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Susceptibility of primary human airway
epithelial cells to Bordetella pertussis
adenylate cyclase toxin in two- and
three-dimensional culture conditions
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Abstract

The human pathogen Bordetella pertussis targets the respiratory epithelium and causes whooping cough. Its virulence

factor adenylate cyclase toxin (CyaA) plays an important role in the course of infection. Previous studies on the impact

of CyaA on human epithelial cells have been carried out using cell lines derived from the airways or the intestinal tract.

Here, we investigated the interaction of CyaA and its enzymatically inactive but fully pore-forming toxoid CyaA-AC–

with primary human airway epithelial cells (hAEC) derived from different anatomical sites (nose and tracheo-bronchial

region) in two-dimensional culture conditions. To assess possible differences between the response of primary hAEC

and respiratory cell lines directly, we included HBEC3-KT in our studies. In comparative analyses, we studied the impact

of both the toxin and the toxoid on cell viability, intracellular cAMP concentration and IL-6 secretion. We found that the

selected hAEC, which lack CD11b, were differentially susceptible to both CyaA and CyaA-AC–. HBEC3-KT appeared

not to be suitable for subsequent analyses. Since the nasal epithelium first gets in contact with airborne pathogens, we

further studied the effect of CyaA and its toxoid on the innate immunity of three-dimensional tissue models of the

human nasal mucosa. The present study reveals first insights in toxin–cell interaction using primary hAEC.
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Introduction

The innate immune response of the respiratory epithe-

lium is essential to combat airborne viruses and bacte-

ria. Bordetella pertussis is a human airway pathogen

that targets the respiratory epithelium and causes

whooping cough, which is a highly contagious and

resurgent disease. This resurgence could be due to

molecular changes in B. pertussis, reduced vaccine

efficacy and waning immunity.1 Besides several other

virulence factors, adenylate cyclase toxin (CyaA) plays

an important role in B. pertussis infection. CyaA is

described by Vojtova et al. as a protein fusion of a

cell-invasive and highly potent adenylate cyclase (AC)

enzyme with a typical repeat in toxin (RTX) cytolysin

moiety.2 CyaA is able to invade eukaryotic cells by

translocating its catalytic domain across the cell

membrane. The AC is activated by endogenous
calmodulin to catalyse unregulated conversion of
adenosine triphosphate to cAMP, causing alterations
in cellular physiology. CyaA is known to target
cells expressing the complement receptor 3 (CR3;
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CD11b/CD18).3 However, it is also able to intoxicate

CR3-negative cells, such as epithelial cells.4–7 Previous

work on CyaA–epithelial cell interaction was carried

out using human airway cell lines. The advantage of

using cell lines is that they are well standardisable and

show greatly enhanced life spans. However, several

airway epithelial cell lines display only certain features

of the corresponding primary cells.8,9 To our knowl-

edge, the impact of CyaA on primary human airway

epithelial cells (hAEC) has not yet been investigated.

Challenges while using primary hAEC are that they are

difficult to standardise and establish in large quantities

due to complex culture techniques, shortness of donor

cells, low passaging capability10 and a high potential of

variability between donors.11 To obtain first insights

into toxin–host cell interaction, we studied the impact

of CyaA and its enzymatically inactive but fully pore-

forming toxoid CyaA-AC– on primary hAEC in two-

dimensional (2D) culture conditions. We analysed cell

viability, intracellular cAMP production and IL-6

secretion. Since previous investigations indicate differ-

ential responses of nasal and bronchial primary hAEC

upon various stimulation,12,13 we performed compara-

tive analyses of primary hAEC obtained from different

anatomical sites (nose and tracheo-bronchial region).

To assess possible differences in our readouts between

primary hAEC and a respiratory cell line directly, we

included HBEC3-KT in our analyses. Since the nasal

epithelium first gets in contact with airborne patho-

gens, we further studied the effect of CyaA and its

toxoid on the innate immunity of three-dimensional

tissue models of the human nasal mucosa.

Methods

Donors

Tracheo-bronchial tissue samples for human tracheo-

bronchial epithelial cell (HTEC) isolation were

obtained from six donors (three female and three

male donors; 39–74 yr old) undergoing elective pulmo-

nary resection at the University Hospital Würzburg

and University Hospital Magdeburg. Specimens from

nasal mucosa to isolate human nasal epithelial cells

(HNEC) and fibroblasts were obtained from six

donors (two female and four male donors; 26–43 yr

old) at the University Hospital Würzburg. Written

informed consent was obtained beforehand, and the

studies were approved by the institutional ethics com-

mittees on human research of the Otto-von-Guericke

University Magdeburg (vote 163/17) and Julius-

Maximilians-University Würzburg (votes 182/10 and

116/17), respectively. Additionally, we used HNEC

obtained from two donors, which were purchased

from Epithelix Sàrl (Geneva, Switzerland; one female
donor, 41 yr old, and one male donor, 63 yr old).

Primary cell isolation, cell lines and cell culture

All cells were cultured under standard conditions
(37�C, 5% CO2), and cell culture media were renewed
three times per wk. Primary hAEC (HNEC and
HTEC) and fibroblasts were isolated and cultured
according to previously published protocols.14,15

Airway epithelial cells were grown in Airway
Epithelial Cell Growth Medium (AECG; #PB-C-MH-
350-0099, PeloBiotech, Martinsried, Germany).
Fibroblasts were grown in DMEM (#10564011;
Thermo Fisher Scientific, Waltham, MA) supple-
mented with 10% FBS (#12103C; Merck, Darmstadt,
Germany). The immortalised human bronchial epithe-
lial cell (HBEC) line HBEC3-KT (ATCC

VR

CRL-
4051TM; LGC Standards GmbH, Wesel, Germany)
was cultured in K-SD medium (defined keratinocyte-
SFM; #10744019; Thermo Fisher Scientific). The
human monocytic cell line THP-1 (ATCC

VR

TIB-
202TM, LGC Standards GmbH) was grown in
GibcoTM RPMI (#61870010; Thermo Fisher
Scientific) supplemented with 10% FBS and antibiotic
antimycotic solution (#A5955; Sigma–Aldrich,
Munich, Germany).

3D Nasal mucosa tissue model generation

As a 3D scaffold for tissue model generation, we used
decellularized segments of the porcine small intestinal
submucosa (SIS), as described elsewhere.9,14,15 Animal
research was performed according to the German law
and institutional guidelines approved by the Ethics
Committee of the District of Unterfranken,
Würzburg, Germany (approval number: 55.2-2532-2-
256). SIS segments were fixed between two cylinders.
Each scaffold was seeded with 50,000 fibroblasts from
the apical side and cultured under submerged condi-
tions. The next day, 1.5–2.5� 105 HNEC were added
from the apical side, and the whole construct was sub-
merged for 24 h. Then, the tissue models matured
under airlift conditions for 21–31 d until beating kino-
cilia and mucus production could be observed at the
light microscopic level. For cell co-culture, a culture
medium mixture made of 50% AECG and 50% fibro-
blast culture medium was used.

Analysis of CD11b expression

To analyse CD11b expression, the method for one-
colour staining, flow cytometry and data analysis
were followed, as described elsewhere.16 HNEC,
HTEC, HBEC3-KT and THP-1 cells (2� 105) were
incubated with CD11b-PE Abs (1:10; #130-091-240;
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Miltenyi Biotec, Bergisch Gladbach, Germany).
Corresponding isotype control Abs (1:10; #553989;
BD Biosciences, Heidelberg, Germany) were included
in all experiments. Flow cytometry was performed in
triplicate from three independent experiments. Data
were analysed using FlowJoTM software v10 (Tree
Star, Inc., Ashland, OR).

Cell viability analysis

To quantify the effect of CyaA and CyaA-AC– on cell
viability, the FITC Annexin V Apoptosis Detection Kit
with 7-amino-actinomycin D (7-AAD; #640922;
BioLegend, San Diego, CA) was used following the
manufacturer’s instructions. In brief, 1� 105 HNEC,
HTEC and HBEC3-KT were incubated with 0.1, 0.5,
1.0 or 5.0mg/ml CyaA or CyaA-AC– for 24 h. CyaA
and CyaA-AC– were provided by Prof. P. Sebo (Czech
Academy of Sciences, Czech Republic). Fifty mM Tris
pH 8, 8 M urea and 2 mM CaCl2 (TUC) buffer-treated
samples served as controls. After incubation, the cells
were detached and stained with FITC-conjugated
Annexin V followed by incubation of 7-AAD.
Samples were analysed by flow cytometry using a
FACSCaliburTM (Becton Dickinson, Heidelberg,
Germany) and FlowJoTM software. Three independent
experiments were performed in triplicate.

Immunofluorescent staining

Mucin 5B (Muc5B) staining of nasal mucosa tissue
models was carried out according to a previously pub-
lished protocol9 (n¼ 3). In brief, the 3D tissue models
were fixed, paraffin-embedded and cross-sectioned.
After deparaffinization, rehydration and Ag retrieval,
the sections were incubated with polyclonal rabbit anti-
Mucin 5B primary Abs (1:100; HPA008246; Sigma–
Aldrich) overnight. Secondary Abs (polyclonal
donkey anti-rabbit coupled to Alexa Fluor 488,
1:400, A-21206; Thermo Fisher Scientific) were incu-
bated at room temperature. Sections were mounted
with DAPI Fluoromount-G

VR

.

cAMP Assay

One hundred thousand cells per well were seeded onto
six-well plates. At about 90% confluency, HNEC,
HTEC and HBEC3-KT cultures were incubated with
0.5 mg/ml CyaA, CyaA-AC– or TUC buffer for 1 h.
Then, the cells were detached and lysed. cAMP in cell
lysates was quantified by a direct competitive ELISA
according to the manufacturer’s instructions (cAMP
Assay Kit; #ab65355; Abcam, Cambridge, UK). The
ELISA assay kit utilises a recombinant protein G–
coated 96-well plate to anchor cAMP polyclonal Abs
onto the plate efficiently. The amount of cAMP-HRP

bound to the plate was determined by reading the col-
orimetric HRP activity at OD450 nm. The measured
cAMP values were normalised to the total protein con-
tent using the DCTM protein assay (Bio-Rad,
Feldkirchen, Germany). We performed four indepen-
dent experiments, each in duplicate.

IL-6 Secretion

Cell monolayers of HNEC, HTEC and HBEC3-KT
and human nasal mucosa tissue models were treated
from the apical side with 1.0 mg/ml CyaA, CyaA-AC–

or TUC buffer for 24 h. The supernatants were collect-
ed, and IL-6 secretion was detected by ELISA in 2D
cultures (Human IL-6 ELISA Kit; catalogue
#ab100572; Abcam) and by a human inflammatory
cytokine kit (catalogue #551811; BD Biosciences) for
3D cultures following the manufacturer’s instructions.
The assays were performed in three independent experi-
ments in duplicate, for both 2D and 3D culture con-
ditions. For 3D cultures, the relative IL-6 secretion was
calculated.

Mucin 5B secretion

Three-dimensional nasal mucosa tissue models were
treated from the apical side with 1.0mg/ml CyaA,
CyaA-AC– or TUC buffer for 24 h. Then, TUC
buffer was added to the apical side of the models to
dilute the secreted mucus and thus to enhance the effi-
ciency of Muc5B collection. The apical supernatant
was collected, and the secreted Muc5B was measured
using a Muc5B ELISA Kit (Mucin 5 Subtype B;
#ABIN414775; Abs-online GmbH, Aachen,
Germany) following the manufacturer’s instructions.
Three independent experiments were performed in
duplicate.

Statistical analysis

One- or two-way ANOVA was performed using
GraphPad Prism v7.4 (GraphPad Software, Inc., La
Jolla, CA). Dunnett’s, Tukey’s or Sidak’s multiple
comparison test was applied to evaluate the statistical
differences between control (TUC) and treatment
groups (CyaA and CyaA-AC–), differences in the con-
trol group (TUC) and cell type-specific differences. A
P value of � 0.05 was considered to be significant, and a
P value of > 0.05 but �0.1 was considered as a trend.

Results

CD11b was reported to be expressed mainly in immune
cells, such as macrophages or dendritic cells.3 To ana-
lyse if CD11b is present in HNEC, HTEC and HBEC3-
KT, we performed flow cytometry. HNEC, HTEC
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and HBEC3-KT cultures were not CD11b-positive

(Figure 1a–c), whereas in THP-1 populations, on aver-

age 90.5% of the cells were CD11b-positive (Figure

1d).
To find out if CyaA can affect hAEC viability, we

incubated the three different airway epithelial cell types

with 0.1, 0.5, 1.0 or 5.0 mg/ml CyaA or CyaA-AC– for

24 h and determined the percentage of Annexin V- and

7-AAD-negative cells. AEC that were treated with

TUC buffer served as control. CyaA or CyaA-AC–

(0.1, 0.5 mg/ml, and 1.0mg/ml) did not change the per-

centage of Annexin V- and 7-AAD-negative cells in

HNEC (Figure 2a) or in HTEC (Figure 2b).

However, 5.0 mg/ml CyaA significantly decreased the

percentage of Annexin V- and 7-AAD-negative cells

to 29.5� 15.5% in HNEC (Figure 2a) and to 64.5�
8.6% in HTEC (Figure 2b). In both HNEC and

HTEC, we did not detect significant changes in

Annexin V-negative and 7-AAD-positive cells after

treatment with CyaA (Figure 3a and b). However,

the percentage of Annexin V-positive and 7-AAD-neg-

ative cells increased significantly (Figure 4a and b).

Additionally, 5.0 mg/ml CyaA-AC– caused a significant

decrease in the percentage of Annexin V- and 7-AAD-
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Figure 1. Airway epithelial cells do not express CD11b. Expression of CD11b in airway epithelial cells and THP-1 was analysed by
flow cytometry. CD11b-positive cells were not found in HNEC (a), HTEC (b) or HBEC3-KT (c) samples. THP-1 populations were
CD11b-positive (d). Blue histograms show isotype control-stained cells and red histograms show cells stained with an anti-CD11b Ab.
The figure shows the histograms of one representative experiment (n¼3).
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Figure 2. Quantification of Annexin V- and 7-ADD- negative AEC after CyaA and CyaA-AC– incubation. The percentage of Annexin
V- and 7-ADD-negative cells is shown for Connect up. HNEC (a), HTEC (b) and HBEC3-KT (c) after incubation with 0.1, 0.5, 1.0 mg/
ml or 5.0 lg/ml of CyaA or CyaA-AC– for 24 h. Data are presented as means (bars)+SEM (error bars) of three independent
experiments. Statistically significant differences compared to the control group (TUC) are indicated (*P< 0.05, ANOVA).
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Figure 3. Quantification of Annexin V-negative and 7-ADD-positive AEC after CyaA and CyaA-AC– incubation. The percentage of
Annexin V-positive and 7-ADD-negative cells is shown for HNEC (a), HTEC (b) and HBEC3-KT (c) after incubation with 0.1, 0.5, 1.0
mg/ml or 5.0 lg/ml of CyaA or CyaA-AC– for 24 h. Data are presented as means (bars)+SEM (error bars) of three independent
experiments. Statistically significant differences compared to the control group (TUC) are indicated (*P< 0.05, ANOVA).
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negative cells to 68.0� 1.3% in HTEC (Figure 2b). In

HTEC, we also found a significant increase in Annexin

V-negative and 7-AAD-positive cells after application

of the toxoid (Figure 3b). Moreover, the percentage of

Annexin V-positive and 7-AAD-negative cells

increased significantly (Figure 4b). Both CyaA

and CyaA-AC– did not affect HBEC3-KT at all

(Figures 2c, 3c and 4c). Even though an application

of 5.0 mg/ml CyaA is most probably not relevant in

vivo, these data suggest that HNEC, HTEC and

HBEC3-KT are differentially susceptible to CyaA.

For subsequent experiments, we decided to apply

CyaA and CyaA-AC– in concentrations < 5.0 mg/ml.
Next, we incubated monolayers of HNEC, HTEC

and HBEC3-KT with CyaA or CyaA-AC– and mea-

sured the intracellular cAMP concentration to analyse

the potential impact of both the toxin and toxoid on

the cell cultures. AEC that were treated with TUC

buffer served as control. Whereas incubation with

either TUC buffer or CyaA-AC– had no effect on intra-

cellular cAMP concentration in all three cell types,

treatment with CyaA induced a significant cAMP

increase (Figure 5a). After incubation with CyaA, the

intracellular cAMP concentration significantly

increased to 4.7� 0.3 pmol/mg protein in HNEC, to

8.1� 1.0 pmol/mg protein in HTEC and to 13.2� 5.1

pmol/mg protein in HBEC3-KT. Both HTEC and

HBEC3-KT showed significantly higher intracellular

cAMP concentrations compared to HNEC.
To study the impact on IL-6 secretion in hAEC, cell

monolayers and 3D tissue models of the nasal mucosa

were treated with CyaA or CyaA-AC–. TUC buffer-

treated samples served as controls. In 2D monolayers,

we observed cell type-specific significant differences in

basal IL-6 secretion: HNEC secreted 210.4� 5.1 pg/ml,

HTEC and HBEC3-KT secreted about 2- (86.1� 8.7

pg/ml) and 78-fold (2.7� 1.6 pg/ml) less IL-6, respec-

tively. Whereas HBEC3-KT were affected by neither

CyaA nor CyaA-AC–, CyaA treatment significantly

increased IL-6 secretion of HNEC and HTEC to

451.6� 1.1 and 371.0� 4.0 pg/ml, respectively, com-

pared to the control condition. CyaA-AC– incubation

did not affect IL-6 secretion of either HNEC or HTEC

(Figure 5b). Moreover, both HNEC and HTEC secret-

ed significantly higher IL-6 concentrations than

HBEC3-KT. These data indicated that the selected

cell types are differentially susceptible to CyaA in 2D

culture conditions. HBEC3-KT did not alter IL-6

secretion after CyaA or CyaA-AC– treatment and

thus appear not to be suitable to study toxin–cell
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Figure 4. Quantification of Annexin V-positive and 7-ADD-negative AEC after CyaA and CyaA-AC– incubation. The percentage of
Annexin V-positive and 7-ADD-negative cells is shown for HNEC (a), HTEC (b) and HBEC3-KT (c) after incubation with 0.1, 0.5,
1.0 mg/ml or 5.0 lg/ml of CyaA or CyaA-AC– for 24 h. Data are presented as means (bars) + SEM (error bars) of three independent
experiments. Statistically significant differences compared to the control group (TUC) are indicated (*P< 0.05, ANOVA).
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interactions further in a complex 3D environment.
Since the nasal epithelium first gets in contact with
airborne pathogens, we subsequently analysed the
effect of CyaA and its toxoid on IL-6 and Muc5B
secretion using 3D tissue models of the human nasal
mucosa. Whereas CyaA-AC– did not affect relative IL-
6 secretion of the 3D tissue models (1.2-fold increase,
P¼ 0.9) compared to the control condition, CyaA
treatment elicited a 2.6-fold increase, which was con-
sidered as a trend (P¼ 0.1; Figure 5c).

Immunofluorescent staining of 3D nasal mucosa
tissue models suggested an increased Muc5B secretion
after application of CyaA (Figure 6a–c). This qualita-
tive observation was confirmed in quantitative ELISA.
Whereas the toxoid did not affect Muc5B secretion
compared to the control condition, CyaA treatment
significantly increased Muc5B secretion to 649.85� 85
pg/ml (Figure 6d).

Discussion

In the present study, we focused on the interaction of
CyaA and its toxoid CyaA-AC– with primary hAEC
and HBEC3-KT, a HBEC line. We found that in 2D

culture conditions, the selected hAEC were differential-
ly susceptible to applied CyaA concentrations regard-
ing cell viability, cAMP production and IL-6 secretion.
In 3D tissue models of the human nasal mucosa, we
demonstrated that CyaA was able to increase IL-6 and
Muc5B secretion. Furthermore, we showed that the
selected hAEC lack CD11b, as indicated earlier.17 It
is known that CyaA binds to CR3 (CD11b/CD18) to
intoxicate target cells.3 It has been reported elsewhere
that CyaA is able to affect colon and airway epithelial
cell lines, which do not express CD11b,5,6 however with
a much lower impact compared to CR3-positive cells.
The present study reveals that primary hAEC are also
susceptible to CyaA in both 2D and 3D culture
conditions.

In 2D culture conditions, HNEC, HTEC and
HBEC3-KT were differentially susceptible to 5.0mg/
ml CyaA and its toxoid in terms of interaction with
Annexin V and 7-AAD. HBEC3-KT were not affected
at all. In HNEC, CyaA but not CyaA-AC– significantly
increased the percentage of Annexin V-positive and 7-
AAD-negative cells, which indicates that CyaA
induced early apoptosis. It is known that CyaA can
induce apoptosis in a macrophage cell line and that
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Figure 5. CyaA affects intracellular cAMP concentration and IL-6 secretion in human airway epithelial cells. (a) HNEC, HTEC and
HBEC3-KTwere incubated with CyaA or CyaA-AC– and intracellular cAMP concentration was analysed (n ¼ 4). (b) Quantification of
human IL-6 secreted by HNEC, HTEC and HBEC3-KT populations after treatment with CyaA or CyaA-AC– was assayed by ELISA of
the supernatants (n ¼ 3). (c) Quantification of human IL-6 secreted by human nasal mucosa tissue models after treatment with CyaA
or CyaA-AC– (n¼3). All data are presented as means (bars) + SEM (error bars). Differences after CyaA incubation compared to the
control group (TUC) are indicated (*P � 0.05, $P> 0.05 � 0.1, ANOVA). Statistically significant differences of IL-6 basal levels are
indicated (#P< 0.05, ANOVA). Significant cell type-specific differences are indicated (&P< 0.05, ANOVA).
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both AC and haemolytic activity are required.18

Surprisingly, we found that both CyaA and

CyaA-AC– increased the percentage of Annexin

V-positive and 7-AAD-negative cells in HTEC, even

though the toxoid used in the present study was not

expected to induce (early) apoptosis. In early apoptosis,

phosphatidylserine (PS), which binds to Annexin V, is

translocated from the cytoplasmic to the outer leaflet

of the cell membrane. However, also pore-forming

agents, such as bacterial toxins, can induce PS exposure

without a loss of plasma membrane integrity. This PS

exposure is considered to be part of a cell membrane

repair mechanism that is mediated by the lipid scram-

blase TMEM16F.19 Since in HTEC the toxin and the

toxoid comparably elevated the percentage of Annexin

V-positive and 7-AAD-negative cells, we assume that in

these cells, CyaA and CyaA-AC– induced pore forma-

tion, whereupon the cells initiated cell membrane

repair. Moreover, HTEC treated with the toxoid

showed a significantly increased percentage of cells

with a compromised cell membrane (Annexin V-nega-

tive/7-AAD-positive cells). This increase from 5.0% in

the control condition to 9.3% was statistically

significant. However, an increase of 4.3% was consid-

ered minor biological relevance in this assay. The

applied CyaA/CyaA-AC– concentration of 5.0mg/ml

in the present study is most probably physiologically

irrelevant and does not reflect the infection situation in

vivo. However, these data show the differential suscep-

tibility of primary hAEC and HBEC3-KT to CyaA and

its toxoid. The reasons for the observed cell type-

specific effects remain speculative. It is known that

CyaA binding to CR3 is dependent on the receptor’s

glycosylation state.20 Thus, it was suggested that CyaA

could interact with glycosylated structures located at

the surface of CD11b-negative cells too.6 There is a

lack of information on cell type-specific surface glyco-

sylation of HNEC, HTEC and HBEC3-KT. However,

it was reported that human tracheal, bronchial and

submucosal gland epithelial cells differentially secrete

mucin-like glycoproteins, which vary in their relative

glycosylation levels.21 Conducting research into this

direction could give further insights into cell type-

specific susceptibility of hAEC to CyaA both in undif-

ferentiated 2D monolayers and in differentiated respi-

ratory tissue models.

800

(a) (b) (c)

(d)

* HNEC

600

400

200

0
TUC CyaA CyaA-AC–

M
U

C
5B

 s
ec

re
tio

n 
(p

g/
m

l)

Figure 6. CyaA modulates Muc5B secretion in 3D nasal mucosa tissue models. Immunofluorescent staining (a–c) revealed a qual-
itative increase in Muc5B secretion (green) upon CyaA treatment. Cell nuclei are stained with DAPI (blue). Scale bar: 100 mm. ELISA
of the supernatants (c) show a quantitative increase in Muc5B secretion after stimulation with CyaA. Data are presented as means
(bars) + SEM (error bars) of three independent experiments. Statistically significant differences of Muc5B secretion after treatments
compared to control group (TUC) are indicated (*P< 0.05, ANOVA).
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In 2D culture conditions, all three airway epithelial
cell types showed an elevated intracellular cAMP level
upon stimulation with CyaA, which was cell type spe-
cific. As expected, the enzymatically inactive but fully
pore-forming toxoid did not change intracellular
cAMP level in either of the cell types. Previous findings
on increased cAMP secretion after stimulation with
CyaA in a hAEC line are comparable to what we
found in primary hAEC and HBEC3-KT.6

Moreover, we found a noticeable cell type-specific
baseline IL-6 secretion in 2D culture conditions. Our
findings are consistent with previously published stud-
ies, where significantly higher IL-6 baseline concentra-
tions of HNEC compared to primary HBEC were
described.13,22 Further investigations of other groups
revealed a differential response of HNEC and HBEC
in terms of IL-6 protein level after stimulation with
various cytokines, lipopolysaccharide or rhinovi-
rus.12,13,22,23 Since these data were obtained from
both paired and non-paired cultures of HNEC and
HBEC and yielded consistent results, we consider our
data obtained from non-paired samples as reliable in
terms of cell type-specific response to CyaA and CyaA-
AC–. To exclude an effect of culture conditions on our
readouts, we cultured all cell types under comparable
conditions. Since nasal epithelial cells are exposed to
environmental factors in the first place, it makes sense
from a biological point of view that these cells show a
more intense innate immune response compared to
tracheo-bronchial cells, which are located at lower ana-
tomical sites.

In contrast to primary HNEC and HTEC,
HBEC3-KT did not increase IL-6 secretion after
CyaA treatment. It was previously found that after
silica nanoparticle exposition, HBEC3-KT secreted sig-
nificantly lower concentrations of IL-6 compared to
the respiratory cell line BEAS-2B.24 We found in our
previous study9 that another part of the innate immune
system, the differentiation to the mucociliary pheno-
type, was impaired in HBEC3-KT. Thus, we assume
that HBEC3-KT are not suitable to study the impact
of CyaA further, since the innate immune response, at
least in terms of IL-6 secretion and mucociliary differ-
entiation, differs from observations made in primary
respiratory epithelial cells.

Since nasal epithelial cells first get in contact with
airborne pathogens, we studied the effects of CyaA and
its toxoid on the innate immunity of 3D nasal mucosa
tissue models to obtain first insights in toxin–host cell
interaction in a more in vivo-like environment. The
effect of both the toxin and the toxoid on IL-6 secre-
tion obtained from these tissue models are consistent
with our observations made in 2D cultures. However,
since there was high donor variability, we could only
measure a tendential increase of IL-6 secretion after

CyaA treatment. Inter-individual innate immune

response of respiratory epithelial cells has been

reported before25 and still represents a challenge

while working with differentiated hAEC. Further

assays in a 3D environment showed that CyaA induced

Muc5B hypersecretion, which is, besides Muc5AC, the

major gel-forming respiratory mucin produced by

respiratory goblet cells. It was previously shown that

Muc5B secretion could be enhanced by several bacte-

rial virulence factors but also through cytokines.26 For

example, IL-6 induces Muc5B expression via the extra-

cellular signal-regulated kinase (ERK) signalling path-

way in differentiated human respiratory epithelial

tissue models.27

Conclusion and outlook

Even though the hAEC used in the present study lack

CD11b, CyaA is able to affect these cells. In general,

the in vivo relevance of the applied CyaA concentra-

tions is questionable. Eby et al. suggest local CyaA

concentrations in human nasal samples with a maxi-

mum of around 100 ng/ml.28 However, the actual

local concentrations released by B. pertussis in vivo

remain to be determined. Moreover, in vivo CyaA

acts with other B. pertussis virulence factors to colonise

and intoxicate host cells effectively. Thus, studies

focusing solely on one virulence factor can just eluci-

date certain aspects of host–pathogen interaction. The

present study reveals first insights in toxin–host cell

interaction using monolayer cultures of primary

human AEC and complex tissue models of the nasal

mucosa. Subsequent studies should be conducted,

preferably in 3D tissue models of the human ciliated

respiratory epithelium/mucosa, which show a high

in vitro–in vivo correlation.
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