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ABSTRACT
Background It has been shown that acetylcholine is
both a neurotransmitter and acts as a local mediator,
produced by airway cells including epithelial cells. In vivo
studies have demonstrated an indirect role for
acetylcholine in epithelial cell differentiation. Here, we
aimed to investigate direct effects of endogenous non-
neuronal acetylcholine on epithelial cell differentiation.
Methods Human airway epithelial cells from healthy
donors were cultured at an air–liquid interface (ALI).
Cells were exposed to the muscarinic antagonist
tiotropium (10 nM), interleukin (IL)-13 (1, 2 and
5 ng/mL), or a combination of IL-13 and tiotropium,
during or after differentiation at the ALI.
Results Human airway epithelial cells expressed all
components of the non-neuronal cholinergic system,
suggesting acetylcholine production. Tiotropium had no
effects on epithelial cell differentiation after air exposure.
Differentiation into goblet cells was barely induced after
air exposure. Therefore, IL-13 (1 ng/mL) was used to
induce goblet cell metaplasia. IL-13 induced MUC5AC-
positive cells (5-fold) and goblet cells (14-fold), as
assessed by histochemistry, and MUC5AC gene
expression (105-fold). These effects were partly
prevented by tiotropium (47–92%). Goblet cell
metaplasia was induced by IL-13 in a dose-dependent
manner, which was inhibited by tiotropium. In addition,
tiotropium reversed goblet cell metaplasia induced by
2 weeks of IL-13 exposure. IL-13 decreased forkhead
box protein A2 (FoxA2) expression (1.6-fold) and
increased FoxA3 (3.6-fold) and SAM-pointed domain-
containing ETS transcription factor (SPDEF) (5.2-fold)
expression. Tiotropium prevented the effects on FoxA2
and FoxA3, but not on SPDEF.
Conclusions We demonstrate that tiotropium has no
effects on epithelial cell differentiation after air exposure,
but inhibits and reverses IL-13-induced goblet cell
metaplasia, possibly via FoxA2 and FoxA3. This indicates
that non-neuronal acetylcholine contributes to goblet cell
differentiation by a direct effect on epithelial cells.

BACKGROUND
Acetylcholine has long been known as a classical
neurotransmitter in the airways, released from para-
sympathetic nerve fibres. It induces bronchocon-
striction and mucus secretion via muscarinic
receptors. For this reason, anticholinergic therapy
has been used for many centuries for the treatment
of obstructive airway diseases, and the long-acting

anticholinergic agent, tiotropium, has proven
effective for the chronic treatment of asthma.1 2

In addition, there is evidence that acetylcholine
can also be synthesised and released from non-
neuronal origins, acting as an autocrine and/or
paracrine mediator on airway cells.3 In particular,
airway epithelial cells have been shown to express
relatively high levels of acetylcholine.4 5 Epithelial
cells express enzymes to synthesise acetylcholine,
including choline acetyltransferase (ChAT), and
have also been shown to release non-neuronal
acetylcholine via organic cation transporters.4 6

Epithelial cells play an important role in asthma.
Epithelial differentiation is altered in the disease, as
there is an increase in goblet cell numbers, leading to
excessive mucus production and hence obstruction of
the airways.7 IL-13 is the main driver of this response
and has been shown to play a central role in asthma.8

From animal models it is known that interleukin
(IL)-13 is sufficient to induce goblet cell hyperplasia,9

which can be reproduced in air–liquid interface (ALI)
cell cultures in vitro.10 11 IL-13-induced MUC5AC
gene expression is mediated via a complex transcrip-
tional network, in which expression of the repressor,
forkhead box protein A2 (FoxA2), is reduced in
response to STAT6 activation, whereas expression of
SAM-pointed domain-containing ETS transcription

Key messages

What is the key question?
▸ Does acetylcholine have a direct effect on

epithelial cell differentiation, in particular,
IL-13-induced goblet cell metaplasia?

What is the bottom line?
▸ Tiotropium attenuates IL-13-induced goblet cell

metaplasia of human airway epithelial cells,
suggesting a direct role for endogenous
acetylcholine in epithelial cell differentiation.

Why read on?
▸ Although it is expected that tiotropium

attenuates mucus hypersecretion in patients,
there is little evidence for a direct role of
acetylcholine in epithelial cell differentiation
and here we provide evidence for such a role
and investigate possible mechanisms involved.
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factor (SPDEF) and FoxA3 are increased and promote MUC5AC
gene expression.12 13

Interestingly, several studies have indirectly demonstrated a
role for acetylcholine in epithelial cell differentiation and goblet
cell metaplasia. Tiotropium, an anticholinergic drug, has been
shown to inhibit ovalbumin-induced goblet cell metaplasia in
guinea pigs and mice,14 15 an effect also observed after knock-
out of the M3 receptor in mice.16 Furthermore, the increased
MUC5AC expression observed after allergen exposure was
inhibited by tiotropium in guinea pigs and M3 knockout
mice.14 16 Moreover, in patients with mild asthma, repeated
challenges with methacholine induced epithelial cell prolifer-
ation and goblet cell metaplasia.17 Although these studies point
to a critical role for acetylcholine in goblet cell metaplasia, it
remains unresolved if this is via direct regulation of goblet cell
differentiation of airway epithelial cells or via the indirect regu-
lation of proinflammatory cells and cytokines that drive this
response, since tiotropium also inhibited the inflammatory
response in the animal studies described above.

Therefore, in this study, we investigated the role of endogen-
ous non-neuronal acetylcholine in the differentiation of primary
human airway epithelial (HAE) cells, differentiated at an ALI
cell culture. We demonstrate that inhibition of endogenous
acetylcholine by tiotropium has no effect on epithelial cell dif-
ferentiation after air exposure, but inhibits and reverses
IL-13-induced goblet cell metaplasia and MUC5AC expression,
which might be mediated via FoxA2 and FoxA3.

METHODS
Culture of HAE cells
The immortal human bronchial epithelial cell line, 16HBE14o
−, was kindly donated by Dr D C Gruenert, University of
Vermont, Burlington, Vermont, USA.18 Cells were cultured as
described previously19 and briefly described in the online sup-
plementary data.

Primary HAE cells were obtained from lung transplant donors
post mortem, from residual tracheal and main stem bronchial
tissue, within 1–8 h after lung transplantation. Selection criteria
for transplant donors are listed in the Eurotransplant guidelines
and include the absence of primary lung disease, such as asthma
and COPD, and no more than 20 pack years of smoking history.
The material was collected in carbogenated Krebs–Henseleit
buffer (composition in mM: 117.5 NaCl, 5.6 KCl, 1.18 MgSO4,
2.5 CaCl2, 1.28 NaH2PO4, 25 NaHCO3 and 5.5 glucose).
Epithelial cells were isolated by enzymatic digestion, and cultured
as described previously,11 which is also briefly explained in the
online supplementary data and summarised in figure 1. Cells
were differentiated for 2 weeks at the ALI. In the initial experi-
ments, cells were exposed to tiotropium (provided by
Boehringer Ingelheim) at a dose of 10 nM to achieve >99%
receptor occupancy20 during the differentiation period. In subse-
quent experiments, cells were exposed to tiotropium and/or
IL-13 (1–5 ng/mL; Peprotech, Rocky Hill, New Jersey, USA). In
the final experiments, cells were exposed to IL-13 and/or tiotro-
pium for 2 weeks, and thereafter exposed to IL-13 and tiotro-
pium for 1 week (figure 1).

RNA analysis
Total RNA was extracted from freshly isolated airway epithelial
cells, from cultured 16HBE14o− cells, and from HAE cells, after
either submerged or ALI culture (HAE cells), using the RNeasy
mini kit (Qiagen, Venlo, The Netherlands) according to the
manufacturer’s instructions. Equal amounts of total RNA were
then reverse-transcribed, and cDNA was subjected to real-time

quantitative (q)PCR (Westburg, Leusden, The Netherlands) or to
micro-array analysis. Details on real-time qPCR and primers used
can be found in the online supplementary data (text and table
E1). Data are normalised to 18S ribosomal RNA. Micro-array
analysis was performed on ALI-cultured cells from four different
donors, exposed to vehicle or tiotropium, and analysed in dupli-
cate. Assuming an SD of 0.5, we had a power of 80% to detect a
twofold difference at a nominal p value of 0.05. Micro-array ana-
lysis was performed using the llumina HT12 V.4 chip. Data were
analysed using R software and subjected to gene set enrichment
analysis using the Kyoto Encyclopaedia of Genes and Genomes
(KEGG), Biocarta and Reactome definitions.

Histochemistry
The morphology of the cultures was assessed using light micros-
copy. After 2 weeks, transwell inserts were embedded in paraffin
according to the manufacturer’s instructions. Transverse cross-
sections 5 mm thick were used for morphometric analyses. Cells
were stained with H&E (Sigma-Aldrich, Zwijndrecht, The
Netherlands), MUC5AC-positive cells were stained with a
MUC5AC antibody stain (Neomarkers, Fremont, California,
USA), and mucin-producing goblet cells were stained with peri-
odic acid Schiff ’s reagent (PAS; Sigma-Aldrich, Zwijndrecht,
The Netherlands). Cells were counted in duplicate in a blinded
fashion. FoxA2 was stained with a rabbit anti-FoxA2 antibody
(Abcam, Cambridge, UK) using a horseradish peroxidase-linked
goat anti-rabbit secondary antibody (Dako, Glostrup, Denmark)
and diaminobenzidine (Sigma-Aldrich).

Cytokine analysis
Cytokine concentrations in the basal medium were determined
by a Milliplex assay (Millipore, Billerica, Massachusetts, USA)
on a Luminex 100 system using Starstation software (Applied
Cytometry Systems, Sheffield, UK) according to the manufac-
turer’s instructions. A screen for 26 cytokines was performed
(see online supplementary data for complete list).

Statistical analysis
Data are presented as mean±SEM. Statistical differences
between means were calculated using one-way or two-way ana-
lysis of variance where appropriate, followed by Newman–Keuls
multiple comparison tests. Differences were considered signifi-
cant at p<0.05.

Figure 1 Schematic representation of the air–liquid interface (ALI)
culture model. Human airway epithelial (HAE) cells were seeded on to
a transwell insert and grown to confluence. Thereafter, apical medium
was removed to create an ALI. Medium and stimuli were refreshed
three times per week. Cells were harvested after 14 or 21 days for PCR
analysis or morphology, and medium was collected for ELISA. IL,
interleukin.
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RESULTS
Differentiation of epithelial cells
First, the differentiation state of epithelial cells was characterised.
Therefore, gene expression of the differentiation markers,
MUC5AC (a marker for goblet cells) and tektin 1 (a marker for
ciliated cells), was compared in different cells. We compared sub-
merged cultures of the cell line 16HBE14o−, submerged cultures
of HAE cells, freshly isolated HAE cells, and ALI-cultured HAE
cells. Gene expression of MUC5AC and tektin 1 was higher in
freshly isolated and ALI-cultured HAE cultures than in sub-
merged cultures (figure 2). Whereas tektin 1 levels were compar-
able in freshly isolated cells and ALI cultures, MUC5AC levels
were considerably higher in freshly isolated cells than in ALI cul-
tures. Together this indicates that differentiation of the ALI
culture after air exposure induces mainly ciliated cell differenti-
ation with limited goblet cell differentiation (figure 2).

Expression of the non-neuronal cholinergic system
Next, the expression of genes involved in the non-neuronal cho-
linergic system in HAE cells was characterised and compared
with 16HBE14o− cells. In view of the rationale of the study, we
focused on genes involved in acetylcholine metabolism and mus-
carinic receptors. Epithelial cells expressed all components of
the non-neuronal cholinergic system needed for acetylcholine
production and release, as depicted in table 1 for absolute
expression levels (Ct values) and in online supplementary table
E2 for the relative expression compared with submerged HAE
cultures. Choline transporters for uptake of choline were
present, including the high-affinity choline transporter 1
(CHT1), the choline transporter-like protein 1 (CTL1), and
CTL4. Unexpectedly, the acetylcholine-synthesising enzyme,
ChAT, was not detected in any of the epithelial cell cultures,
whereas the synthesising enzyme, carnitine acetyltransferase
(CarAT), was abundantly expressed. In addition, acetylcholines-
terase (AChE) and butyrylcholinesterase (BChE), two enzymes

that degrade acetylcholine, were expressed. Finally, muscarinic
M1, M2 and M3 receptors were expressed on the HAE cells as a
target for acetylcholine (table 1). Compared with 16HBE14o−
cells, most components were expressed at similar or higher
levels in primary HAE cells. The most prominent higher expres-
sion in primary HAE cells was observed for the M3 receptor
and the choline transporters CHT1 and CTL4 (table 1).

Effect of tiotropium on epithelial cell differentiation
Since HAE cells express all components of the non-neuronal
cholinergic system, suggesting production of endogenous

Figure 2 Differentiation state of epithelial cells. Expression of the differentiation markers, MUC5AC (a marker for goblet cells (A)) and tektin 1 (a
marker for ciliated cells (B)), was analysed by real-time quantitative PCR in submerged 16HBE14o− cells and submerged human airway epithelial
(HAE) cell cultures, in freshly isolated HAE cells and in ALI-cultured HAE cells. Data represent mean±SEM, n=3–5. **p<0.01, ***p<0.001 compared
with submerged culture; ##p<0.01, ###p<0.001 compared with HBE culture; $$$p<0.001 compared with freshly isolated cells.

Table 1 Components of the non-neuronal cholinergic system
expressed in epithelial cells

16HBE14o−
cells

Submerged
cultured
HAE cells

Freshly
isolated
HAE cells

ALI-cultured
HAE cells

CHT1 27.7 (±0.5) 24.5 (±1.3) 17.1 (±0.4) 24.9 (±0.7)
CTL1 10.6 (±0.3) 12.9 (±0.6) 14.3 (±0.6) 11.7 (±0.5)
CTL4 23.5 (±0.4) 17.5 (±0.9) 11.9 (±0.6) 10.3 (±0.7)
CarAT 15.5 (±1.5) 14.7 (±0.8) 14.2 (±0.7) 15.3 (±0.8)
AChE 22.4 (±1.0) 17.8 (±1.1) 18.5 (±1.3) 21.9 (±0.8)
BChE 19.7 (±0.8) 16.5 (±0.6) 18.9 (±1.3) 19.4 (±0.6)

M1R 18.7 (±1.4) 17.8 (±0.7) 17.1 (±1.0) 21.2 (±0.2)
M2R 21.5 (±0.5) 19.3 (±0.8) 17.5 (±0.8) 21.1 (±0.4)
M3R 25.9 (±0.9) 19.8 (±1.0) 18.7 (±1.4) 17.6 (±0.6)

Expression of the components was analysed by real-time quantitative PCR in
submerged 16HBE14o− cells and submerged HAE cell cultures, in freshly isolated
HAE cells, and in ALI-cultured HAE cells. Data represent mean (±SEM) Ct values
corrected for 18S (ie, highest values represent lowest expression levels), n=3.
AChE, acetylcholinesterase; BChE, butyrylcholinesterase; CarAT, carnitine
acetyltransferase; CHT1, high-affinity choline transporter 1; CTL1, choline
transporter-like protein 1; CTL4, choline transporter-like protein 4; HAE, human
airway epithelial; M1R, muscarinic M1 receptor; M2R, muscarinic M2 receptor; M3R,
muscarinic M3 receptor.
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non-neuronal acetylcholine, we examined the effects of the mus-
carinic antagonist, tiotropium, on epithelial cell differentiation
cultured at an ALI. Tiotropium was administered during the
2-week differentiation period at a concentration (10 nM) binding
>99% of muscarinic receptors.20 As depicted in figure 3A, tio-
tropium had no effect on gene expression of the differentiation
markers MUC5AC and tektin 1 after air exposure. Moreover, no
histological changes were observed after exposure to tiotropium,
as assessed by H&E (figure 3B) and PAS (figure 3C) staining.
A micro-array analysis confirmed these data and showed that no
genes were upregulated or downregulated by more than twofold
after treatment with tiotropium, based on cultures derived from
four different donors (figure 3D). Gene set enrichment analyses
using the KEGG, Reactome and Biocarta definitions revealed no
pathways that were significantly altered. In addition, no genes
were upregulated or downregulated by more than 1.5-fold. In an
alternative analysis focusing on genes that were upregulated or
downregulated by more than 1.1-fold, 11 genes were selected on
the basis of their relevance for epithelial cell differentiation:
mitogen-activated protein kinase (MEK) 1, MEK2, MEK4 and
rapidly accelerated fibrosarcoma (RAF) 1 of the MAP kinase
pathway; laminin (LAM) B3 and LAMC2 involved in cell junc-
tion organisation; FoxA2 and FoxA3, involved in goblet cell
metaplasia; and the potassium channels KK17, KK15 and KJ6.
However, upregulation or downregulation of none of these genes
could be reproduced by real-time qPCR using the samples used
for micro-array analysis (figure 3D, individual data not shown).
Collectively, tiotropium does not affect epithelial cell differenti-
ation after air exposure.

Effect of tiotropium on IL-13-induced goblet cell metaplasia
Since there was no effect of tiotropium on epithelial cell differ-
entiation after air exposure and, in view of the limited goblet
cell differentiation achieved using this method, IL-13 at a con-
centration of 1 ng/mL was used in subsequent experiments to
induce goblet cell metaplasia.11 Stimulation with IL-13 did not
affect the expression of receptors and enzymes of the non-

neuronal cholinergic system (see online supplementary table E3)
and induced only a modest, non-significant increase in inflam-
matory cytokine expression (see online supplementary table
E4). However, stimulation with IL-13 did induce goblet cell
metaplasia as assessed by histochemistry and real-time qPCR
(figure 4). IL-13 induced a 5.3-fold increase in MUC5AC-
positive cells, which was prevented by tiotropium (57%; figure
4A, B). Moreover, the IL-13-induced increase in goblet cell
number, assessed by PAS staining, was completely prevented by
tiotropium (figure 4C, D). Furthermore, MUC5AC gene expres-
sion was induced by 105-fold after stimulation with IL-13,
which was partly prevented by tiotropium, although this was
not significant (47%; figure 4E). Interestingly, the expression of
tektin 1 was decreased by 75% after stimulation with IL-13
(figure 4F). Tiotropium did not affect the IL-13-induced reduc-
tion of tektin 1 (figure 4F).

In subsequent experiments, we investigated the effects of tio-
tropium on cells exposed to increasing concentrations of IL-13
(1–5 ng/mL). IL-13 induced goblet cell metaplasia in a
dose-dependent manner as assessed by immunohistochemistry
(figure 5A, B). Interestingly, tiotropium inhibited the increase in
MUC5AC-positive cells (p=0.012, two-way analysis of vari-
ance, figure 5A) and goblet cells (p=0.015, two-way analysis of
variance, figure 5B).

Effect of tiotropium on established IL-13-induced goblet cell
metaplasia
To further assess the functional relevance of this inhibitory effect
of tiotropium, we analysed whether tiotropium was also able to
reverse established goblet cell metaplasia. Exposure to IL-13 (1 ng/
mL) for 3 weeks induced a 28-fold increase in MUC5AC-positive
cells and a 3-fold increase in goblet cells (figure 6A, B). Treatment
with only tiotropium for 3 weeks did not affect MUC5AC or
goblet cell number, as observed previously after 2 weeks of expos-
ure. In line with our previous findings, treatment with tiotropium
during exposure to IL-13 for 3 weeks prevented IL-13-induced
goblet cell metaplasia. Interestingly, tiotropium was also able to

Figure 3 Tiotropium does not affect epithelial cell differentiation after air exposure. Human airway epithelial cells were cultured at an air–liquid
interface (ALI) and differentiated with or without tiotropium (10 nM) for 2 weeks as described in figure 1. (A) Expression of the differentiation
markers MUC5AC and tektin 1 was analysed by real-time (RT) quantitative (q)PCR. Data represent mean±SEM. (B) Representative images of H&E
staining. (C) Representative images of periodic acid Schiff staining. (D) Flow diagram of steps taken after micro-array analysis (four different donors).
CTR, control; GSEA, gene set enrichment analysis.
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reverse established goblet cell metaplasia, as it inhibited the
increase in MUC5AC-positive cells (90%, figure 6A) and the
increase in goblet cells (50%, figure 6B) when tiotropium was
applied in the last week only in combination with 3 weeks of con-
tinued stimulation with IL-13.

Transcriptional mechanisms involved
In subsequent experiments, we investigated the key transcription
factors involved in IL-13-induced goblet cell metaplasia in HAE
cells and the effect of tiotropium thereon. As depicted in figure 7,
increased MUC5AC expression was accompanied by decreased

Figure 4 Tiotropium attenuates interleukin (IL)-13-induced goblet cell metaplasia. Human airway epithelial cells were cultured at an air–liquid
interface (ALI) and differentiated with or without IL-13 (1 ng/mL) and/or tiotropium (10 nM) for 2 weeks as described in figure 1. MUC5AC-positive
cells were determined by MUC5AC antibody staining; quantification (A) and representative images (B) are shown. Goblet cells were determined by
periodic acid Schiff staining; quantification (C) and representative images (D) are shown. Expression of the differentiation markers MUC5AC (E) and
tektin 1 (F) was analysed by real-time quantitative PCR. CTR, control. Data represent mean±SEM, n=4–8 donors. **p<0.01, ***p<0.001 compared
with CTR; #p<0.05, ##p<0.01 compared with IL-13.
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expression of FoxA2 (1.6-fold) and increased expression of FoxA3
(3.6-fold) and SPDEF (5.2-fold). Nuclear localisation of FoxA2
was demonstrated by immunohistochemistry (data not shown).
Tiotropium had no effect on basal expression of these genes, but
completely reversed the inhibitory effect of IL-13 on FoxA2
(figure 7A). Moreover, tiotropium partially prevented IL-13-
induced FoxA3 expression (figure 7B). IL-13-induced SPDEF
expression was not affected by tiotropium (figure 7C).

DISCUSSION
In this study we demonstrate that non-neuronal acetylcholine
contributes to goblet cell differentiation. HAE cells expressed all
components needed for acetylcholine synthesis, and, although
the muscarinic antagonist tiotropium did not affect epithelial
cell differentiation after air exposure, tiotropium did inhibit
IL-13-induced goblet cell metaplasia. In addition, tiotropium

was able to reverse established IL-13-induced goblet cell meta-
plasia. Furthermore, we provide evidence for the involvement
of the transcriptional regulators, FoxA2 and FoxA3, in this
effect. This study is the first to investigate the role of tiotropium
in ALI-cultured primary epithelial cells, and the results imply
that tiotropium might affect mucus hypersecretion.

Data from this study clearly indicate that all components
needed for acetylcholine synthesis are present in cultured HAE
cells derived from central airways. The fact that epithelial cells
express components of the non-neuronal cholinergic system is
in line with previous studies.5 6 However, in contrast with previ-
ous studies and different from the neuronal cholinergic system
where ChAT is the most prominent enzyme of acetylcholine syn-
thesis,4 6 we were unable to detect significant expression of
ChAT in any of the epithelial cell cultures. Rather, we demon-
strate abundant expression of the acetylcholine-synthesising

Figure 5 Tiotropium attenuates interleukin (IL)-13-induced goblet cell metaplasia in a dose-dependent manner. Human airway epithelial cells were
cultured at an air–liquid interface (ALI) and differentiated with or without IL-13 (1, 2 or 5 ng/mL) and/or tiotropium (10 nM) for 2 weeks as
described in figure 1. MUC5AC-positive cells were determined by MUC5AC antibody staining (A), and goblet cells were determined by periodic acid
Schiff staining (B). CTR, control. Data represent mean±SEM, n=4 donors. $p<0.05 for treatment effect; *p<0.05, **p<0.01, ***p<0.001 compared
with CTR.

Figure 6 Tiotropium reverses established goblet cell metaplasia induced by interleukin (IL)-13. Human airway epithelial cells were cultured at an
air–liquid interface (ALI) and differentiated with or without IL-13 (1 ng/mL) and/or tiotropium (10 nM) for 2 weeks. Thereafter, cells were cultured for
an additional week with IL-13 and/or tiotropium as described in figure 1. MUC5AC-positive cells were determined by MUC5AC antibody staining (A),
and goblet cells were determined by periodic acid Schiff staining (B). CTR, control; wk, week. Data represent mean±SEM, n=4 donors. *p<0.05
compared with CTR; #p<0.05 compared with IL-13.
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enzyme, CarAT. CarAT was first identified 40 years ago as an
alternative way to synthesise acetylcholine in rabbit heart by
White and Wu21 and has been detected in multiple non-
neuronal cholinergic systems since then, including rat skeletal
muscle,22 cat oesophageal mucosa,23 mouse bladder and
abraded urothelium, and human mucosal bladder biopsies.24

The fact that acetylcholine is both a neurotransmitter and a
local signalling molecule produced by non-neuronal cells has
dramatically broadened the view on the role of acetylcholine. It
has been suggested that the non-neuronal cholinergic system
might play a role in lung physiology and/or pathophysiology,
but direct evidence for such a role is still limited. In this study,
HAE cells cultured at an ALI were used as a model system. In
this way, the role of non-neuronal acetylcholine can be investi-
gated, since no neuronal system is present. Moreover, by using
primary cells cultured at an ALI, human physiology is reflected
more closely than by using cell lines such as 16HBE14o−.
Instead of only one basal cell type, an ALI culture is a pseudos-
tratified mucociliary cell culture with different epithelial cells
present, as is also observed in vivo. Our data indicate that cili-
ated cell marker expression in ALI-cultured HAE cells is com-
parable to that in freshly isolated airway epithelial cells, whereas
MUC5AC expression, a marker for goblet cells, is moderately
expressed after ALI culture, but can be markedly increased by
IL-13 exposure. Of specific relevance to our study is the finding
that components of the non-neuronal cholinergic system are
expressed at higher levels in primary ALI-cultured cells than in
16HBE14o- cells.

Tiotropium treatment inhibited IL-13-induced goblet cell differ-
entiation, but did not affect epithelial cell differentiation after air
exposure. Based on n=4 in duplicate, an SD per gene of 0.5 and

an expected fold change of 2, a power of 0.8 can be calculated
assuming a false positive rate of 1 in 20 (5%) genes in the micro-
array study. No genes were found significantly up- or down-
regulated in this study, even when gene sets were taken into con-
sideration (KEGG, Reactome and Biocarta gene sets). Although
the study was not powered for this, when lowering the fold
change to 1.1, some gene changes were detected with a p<0.05.
However, none of these were confirmed in subsequent qPCR
studies. Therefore, we believe that tiotropium does not affect epi-
thelial cell differentiation in cultures not exposed to additional
stimuli, but does affect IL-13-induced goblet cell differentiation.

IL-13 is a central mediator in asthma pathology leading to
goblet cell metaplasia and mucus hypersecretion.8 Mucus secre-
tion and MUC5AC expression are enhanced in asthma and con-
tribute significantly to airflow limitation in asthma by
obstructing the smaller airways.25 26 Stimulation with IL-13
increased MUC5AC expression in a dose-dependent manner in
our study, which is in line with previous studies using ALI cul-
tures.10 11 Moreover, expression of tektin 1, a marker of ciliated
cells, was reduced at the same time by IL-13. Indeed goblet cell
metaplasia was induced, as MUC5AC antibody staining and PAS
staining revealed an increase in mucin-producing cells compared
with control sections. Furthermore, expression of the transcrip-
tion factors SPDEF and FoxA3 was enhanced, whereas expres-
sion of FoxA2 was reduced. This is in line with previous studies
aimed at unravelling the transcriptional network involved in
goblet cell metaplasia.12 13 Interestingly, tiotropium completely
prevented the reduced expression of FoxA2 and partly pre-
vented the increase in FoxA3, whereas increased expression of
SPDEF was not affected. This may explain the partial effect
observed on goblet cell metaplasia after tiotropium exposure.

Figure 7 Effect of tiotropium on
transcriptional mechanisms involved in
goblet cell metaplasia. Human airway
epithelial cells were cultured at an air–
liquid interface (ALI) and differentiated
with or without interleukin (IL)-13
(1 ng/mL) and/or tiotropium (10 nM)
for 2 weeks as described in figure 1.
Expression of the transcription factors
forkhead box protein A2 (FoxA2; A),
forkhead box protein A3 (FoxA3; B)
and SAM-pointed domain-containing
ETS transcription factor (SPDEF; C) was
analysed by real-time quantitative PCR.
CTR, control. Data represent mean
±SEM, n=8 donors. *p<0.05,
**p<0.01, ***p<0.001 compared with
CTR; #p<0.05 compared with IL-13.
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Mucus-secreting cells in the airways include epithelial goblet
cells and submucosal glands. It has been convincingly shown
that the latter are under cholinergic neural control.25 Vagal
stimulation of ferret trachea in vitro or in vivo enhanced mucus
secretion, which was inhibited by the M3 antagonist, 4-DAMP,27

and electrical field stimulation also enhanced mucus release
from human bronchi.28 This neuronal acetylcholine-induced
mucus release is probably derived from airway submucosal
glands. However, there is increasing evidence that acetylcholine
can also induce mucus secretion from goblet cells.25 29 30

Whether goblet cells can release mucus in response to neuron-
ally released acetylcholine is still a matter of debate, but our
data do suggest a role for non-neuronal acetylcholine in the dif-
ferentiation towards this cell type. While submucosal glands pre-
dominate in healthy human airways, goblet cells undergo
metaplasia under disease conditions and predominate in
asthma,25 indicating the potential relevance for inhibition of
this differentiation process.

Therefore, the finding that tiotropium partly prevents
IL-13-induced goblet cell metaplasia in our model implies that
this might be beneficial for patients with asthma. This is in line
with evidence from in vitro and in vivo studies indicating a role
for muscarinic antagonists in mucus hypersecretion. The mus-
carinic antagonist, oxitropium, dose-dependently inhibits
histamine-induced mucus secretion from airway goblet cells.31

Furthermore, Cortijo et al32 demonstrated that muscarinic
receptor stimulation by carbachol induced an increase in
MUC5AC expression in human bronchus and in cultured epi-
thelial cells, which was inhibited by the muscarinic antagonist,
aclidinium. Our data indicate that tiotropium is also able to
reverse established goblet cell hyperplasia, which is of interest
and importance. This suggests that the turnover of goblet cells is
sufficiently rapid to allow reversal of this phenotype within
1 week and argues that cholinergic pressure in combination with
IL-13 is required to both induce and maintain a differentiated
goblet cell phenotype. We have to consider that all these studies,
including the study presented in this paper, used healthy cells to
investigate the effects of muscarinic receptor stimulation on
goblet cell metaplasia. Intriguingly, however, similar findings
were observed in patients with mild asthma, in whom repeated
challenges with methacholine induced epithelial cell prolifer-
ation and goblet cell metaplasia.17 Interestingly, these effects can
be prevented when bronchoconstriction is prevented, suggesting
that preventing bronchoconstriction with tiotropium might have
an indirect inhibitory effect on mucus hypersecretion.17 Animal
studies have also provided indirect evidence of a role for mus-
carinic receptors in allergen-induced goblet cell metaplasia. In
an ovalbumin-induced guinea pig model, tiotropium inhibited
MUC5AC expression and mucus gland hypertrophy.14

Moreover, goblet cell metaplasia was inhibited by tiotropium in
an ovalbumin-induced mouse model.15 Interestingly, knockout
of the muscarinic M3 receptor also inhibits ovalbumin-induced
goblet cell metaplasia and MUC5AC expression.16 Notably,
IL-13 expression was enhanced in the same animals, indicating
that this effect was not mediated via a reduction of the inflam-
matory response.16

Our findings extend these previous observations, as we now
demonstrate that the effects of tiotropium are not only the
result of reduced bronchoconstriction or reduced inflammatory
cytokine expression, but that tiotropium also has a direct effect
on the epithelium. We performed a multiplex cytokine analysis
to verify the absence of the involvement of an inflammatory
response. Only a modest, non-significant increase in inflamma-
tory cytokines was observed after stimulation with IL-13, and,

furthermore, tiotropium had no significant effect on inflamma-
tory cytokines. Therefore we can conclude from our study that
airway epithelial cells express non-neuronal acetylcholine, and
inhibition of this component by anticholinergic agents is suffi-
cient to inhibit IL-13-induced goblet cell differentiation. This
direct effect of tiotropium on airway epithelial cells as observed
in our study might act synergistically with indirect effects of tio-
tropium on epithelial cells in vivo, including reduced mechan-
ical strain and reduced inflammation. However, future clinical
studies are needed to confirm this hypothesis.

Tiotropium is currently registered as a chronic therapy for
patients with severe asthma. Recent evidence indicates that treat-
ment with tiotropium induces bronchodilation in patients with
moderate and severe asthma.1 33 In patients with severe asthma,
use of tiotropium on top of standard therapy with long-acting
β-agonists and inhaled corticosteroids both induces an increase
in FEV1 and reduces the number of severe exacerbations and
episodes of worsening of asthma.2 Results from our study imply
that mucus hypersecretion might also be affected by tiotropium
treatment. Previously, tiotropium has been shown to be effective
in reducing sputum levels in patients with chronic airway mucus
hypersecretion.34 Although it has been proposed that anticholin-
ergic treatment might impair sputum clearance, there is now
increasing evidence that reducing the volume of sputum without
altering viscoelasticity with anticholinergic agents is beneficial
for patients with chronic mucus hypersecretion.35 Future studies
are needed to directly address this hypothesis in more detail.

CONCLUSIONS
We demonstrate that tiotropium can prevent, and also reverse,
IL-13-induced goblet cell metaplasia, indicating that non-
neuronal acetylcholine contributes to goblet cell differentiation.
Modulation of FoxA2 and FoxA3 expression is probably one of
the mechanisms involved. These data imply that this direct
effect of tiotropium on the airway epithelium, in combination
with its protective effects on bronchoconstriction and inflamma-
tion, may protect against mucus hypersecretion.
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Methods 

Culture of human airway epithelial cells 

The immortal human bronchial epithelial cell line 16HBE14o− was cultured in minimum 

essential medium (ME)), supplemented with 10% heat-inactivated foetal bovine serum, 20 U/ml 

penicillin and 20 μg/ml streptomycin and 2 mM L-glutamine (Gibco, Grand Island, NY). Cells 

were collected for RNA analysis. 

Primary human airway epithelial (HAE) cells were obtained from healthy lung transplant donors 

and isolated by enzymatic digestion. Cells from passage 2 were grown submerged on collagen-

coated Transwell inserts until confluence, after which they were cultured at an air-liquid 

interface (ALI) and differentiated for two or three weeks in B/D medium (1:1 mixture of DMEM 

[Gibco, Grand Island, NY] and bronchial epithelial growth medium [BEGM; Lonza, 

Walkersville, MD, USA], supplemented with 0.4% [w/v] bovine pituitary extract [BPE], 

0.5 ng/ml epidermal growth factor [EGF], 5 μg/ml insulin, 10 μg/ml transferrin, 1 μM 

hydrocortisone, 6.5 ng/ml T3, 0.5 μg/ml epinephrine [all from Lonza], 15 ng/ml retinoic acid 

[Sigma Chemical, St. Louis, MO], 1.5 μg/ml bovine serum albumin [Sigma Chemical, St. Louis, 

MO], 0.5 mM sodium pyruvate [Gibco, Grand Island, NY ], 20 U/ml penicillin and 20 μg/ml 

streptomycin [Gibco, Grand Island, NY]). Cells were exposed to IL-13 (1-5 ng/ml; Peprotech, 

Rocky Hill, NJ), tiotropium (10 nM; provided by Boehringer Ingelheim) or the combination of 

IL-13 and tiotropium that was added to the basal medium during the differentiation process. ALI 

cultures were maintained for 14 or 21 days at 37°C in a humidified atmosphere of 5% CO2.  

Medium and stimuli were refreshed three times per week. The apical side of the epithelial cells 
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was washed with PBS at the same time. At the end of the experiment, cells were collected for 

RNA analysis or fixed for histochemistry, and basal medium was collected for cytokine analysis. 

Real time PCR 

Real time PCR was performed with denaturation at 94°C for 30 seconds, annealing at 59°C for 

30 seconds and extension at 72°C for 30 seconds for 40 cycles followed by 10 minutes at 72°C. 

Real-time PCR data were analyzed using the comparative cycle threshold (Ct: amplification 

cycle number) method. The amount of target gene was normalized to the endogenous reference 

gene 18S ribosomal RNA. The specific forward and reverse primers used are listed in Table E1. 
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Tables 

Table E1: Primers used for qRT-PCR analysis. CHT1: high-affinity choline transporter 1; CTL1: 

choline transporter-like protein 1; CTL4: choline transporter-like protein 4; CarAT: carnitine 

acetyltransferase; M1R: muscarinic M1 receptor; M2R: muscarinic M2 receptor; M3R: muscarinic 

M3 receptor; AChE: acetylcholinesterase; BChE: butyrylcholinesterase; FoxA2: forkhead box 

protein A2; FoxA3: forkhead box protein A3; SPDEF: SAM pointed domain containing ETS 

transcription factor. 

Gene Primer sequence NCBI accession 

number 

MUC5AC Forward – ATTTTTTCCCCACTCCTGATG 

Reverse  – AAGACAACCCACTCCCAACC 

XM_006718399.1 

Tektin Forward – TGGGCTGAAGGATACAAAGG   

Reverse  – GATGGCCTTTTCAAGAGCTG 

NM_053285.1 

 

CHT1 Forward – TGCAGTATCTCTGCCCTGTG 

Reverse  – AGCTGGGGGAAGATAACGAT 

NM_021815.2 

CTL1 Forward – TAGCCGACGGTTATGGAAAC 

Reverse  – CCTTGTAAAAGCCACCCGTA 

NM_080546.4 

CTL4 Forward – GGGATCAGCGGTCTTATTGA 

Reverse  – GGCGCAGAAGCAAGATAAAC 

NM_025257.2 

CarAT Forward – AAGAAGCTGCGGTTCAACAT 

Reverse  – GGGCTTAGCTTCTCCGACTT 

BT006801.1 

 

M1R Forward – CCGCTACTTCTCCGTGACTC 

Reverse  – GTGCTCGGTTCTCTGTCTCC 

NM_000738.2 

M2R Forward – TACGGCTATTGCAGCCTTCT 

Reverse  – GCAACAGGCTCCTTCTTGTC 

NM_001006630.1 

M3R Forward – GGTCATACCGTCTGGCAAGT 

Reverse  – AGGCCAGGCTTAAGAGGAAG 

NM_000740.2 
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AChE Forward – CCTCCTTGGACGTGTACGAT 

Reverse  – CTGATCCAGGAGACCCACAT 

NM_001282449.1 

BChE Forward – AAGCTGGCCTGTCTTCAAAA 

Reverse  – CCACTCCCATTCTGCTTCAT 

NM_000055.2 

FoxA2 Forward – ACTACCCCGGCTACGGTTC 

Reverse  – AGGCCCGTTTTGTTCGTGA 

XM_006723562.1 

FoxA3 Forward – CTTCAACCACCCTTTCTCCA 

Reverse  –  GGGAATAGAGGCCCTGGTAG 

NM_004497.2 

 

SPDEF Forward –  ATGAAAGAGCGGACTTCACCT 

Reverse  – CTGGTCGAGGCACAGTAGTG 

XM_005248988.2 

18S Forward – CGCCGCTAGAGGTGAAATTC 

Reverse  – TTGGCAAATGCTTTCGCTC 

NR_003286.2 
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Table E2: Components of the non-neuronal cholinergic system expressed in epithelial cells. 

Expression of the components was analyzed by real-time qPCR in submerged 16HBE14o- and 

submerged HAE cell cultures, in freshly isolated HAE cells and in ALI-cultured HAE cells. Data 

represent means ± s.e. of the mean, n=3. * p < 0.05; *** p < 0.001 compared to submerged 

culture, # p < 0.05; ## p < 0.01 compared to HBE culture, $$$ p < 0.001 compared to freshly 

isolated cells. CHT1: high-affinity choline transporter 1; CTL1: choline transporter-like protein 

1; CTL4: choline transporter-like protein 4; CarAT: carnitine acetyltransferase; M1R: muscarinic 

M1 receptor; M2R: muscarinic M2 receptor; M3R: muscarinic M3 receptor; AChE: 

acetylcholinesterase; BChE: butyrylcholinesterase. 

 

  

 16HBE14o- cells  

(±sem) 

Submerged-

cultured HAE 

cells (±sem) 

Freshly isolated 

HAE cells (±sem) 

ALI-cultured 

HAE cells (±sem) 

CHT1 0.01 (±0.00) 1.00 (±0.60) 22.39 (±5.22)
##

   0.13 (±0.07)
***, $$$

 

CTL1 5.49 (±1.22)
*
 1.00 (±0.09)   0.50 (±0.20)

#
   2.74 (±1.04)

#
 

CTL4 0.01 (±0.00) 1.00 (±0.06) 34.03 (±13.10) 98.31 (±49.62) 

CarAT 1.26 (±0.59) 1.00 (±0.27)   2.22 (±1.06)   0.97 (±0.46) 

AChE 0.02 (±0.01) 1.00 (±0.16)   0.62 (±0.51)   0.02 (±0.01) 

BChE 0.14 (±0.09)
*
 1.00 (±0.09)   0.47 (±0.34)   0.15 (±0.07)

*
 

M1R 1.65 (±1.07) 1.00 (±0.56)   4.17 (±1.83)   0.15 (±0.02) 

M2R 0.18 (±0.06) 1.00 (±0.41)   4.09 (±2.10)   0.23 (±0.06) 

M3R 0.01 (±0.01) 1.00 (±0.92)   4.37 (±3.39)   3.19 (±1.09) 
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Table E3: Effect of IL-13 on the expression of the non-neuronal cholinergic system. Data 

represent average Ct values corrected for 18S (i.e. highest values represent lowest expression 

levels), n=4 donors. CHT1: high-affinity choline transporter 1; CTL1: choline transporter-like 

protein 1; CTL4: choline transporter-like protein 4; CarAT: carnitine acetyltransferase; M1R: 

muscarinic M1 receptor; M2R: muscarinic M2 receptor; M3R: muscarinic M3 receptor; AChE: 

acetylcholinesterase; BChE: butyrylcholinesterase. 

 

 

 

 

 

  

 CTR (±sem) IL-13 (±sem) 

CHT1 24.4 (±1.0) 24.7 (±0.5) 

CTL1 13.1 (±0.4) 13.0 (±0.2) 

CTL4 11.5 (±0.2) 11.2 (±0.1) 

CarAT 14.3 (±0.4) 14.6 (±0.2) 

M1R 20.4 (±0.4) 20.3 (±0.4) 

M2R 22.5 (±0.6) 22.4 (±0.7) 

M3R 18.1 (±0.1) 18.4 (±0.1) 

AChE 21.7 (±0.4) 21.6 (±0.3) 

BChE 20.2 (±0.9) 21.2 (±0.4) 
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Table E4: Effect of IL-13 and tiotropium on inflammatory cytokine release. Cytokine levels were 

measured by a Luminex assay on the basal medium. No significant differences were observed. 

Data represent mean (pg/ml) ± s.e. of the mean, n=8 donors. The following cytokines were 

below the detection limit of 3.2 pg/ml: IFNγ, IL-1 α, IL-1β, IL-2, IL-3, IL-4, IL-5, IL-6, IL-10, 

IL-12 (p40), IL-12 (p70), IL-15, IL-17A, MIP-1 α, TNF-α, TNF-β. 

  

CTR 

 

IL-13 

 

Tiotropium 

IL-13 + 

tiotropium 

Eotaxin 22.3 (±2.2) 25.6 (±2.3) 22.0 (±2.3) 25.2 (±2.9) 

G-CSF 378.4 (±262.7) 415.7 (±208.6) 503.7 (±259.9) 206.4 (±118.3) 

GM-CSF 48.2 (±13.9) 61.8 (±21.3) 30.0 (±6.6) 70.8 (±26.5) 

IFNα2 38.2 (±7.2) 39.4 (±7.0) 36.5 (±7.8) 39.9 (±8.2) 

IL-7 12.5 (±2.5) 15.3 (±2.4) 11.7 (±2.2) 15.8 (±3.1) 

IL-8 1740.5 (±276.7) 2065.5 (±123.8) 1737.9 (±236.4) 1822.9 (±190.9) 

IP-10 24.9 (±6.4) 41.5 (±12.4) 26.9 (±5.8) 59.2 (±17.5) 

MCP-1 30.7 (±18.6) 77.6 (±56.9) 35.2 (±18.5) 142.9 (±87.5) 

MIP-1β 11.0 (±0.1) 11.3 (±0.2) 11.1 (±0.1) 11.2 (±0.2) 
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