-driven firefly luciferase with renilla luciferase as a

control for transfection efficiency. Cells were pre-treated for 2 h with (&) or without

(h) 10 ng?mL-1 IL-17A, treated for 24 h with budesonide (BUD) (concentrations

10-9–3610-8 M) and resuspended in lysis buffer. Activity was assessed for both

luciferases. Data is shown as fold induction¡SEM over control (n54).

LUNG CELL BIOLOGY G.J. ZIJLSTRA ET AL.

444 VOLUME 39 NUMBER 2 EUROPEAN RESPIRATORY JOURNAL

Figure 4. a) Interleukin (IL)-17A decreased histone deacetylase (HDAC) activity. Cells were serum-deprived 

overnight, treated for 2 h with and without 10 ng-mL-1 IL-17A, resuspended in radio-immunoprecipitation assay 

buffer and sonicated. HDAC activity was measured using a fluorometric activity assay. HDAC activity is shown as 

a ratio of the fluorescent units (RFU) per mg of protein (n54). b) Effect of HDAC2 overexpression on IL-17A-induced 

glucocorticoid insensitivity. Cells were grown to 90–95% confluence before transfection with control vector or 

HDAC2 overexpression. Cells were then pre-treated with 10 ng-mL-1 IL-17A or control medium for 2 h, washed, 

treated for 2 h with control medium or budesonide (BUD), washed, and finally incubated for 24 h with 10 ng-mL-1 

tumour necrosis factor (TNF)-a. Cell-free supernatants were harvested and IL-8 was determined with ELISA. Data 

are shown as %±SEM of inhibition by BUD of corresponding TNF-a stimulated control (n58). *: p,0.05; **: p,0.01.
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cells. Our data demonstrated that BUD induced a dose-dependent increase in GRE 

transcriptional activity, which reached an approximate seven-fold increase at 3�10-8  

M BUD over basal GRE transactivation (p,0.001). Pretreatment with IL-17A did not affect 

BUD-induced activity of the GRE promoter at any of the used concentrations (fig. 5). This 

indicates that IL-17A does not decrease GRE transcriptional activity or translocation of 

the ligated receptor within 2 h of incubation, the time frame in which IL-17A induced 

GC sensitivity. Therefore, IL-17A-induced GC insensitivity is not likely to be caused by 

a decrease in translocation of the ligated receptor, but the reduced HDAC activity 

appears to be the main contributor to this effect.

Figure 5. Interleukin (IL)-17A has no effect on glucocorticoid response element (GRE)-mediated transcription. 

Cells were grown to 90–95% confluence before transfection with GRE-driven firefly luciferase with renilla luciferase 

as a control for transfection efficiency. Cells were pre-treated for 2 h with (&) or without (h) 10 ng-mL-1 IL-17A, 

treated for 24 h with budesonide (BUD) (concentrations 10-9–3�10-8 M) and resuspended in lysis buffer. Activity 

was assessed for both luciferases. Data is shown as fold induction±SEM over control (n54).

DISCUSSION

There is increasing evidence that Th17 cells play a role in the development of  

GC-insensitive airway inflammation in asthma, although it is still poorly understood 

why Th17-dependent inflammation is less responsive to GCs. Here, we have shown 

that IL-17A induced GC insensitivity of TNF-a-induced IL-8 production in human 

bronchial epithelial cells. Furthermore, our data demonstrate that IL-17A-induced IL-8 

production is normally sensitive to GCs and that IL-17A does not induce GC-insensitive 

transcription, as previously suggested [8, 14]. We are the first to show that IL-17A-

induced GC insensitivity is mediated by PI3K downstream signalling and a reduction 

its translocation to the nucleus causing GC insensitivity in
various cell types [13, 24, 25]. However, our data do not support
a role for the MEK/ERK and p38 MAPK pathways in IL-17A-
induced GC insensitivity in airway epithelial cells, since specific
inhibition of these pathways could not block the IL-17A-
induced effects. Moreover, GRE-mediated transcription was
not impaired upon IL-17A exposure in airway epithelium,
suggesting that IL-17A-induced MAPK activity does not result
in altered translocation of the ligated receptor.

Previous studies in peripheral blood mononuclear cells and
broncholaveolar lavage (BAL) fluid of asthmatic patients have
suggested that GC insensitivity in asthma patients is associated
with increased GR-b [26, 27], which acts as a negative competitor
to the active variant GR-a. In line with these findings, VAZQUEZ-
TELLO et al. [14] recently demonstrated that IL-17A induced
GR-b. However, this probably does not contribute to the effect
observed in our study, since we observed the strongest effect of
IL-17A on GC sensitivity within 2 h of pre-incubation, whereas
VAZQUEZ-TELLO et al. [14] showed that IL-17A does not induce
GR-b mRNA until after 6 h in primary bronchial epithelial cells.
Moreover, if GR-b does play a role in our model, we would
expect an effect on the transactivation of the GRE reporter
construct due to the competitive nature of this mechanism. Since
we did not observe such an effect, we do not render it probable
that GR-b plays a role in our experiments.

Together with VAZQUEZ-TELLO et al. [14], we are the first to
describe mechanisms of GC insensitivity in bronchial epithelial
cells. Previous studies on GC insensitivity have mainly focused
on leukocytes. However, bronchial epithelial cells have an

emerging role in the innate immune response and we speculate
that changes in sensitivity to GCs in airway epithelial cells
strongly contribute to GC insensitivity of inflammatory responses
in the lung.

Cigarette smoking has been associated with a poor response to
GCs in asthma [28] and smoking asthmatics displayed increased
levels of sputum neutrophils [29]. Interestingly, IL-17A is
increased in the BAL of a mouse model of cigarette smoke-
induced inflammation [30, 31], and therefore it is tempting to
speculate that Th17 cells also play a role in smoking-induced GC
insensitivity. Strikingly, similar mechanisms have been pro-
posed in smoking-induced GC insensitivity, i.e. PI3K-dependent
HDAC2 inactivation [32]. Therefore, it will be of interest to
study whether cigarette smoke-induced GC insensitivity is
(partly) mediated by IL-17A in future studies.

Given our novel results on the role of PI3K in GC insensitivity,
we propose that inhibition of the PI3K pathway may be a
promising tool to improve GC function and revert GC
insensitivity. In macrophages it has been demonstrated that
theophylline treatment restores response to GCs by its inhibi-
tory effect on PI3K activity [33]. Therefore, we anticipate that
treatment with theophylline might serve as a strategy to revert
GC insensitivity associated with IL-17A, especially given
the fact that inhibition of PI3K was also able to restore GC
sensitivity in our study. In asthma as well as chronic obstructive
pulmonary disease, clinical pilot studies have been performed
on the effect of theophylline combinedwith inhaled GCs [34, 35].
Although these first data show some improvement in lung
function, the authors of both studies also stress the need formore
extensive investigation into this possible treatment, because
both studies were relatively small and single centred. No in vivo
and clinical data are available on the action of theophylline on
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FIGURE 4. a) Interleukin (IL)-17A decreased histone deacetylase (HDAC)

activity. Cells were serum-deprived overnight, treated for 2 h with and without

10 ng?mL-1 IL-17A, resuspended in radio-immunoprecipitation assay buffer and

sonicated. HDAC activity was measured using a fluorometric activity assay. HDAC

activity is shown as a ratio of the fluorescent units (RFU) per mg of protein (n54). b)

Effect of HDAC2 overexpression on IL-17A-induced glucocorticoid insensitivity.

Cells were grown to 90–95% confluence before transfection with control vector or

HDAC2 overexpression. Cells were then pre-treated with 10 ng?mL-1 IL-17A or

control medium for 2 h, washed, treated for 2 h with control medium or budesonide

(BUD), washed, and finally incubated for 24 h with 10 ng?mL-1 tumour necrosis

factor (TNF)-a. Cell-free supernatants were harvested and IL-8 was determined with

ELISA. Data are shown as %¡SEM of inhibition by BUD of corresponding TNF-a

stimulated control (n58). *: p,0.05; **: p,0.01.
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FIGURE 5. Interleukin (IL)-17A has no effect on glucocorticoid response

element (GRE)-mediated transcription. Cells were grown to 90–95% confluence

before transfection with GRE-driven firefly luciferase with renilla luciferase as a

control for transfection efficiency. Cells were pre-treated for 2 h with (&) or without

(h) 10 ng?mL-1 IL-17A, treated for 24 h with budesonide (BUD) (concentrations

10-9–3610-8 M) and resuspended in lysis buffer. Activity was assessed for both

luciferases. Data is shown as fold induction¡SEM over control (n54).
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in HDAC activity. As a result, this leads to impaired ability of GCs to efficiently suppress  

IL-8 production upon stimulation with pro-inflammatory cytokines (e.g. TNF-a). In 

contrast to PI3K downstream signalling, the MEK/ERK, p38 MAPK pathways and/or 

decreased GR translocation to the nucleus do not seem to play a role in IL-17A-induced 

GC insensitivity in bronchial epithelial cells.

Although inhaled GCs are currently the most effective anti-inflammatory treatment 

of asthma, a subset of patients suffer from a difficult-to-treat and relatively GC-

insensitive asthma, which is a burdensome problem in the management of asthma. 

The mechanisms underlying the poor response in this subset of patients are still  

largely unknown. Previous studies have shown a link between neutrophilic inflammation 

and GC insensitivity in asthma [4, 5] as well as between neutrophilic inflammation 

and the presence of Th17 cells in the airways [6]. This led to the hypothesis that Th17-

mediated inflammation related to GC-insensitivity. In line with this hypothesis, MCKINLEY 

et al. [7] showed that the transfer of Th17 cells in mice results in GC-insensitive airway 

inflammation and airway hyperresponsiveness when compared with the inflammation 

induced upon the transfer of Th2 cells. Thus, Th17 cells have an emerging role in  

GC-insensitive neutrophilic inflammation, although the underlying mechanism of  

GC insensitivity has remained unknown so far.

Our results demonstrate that Th17-induced GC insensitivity is not mediated by  

activation of GC-insensitive pathways by IL-17A. Similar effects were observed by PRAUSE  

et al. [15], showing that IL-17A-induced production of IL-8, as well as granulocyte chemotactic 

protein-2 and growth-related oncogene-a, in 16HBE cells is sensitive to hydrocortisone. In 

contrast to our findings and those of PRAUSE et al. [15], JONES et al. [8] showed that IL-17A-

induced IL-8 production is insensitive to dexamethasone in primary bronchial epithelial 

cells. One of the dissimilarities is that JONES et al. [8] seem to have conducted experiments 

under subconfluent conditions. However, a relationship between cell-cell contacts and the 

actions of GCs has, to our knowledge, not been described. Another important difference 

is that JONES et al. [8] performed their experiments in primary epithelial cells, while the 

study by PRAUSE et al. [15] and our study used cell lines. In future studies we plan to 

compare the effects in cell lines to primary cells, although it may be of concern that the 

GC hydrocortisone is customarily present in the culture medium for primary cells.

We do not consider it probable that IL-17A plays a major role in the release of IL-8 in the 

airways and subsequent development of neutrophilia, since IL-17A was relatively inefficient 

in inducing IL-8 production when compared with the pro-inflammatory cytokine, TNF-a. 

Thus, we hypothesised that IL-17A exerts a different role in GC sensitivity, reducing the 
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responsiveness of IL-8 transcription to GCs.

In line with this hypothesis, we showed that the pre-incubation with IL-17A reduced 

the capacity of GCs to inhibit TNF-a-induced IL-8 production. Thus, the presence of 

IL-17A secreting cells in the airways may render airway epithelial production of IL-8 

less responsive to GCs. It is of importance to note that we did not observe an effect 

on the inhibitory effect of BUD at high concentrations. One of the explanations for the 

lack of effect on the maximum inhibition of BUD is that IL-17A did not affect GR binding 

to the GRE region. Possibly, the inhibitory effect of GR binding to the IL-8 promoter 

predominates over the effect of HDAC2 on IL-8 production at higher concentrations 

of GCs. In addition to our novel findings on the role of IL-17A in GC insensitivity, earlier 

studies concerning cytokine-induced GC insensitivity have shown possible roles 

for different cytokines in GC insensitivity, i.e. IL-2 in combination with IL-4 in T-cells 

[16], IL-13 in monocytes [17], TNF-a in combination with interferon (IFN)-c in airway 

smooth muscle cells [18] and IL-27 in combination with IFN-c in macrophages [19]. 

However, none of these cytokines can explain the association between Th17 cells and 

GC insensitivity, and clinical data on the association between these cytokines and 

GC insensitivity in asthma is rather scarce. Since IL-17A induces GC insensitivity of IL-8 

production in epithelial cells, we postulate that IL-17A itself plays an important role in 

the development of GC-insensitive neutrophilic inflammation.

We showed that IL-17A-induced PI3K/Akt signalling is involved in the observed effects 

on GC sensitivity. IL-17A has previously been shown to activate PI3K signalling 

[20]. Furthermore, PI3K activation has been implicated in H
2
O

2
-and cigarette 

smoke-induced GC insensitivity in A549 cells, i.e. by a mechanism involving HDAC2 

phosphorylation and subsequent inactivation [12]. In line with this, we found that IL-

17A activated the PI3K downstream signalling and decreased overall HDAC activity. 

Specific overexpression of HDAC2 abrogated IL-17A-induced GC insensitivity, strongly 

suggesting that PI3K activation and subsequent HDAC2 inactivation play a role in IL-

17A-induced GC insensitivity.

In addition to the PI3K-signaling pathway, IL-17A has been described to activate 

the MEK/ERK signalling in A549 cells and primary tracheal cells [21, 22], and both 

the p38 MAPK and the MEK/ERK signalling in 16HBE cells [23]. We confirmed this in 

our cells. Activation of the MEK/ERK and p38 pathways has been shown to induce 

phosphorylation of the GR and decrease its translocation to the nucleus causing GC 

insensitivity in various cell types [13, 24, 25]. However, our data do not support a role 

for the MEK/ERK and p38 MAPK pathways in IL-17A-induced GC insensitivity in airway 

epithelial cells, since specific inhibition of these pathways could not block the IL-17A-
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induced effects. Moreover, GRE-mediated transcription was not impaired upon IL-17A 

exposure in airway epithelium, suggesting that IL-17A-induced MAPK activity does not 

result in altered translocation of the ligated receptor.

Previous studies in peripheral blood mononuclear cells and broncholaveolar lavage 

(BAL) fluid of asthmatic patients have suggested that GC insensitivity in asthma 

patients is associated with increased GR-b [26, 27], which acts as a negative 

competitor to the active variant GR-a. In line with these findings, VAZQUEZ-TELLO et al. 

[14] recently demonstrated that IL-17A induced GR-b. However, this probably does not 

contribute to the effect observed in our study, since we observed the strongest effect 

of IL-17A on GC sensitivity within 2 h of pre-incubation, whereas VAZQUEZ-TELLO et al. 

[14] showed that IL-17A does not induce GR-b mRNA until after 6 h in primary bronchial 

epithelial cells. Moreover, if GR-b does play a role in our model, we would expect an 

effect on the transactivation of the GRE reporter construct due to the competitive 

nature of this mechanism. Since we did not observe such an effect, we do not render 

it probable that GR-b plays a role in our experiments.

Together with VAZQUEZ-TELLO et al. [14], we are the first to describe mechanisms of 

GC insensitivity in bronchial epithelial cells. Previous studies on GC insensitivity have 

mainly focused on leukocytes. However, bronchial epithelial cells have an emerging 

role in the innate immune response and we speculate that changes in sensitivity to 

GCs in airway epithelial cells strongly contribute to GC insensitivity of inflammatory 

responses in the lung.

Cigarette smoking has been associated with a poor response to GCs in asthma 

[28] and smoking asthmatics displayed increased levels of sputum neutrophils [29]. 

Interestingly, IL-17A is increased in the BAL of a mouse model of cigarette smoke-

induced inflammation [30, 31], and therefore it is tempting to speculate that Th17 cells 

also play a role in smoking-induced GC insensitivity. Strikingly, similar mechanisms 

have been proposed in smoking-induced GC insensitivity, i.e. PI3K-dependent HDAC2 

inactivation [32]. Therefore, it will be of interest to study whether cigarette smoke-

induced GC insensitivity is (partly) mediated by IL-17A in future studies.

Given our novel results on the role of PI3K in GC insensitivity, we propose that inhibition 

of the PI3K pathway may be a promising tool to improve GC function and revert GC 

insensitivity. In macrophages it has been demonstrated that theophylline treatment 

restores response to GCs by its inhibitory effect on PI3K activity [33]. Therefore, we 

anticipate that treatment with theophylline might serve as a strategy to revert GC 

insensitivity associated with IL-17A, especially given the fact that inhibition of PI3K was 
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also able to restore GC sensitivity in our study. In asthma as well as chronic obstructive 

pulmonary disease, clinical pilot studies have been performed on the effect of 

theophylline combined with inhaled GCs [34, 35]. Although these first data show 

some improvement in lung function, the authors of both studies also stress the need 

for more extensive investigation into this possible treatment, because both studies 

were relatively small and single centred. No in vivo and clinical data are available on 

the action of theophylline on Th17-mediated inflammation and the associated steroid 

insensitivity in severe asthma, thus further studies are warranted.

In conclusion, we have demonstrated that IL-17A is able to induce GC insensitivity in 

bronchial epithelial cells by activating the PI3K pathway, which may lead to a decrease 

in HDAC2 activity. Therefore, we propose that therapeutic strategies to inhibit PI3K, as 

well as therapies focused on downregulating Th17 activity and secretion of IL-17A, may 

lead to novel ways to improve the efficacy of GCs.
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Supplementary information

Effect of HDAC overexpression on IL-17Ainduced GC-insensitivity. Cells were grown to 90-95% confluency before 

transfection with control vector or HDAC1, HDAC2 or HDAC3 overexpression (grey bar). Cells were then pretreated 

with 10 ng/ml IL-17A (black bar) or control medium (white bar) for 2h, washed, treated for 2h with control 

medium or budesonide, washed, and finally incubated for 24h with 10 ng/ml TNF-α. Cell-free supernatants were 

harvested and IL-8 was determined with ELISA. Data are shown as percentage± SEM of inhibition by budesonide 

of corresponding TNF-α stimulated control (n=48) *=p<0.05; **=p<0.01.
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Supplemental Figure 1

Vector       control       control        HDAC2         HDAC1       HDAC3 
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Effect of HDAC overexpression on IL-17A-
induced GC-insensitivity. Cells were grown to 
90-95% confluency before transfection with 
control vector or HDAC1, HDAC2 or HDAC3 
overexpression (grey bar). Cells were then pre-
treated with 10 ng/ml IL-17A (black bar) or 
control medium (white bar) for 2h, washed, 
treated for 2h with control medium or 
budesonide, washed, and finally incubated for 
24h with 10 ng/ml TNF-α. Cell-free 
supernatants were harvested and IL-8 was 
determined with ELISA. Data are shown as 
percentage± SEM of inhibition by budesonide 
of corresponding TNF-α stimulated control 
(n=48) *=p<0.05; **=p<0.01.
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