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Abstract

Bordetella pertussis, the causative agent of whopping cough, produces an adenylate
cyclase toxin (CyaA) that plays a key role in the host colonization by targeting innate
immune cells which express CD11b/CD18, the cellular receptor of CyaA. CyaA is also able
to invade non-phagocytic cells, via a unique entry pathway consisting in a direct transloca-
tion of its catalytic domain across the cytoplasmic membrane of the cells. Within the cells,
CyaA is activated by calmodulin to produce high levels of cyclic adenosine monophosphate
(cAMP) and alter cellular physiology. In this study, we explored the effects of CyaA toxin

on the cellular and molecular structure remodeling of A549 alveolar epithelial cells. Using
classical imaging techniques, biochemical and functional tests, as well as advanced cell
mechanics method, we quantify the structural and functional consequences of the massive
increase of intracellular cyclic AMP induced by the toxin: cell shape rounding associated to
adhesion weakening process, actin structure remodeling for the cortical and dense compo-
nents, increase in cytoskeleton stiffness, and inhibition of migration and repair. We also
show that, at low concentrations (0.5 nM), CyaA could significantly impair the migration and
wound healing capacities of the intoxicated alveolar epithelial cells. As such concentrations
might be reached locally during B. pertussis infection, our results suggest that the CyaA,
beyond its major role in disabling innate immune cells, might also contribute to the local
alteration of the epithelial barrier of the respiratory tract, a hallmark of pertussis.

Introduction

The adenylate cyclase (CyaA) is a major toxin secreted by Bordetella pertussis, the causative
agent of whopping cough. This toxin plays a key role in the early stage of colonization of the
respiratory tract by Bordetella pertussis. CyaA is able to invade eukaryotic cells in which it
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translocates its catalytic domain which is activated by endogenous calmodulin to catalyze a
massive production of cyclic AMP (cAMP), resulting in profound alterations of cellular physi-
ology [1-3]. The cytotoxic effects of CyaA are mainly directed towards neutrophils and macro-
phages, as well as other innate immune cells that express the CD11b/CD18 integrin, which is
the main cellular receptor of CyaA [4]. CyaA inhibits the phagocytic function of neutrophils
and macrophages by impairing chemotaxis and oxidative response, and eventually triggers cell
apoptosis and necrosis [5-9]. Yet, CyaA is also able to invade a wide variety of non-phagocytic
cells [1, 2, 8]. A similar unique mechanism of entry in the cytosol is likely used by CyaA in
both immune and non-immune cells. It consists in a direct translocation of the catalytic
domain across the cytoplasmic membrane of the cells [10] which is confirmed by the rapidity
of the intoxication (or internalization) process (basically a few seconds) with however differ-
ences depending on cell type [10-12]. Nevertheless, the molecular mechanisms by which
CyaA penetrates the target cells are still largely elusive and the physiological consequences of
the toxin activity remain to be precisely determined especially in non immune cells [1]. In par-
ticular, several studies have recently suggested that CyaA might also act at the site of infection
on the epithelial cells of the respiratory tract. First, Eby et al. [13] have quantified the amounts
of CyaA that is produced locally during infection of the respiratory tract and they found that,
at the bacterium-target cell interface, the concentration of CyaA may exceed 100ng/ml (about
0.6nM of toxin). Other studies have suggested that CyaA at these concentrations may affect
the epithelial cells and eventually contribute to the alteration of the epithelial barrier which is
primarily affected by the cytopathic action of the tracheal cytotoxin, TCT, released by B. per-
tussis. Ohnishi et al. (2008) first showed that CyaA induces morphological changes on cultured
rat alveolar epithelial cells [14]. Eby et al. reported that polarized T84 cell monolayers as well
as human airway epithelial cultures could respond to nanomolar concentrations of CyaA
when it was applied to the basolateral membranes [15]. We then showed that CyaA can invade
A549 alveolar epithelial cells and trigger a significant remodeling of their molecular adhesion
systems [16] and, more recently, Hasan et al. (2018) analyzed the impact of CyaA on the func-
tional integrity of human bronchial epithelial cells cultured at the air-liquid interface [17].

Cytoskeletal (CSK) rearrangement may be caused by different signal events including mod-
ifications in the intracellular Ca®>* and cAMP-mediated signaling which have been involved in
perturbations of the actin CSK homeostasis in different cells [18, 19]. These two factors are
indeed deeply modified and markedly increased after CyaA invasion suggesting that the CyaA
toxin could trigger significant CSK remodeling of the host cells [8, 9, 20, 21].

In the present study, we further characterized the CyaA-induced structural remodeling and
functional alterations of the CSK and mechanical properties of A549 alveolar epithelial cells.
We show that CyaA intoxication reduces the migration and wound healing capacities of these
cells when they are exposed to toxin doses mimicking those reached in vivo during B. pertussis
infection. Our present results therefore suggest that the CyaA toxin may contribute to the local
disruption of the integrity of the airway epithelium.

Materials and methods
Cellular model of intoxication

Culture of Alveolar Epithelial Cell lines (AECs). Experiments were carried out on A549
cells which are an alveolar epithelial cell line (AECs) classically used for cell respiratory physi-
ology studies. Briefly, this line, which originates from a pulmonary epithelium adenocarci-
noma taken from patient, is obtained from the National Cancer Institute’s lineage library (ref:
ATCC Collection No. CCL-185). A549-type epithelial cells have been used in the laboratory
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for many years [22, 23] as they express a phenotype like certain pulmonary alveolar epithelial
cells, i.e., the type II pneumocytes [24].

AEC:s offer many advantages for studying in vitro the pathophysiological response of pul-
monary cells [25]. They form adherent and tight junctions when grown to confluence and
express a wide variety of cytokines, growth factor and receptors and notably several transmem-
brane receptors of the integrin type [26]. These integrin receptors bind the synthetic peptide
containing the RGD sequence present in many extracellular matrix components. The peptide
RGD is classically used for integrin-specific cell-binding as done in the present study and in
many previous studies [27, 28]. To maintain integrin expression at a sufficiently high level
[29], the passage number was maintained in the low range (~12"-16").

The cells are cultured in plastic flasks treated for cell adhesion with a filter cap (25 or 75
cm?, Techno Plastic Products AG, Switzerland). The culture medium consists of DMEM
(Gibco Life Technologies), 10% fetal calf serum or FCS (Sigma-Aldrich, St. Louis, MO, USA)
as well as 1% antibiotics (penicillin and streptomycin). The FCS is the most complex compo-
nent because it contains growth factors, hormones, elements of the extracellular matrix, e.g.,
fibronectin and vitronectin, and all other element contained in the blood, except the figured
elements, i.e., the coagulation factors and the complement.

The cultures are incubated at 37°C in a controlled atmosphere (5% CO, and 95% humid-
ity). The cells are adherent to the support and must therefore be peeled off using trypsin-
EDTA 0.05% (Sigma-Aldrich, St. Louis, MO, USA) and then subcultured with a split ratio of
1/10. After centrifugation at 200g, the cell pellet is re-suspended in DMEM-10% FCS medium
and a part is transferred to another flask. To keep the line and have a stock, the unused cells
are frozen. For experiments, we used a density of 7.10° cells and seeded on petri-dish (TPP
()34mm) coated with fibronectin at 10ng/mm?>.

Production and purification of CyaA and its inactive variant CyaAE5. CyaA and the
enzymatically inactive variant CyaAES5 (resulting from a Leucine and Glutamine (LQ) dipep-
tide insertion between D188 and 1189 in the catalytic core of the enzyme [30]) were expressed
in Escherichia coli and purified to homogeneity by previously established procedures [4, 31].
Succinctly, the inclusion bodies were solubilized overnight at 4°C in 20mM Hepes, 8M urea,
pH 7.4. The soluble urea fraction was recovered by centrifugation, supplemented with 0.14M
NaCl and then loaded on a Q-Sepharose fast flow resin equilibrated with 20mM Hepes, 140
NaCl, 8M urea, pH 7.4. Contaminants were eliminated by an extensive wash in the same
buffer; the CyaA protein is then eluted using a NaCl gradient (CyaA elution occurs around
500mM NaCl). After dilution of the eluate in 20mM Hepes, 8M urea to reach 100mM NaCl,
the CyaA batch is loaded onto a second Q-sepharose Hi Performance column. Washing and
elution are operated in the same conditions as the first Q. This step allows to obtain a concen-
trated CyaA protein which is then diluted 5 times with 20mM Hepes, 1M NaCl, pH 7.4 and
loads onto a 70ml phenyl-sepharose column and washes with 20mM Hepes, 1M NaCl, with
Hepes 20mM again and then with 50% isopropanol. After an extensive wash, the toxin is elu-
ated with 20mM Hepes and 8M urea. The eluate is then applied onto a sephacryl 500 (GE
healthcare, HIPREP 26/60) equilibrated in 20mM Hepes and 8M urea. CyaA batches are
pooled and concentrated by ultrafiltration and stored at -20°C in 20mM Hepes and 8M urea.
CyaA toxin concentration is determined by UV-spectrophotometry using a molecular extinc-
tion coefficient Em280 = 143590 M 'cm™! computed from the CyaA sequence on the Prot-
Param server (http://web.expasy.org/protparam/http://web.expasy.org/protparam/). The
purity of CyaA batches is higher than 90% as judged by SDS PAGE analysis and contained less
than 1 EU of LPS/pg of protein as determined by a standard LAL assay (Lonza). Finally, CyaA
is refolded into a urea-free, monomeric and functional holo-state [31, 32]. The refolding effi-
ciency is around 40+5% (population monomer / total population of proteins). The biological
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functions, i.e., hemolysis, translocation of Adenylate Cyclase Domain (ACD) and cAMP pro-
duction, are routinely assayed as described in [31] and [33]. The aliquots of monomeric species
of CyaA are stored at -20°C in 20mM Hepes, 150mM NaCl, 2mM CaCl,, pH 7.4.

Handling of CyaA and CyaAES5 toxins. For our experiments, CyaA and CyaAE5 recom-
binant proteins are diluted into a mix solution containing DMEM-10% Fetal Bovine Serum
(FBS), buffer and CaCl2. CyaA mixture or CyaAE5 mixture is directly added on cells for 30
or 60 min. We used a range of concentration of CyaA or CaAE5 toxin from 0.5 to 10nM.

Biological tests

CAMP assays. A549 cells are seeded at 3.10° cells/well in 96 well plates. After 24 hours,
cells are exposed for 60 min to three different concentrations (0.5, 5, and 10nM) of either the
CyaA toxin or the enzymatically inactive CyaAES5 protein. The CyaA mix was removed and
cells were washed. Cells were then recovered and lysed using 0.1M HCl in order to collect the
intracellular content. The concentration of cAMP in the lysates was then measured by using a
competitive ELISA kit for cAMP (Invitrogen, ref. EMSCAMPL) following the recommenda-
tions of the manufacturer.

Cell viability evaluation by MTT and trypan blue tests. MTT (3- [4,5-dimethyl-2-thia-
zolyl] -2,5-diphenyltetrazolium bromide, Sigma M5655) is a tetrazolium salt giving a yellow
solution when diluted in the medium. It is converted into insoluble violet formazan in the cul-
ture medium after cleavage of the tetrazolium ring by the active mitochondrial dehydrogenases
of living cells only (dead cells are not detected by this assay). 2500 cells are seeded per well in a
96-well plate. After 24 hours of incubation, the cells are synchronized with DMEM at 0% FCS
without phenol red. After 72 hours of incubation, different concentrations of CyaA are added
for 60 minutes. Then the CyaA mix was removed and cells were washed. Finally, 50 uL of
MTT solution at 2 ug/ml are then added to each well. After 4 hours of incubation, the medium
is removed by inversion. 200 uL of pure DMSO were then added to each well. Finally, the
96-well plate is read from the ELISA reader at a wavelength of 550nm. Results are expressed
in terms of optical density OD (or absorbance).

The Trypan blue is a vital stain used to selectively color dead cells which is used comple-
mentary to the MTT test. The colorant penetrates and stays only in dead cells which are not
able to eject it. This mechanism requires a cellular energy that is provided by mitochondria,
thus enabling to eject the colorant but only in living cells. Practically, the Trypan blue (Sigma-
Aldrich) is added to cell suspension which was previously exposed or not to CyaA toxin (0.5, 5
and 10nM). Then, specifically for the cell counting procedure, we discriminated live cells (no
color) and dead cells (in blue) by counting with a hematocytometer Malassez to obtain a viabil-
ity percentage: (live cell number/total cell number) x100.

Actin cytoskeleton (CSK) and focal adhesion staining. The A549 cells are seeded at a
density of 75,000 cells per coverslip (#12mm). After 24h incubation at 37°C and 5% CO,, the
cells reach 60% confluence and are incubated for 60 min at 37°C in complete medium (control
conditions) or complete medium supplemented with CyaA toxin (0.5, 5 or 10nM final concen-
trations). In some experiments, in control and after 60 min of CyaA incubation, cells are
exposed 30 min to Mn?* (0.5mM final concentration). The cells are washed with PBS and then
fixed for 10 min in 4% paraformaldehyde, permeabilized by addition of 0.3% Triton in PBS.
Non-specific sites are blocked by incubation of PBS-1% BSA during 30 min. Then, cells are
incubated for 1 hr at room temperature with anti-phosphotyrosine primary antibody PY99
(sc-7020, Santa Cruz Biotechnology) diluted at 1/150 in PBS-1% BSA. The PY99 antibody is
then detected with an Alexa-488 labeled secondary antibody (Life Technology ref. A-21042
diluted 1/1000 in PBS) to reveal focal adhesion points (in green). After rinsing with PBS-
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0.02% Triton, the cells are incubated in a dilute solution of phalloidin tetramethylrhoda-
mine bisothiocynate (Sigma, ref. P1951 diluted at 1/2000 in PBS) in order to display actin
fibers (in red).

Coverslips were mounted on a slide with the cell side down in Prolong (LifeTechnology,
ref. P36974). Staining structures are observed, and images are acquired on an Axio Imager
confocal microscope (Zeiss) at 63x magnification. To analyze images of the cells selected by
random fields, the mean level of fluorescence of F-actin is determined in each cell by automatic
quantification by Image]J software relatively to the fluorescent background level of each image.
The effective mean fluorescence of cells is obtained after subtraction of background fluores-
cence. In order to distinguish the cortical and the dense actin filaments, two different fluores-
cence thresholds on Image]J software were used, i.e., 152 for the cortical actin and 534 for the
dense actin, to permit the quantification of actin fluorescence at two detected levels. In the
same way, different thresholds were used to distinguish different size areas of focal adhesion
points (< or > to 1 um?). Finally, on the same coverslips, we used the LSM5 Pascal software to
make stacks of images (every 0.5 um) in the vertical direction ‘2’ and to carry out a 3D recon-
struction of the shape of the cell in order to measure the cell height in each condition.

Functional assessments

Measure of the CSK stiffness by Magnetic Twisting Cytometry (MTC). A549 cell
mechanical properties were measured by a bead micromanipulation system through CSK
specific probing called MTC which has been extensively described in the literature [27, 28].
Probes are ferromagnetic microbeads functionalized with an integrin specific ligand, e.g.,
fibronectin. When an external magnetic field is exerted, these beads apply a torque to the living
cell structure through CSK specific-ligand binding. The relationship between the measured
bead rotation angle (angular strain averaged over the cell culture during cellular loading), and
the applied torque provides CSK-specific measurements of mechanical (rheological) properties
of the cell. This technique invented by Wang et al. in 1993 [28] has been recently upgraded by
Isabey and co-workers to achieve a multiscale quantification of cellular and molecular parame-
ters [27]. Each MTC measurement is performed twice on a wide number of cells (7 x 10*). The
specific attachment of microbeads to the actin CSK is assessed in control conditions by treat-
ing cells with the actin-depolymerizing drug Cytochalasin D (CytoD) at a concentration of
10 uM. Advantageously, the large number of beads and their uniform distribution throughout
the cell culture guarantee an instantaneous homogenized cell response, representative of the
dominant structural behavior. The key parameter obtained is the elasticity modulus or cyto-
skeleton stiffness (E in Pa), which has been measured for the different concentrations of the
CyaA toxin. E quantifies the mechanical stiffness of CSK structure and reflects also the intra-
cellular tension or prestress [34].

It should be underlined that, based on the principle of the MTC method presently used,
only living cells contribute to the MTC signal. Indeed, cell stiffness vanishes when cells are
dead, (e.g., acto-myosin motors are not active anymore and internal tension drops to zero).
Thereby ferromagnetic microbeads—if still attached to cell surface—would turn instan-
taneously by 90° and thus would not contribute to the MTC signal. Similarly, detached beads
floating in the culture medium, would turn freely and thus would not contribute to the signal
either [27].

Measure of cell migration and wound healing. A549 cells were seeded at a density of 10°
cells/chamber in a 12-well simple chamber. There were incubated during 24 hours in complete
medium (DMEM, 1% penicillin, 5% SVF) to form a confluent monolayer. Cells were exposed
during 1 hr to the different concentrations of CyaA toxin or to complete medium (control
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conditions). The cell monolayer was scratched with a pipette tip of 5 pm-distal diameter to cre-
ate a wound and rinsed 3 times with medium in order to remove the entire detached cell popu-
lation. Transmission images of the wound repair of the cell monolayer are taken every 3 hrs
with a black and white CDD camera (Kappa DX20-H) mounted on a fluorescent-transmission
microscope (Leitz Labovert FS). Cell migration was determined by the aptitude of cells to close
the wound. The quantification of the repair of the monolayer is made by measuring the wound
area using Image] (W.S. Rasband; NIH, Bethesda). The evolution of the repaired area is quan-
tified by the following formula:

initial - t
Repaired area(%) — (initia a.re.a. current area) « 100 (1)
(initial area)

The wound repair is followed until complete closure (repaired area = 100%).

Results

We previously showed [16] that A549 alveolar epithelial cells are sensitive to CyaA that triggers
a cAMP-dependent remodeling of their molecular adhesion system, resulting in a significant
weakening in their initial adhesion processes. Here we further examined the effects of CyaA
on the reorganization of the actin cytoskeleton and evolution of focal adhesions. A549 cells
were exposed for 1 hr to various concentrations of CyaA (ranging form 0.5 to 10nM) and then
the F-actin structures were visualized by phalloidin staining (in red) and focal adhesions were
visualized with anti-phosphotyrosin PY99 antibodies (in green) (Fig 1).

In cells incubated with CyaA, a marked remodeling of actin structure and focal adhesion
reorganization is observed. This effect is characterized by a progressive concentration-depen-
dent disappearance of stress fibers associated with a significant loss of number of focal adhe-
sion points. Noteworthy, the effect of CyaA intoxication on both actin structure and focal
adhesion could be partially counteracted by addition of manganese (0.5mM Mn?>") during the
last 30 min of incubation with CyaA (Fig 1). Control cells exposed to Mn** (Fig 1D) shows a
strong reinforcement of both F-actin structure and most particularly focal adhesion points, as
expected given the activation of integrins forced by Mn** [35, 36]. It appears that CyaA-intoxi-
cated A549 cells still respond to manganese exposure but to a lesser extent than the non-intoxi-
cated (control) cells. Thus, Mn?" treatment enables partial reversibility of the intoxication
effects induced by CyaA. Due to its high affinity for integrins [35, 36], Mn** enables to reacti-
vate adhesion and cell spreading via the reinforcement via the integrin activation and cluster-
ing at the cell membrane of intoxicated A549 cells. The Mn*" effects suggest that CyaA toxin
affects preferentially both the actin CSK and the integrin-dependent adhesion system.

Quantifications of global fluorescent F-actin at the basal face of spread A549 after 60 min of
CyaA exposure (Fig 2) reveal a significant decrease in F-actin intensity, in a toxin concentra-
tion-dependent manner. This confirms the microscopic observations shown above. Quantifi-
cations of F-actin structures at low density F-actin (cortical or sub-membranous F-actin) and
high-density F-actin (stress fibers) reveal that cortical actin sub-structures are predominantly
and significantly affected by CyaA exposure while the dense actin sub-structures are only
slightly affected (Fig 2). The decrease in total F-actin intensity in CyaA-intoxicated cells is also
observed after Mn>" exposure although the proportion of cortical versus dense F-actin is mod-
ified in favor of the dense F-actin with manganese (compare Figs 2 and 3).

Quantification of the number of focal adhesion (FA) points after 60 min of CyaA exposure
is given for all FA sizes as well as for the small (< 1 pm®) and large (> 1 um?) FA sizes (Fig 4).
The total number of adhesion sites in cells exposed to CyaA markedly decreases as the toxin
concentration increases. For all conditions studied, the wide majority of adhesion sites is
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F-actin Focal Adhesions Merge Merge + 0.5 mM of Mn?*
(Phalloidin, red)  (Phosphotyrosin PY99, green) (30 min)

CyaA0,5 nM
(60 min) Control

CyaA5 nM
(60 min)

CyaA 10 nM
(60 min)

Fig 1. Cell imaging of F-actin structure and focal adhesion points. Co-staining of F-actin (with phalloidin, in red) and of focal adhesions (with
anti-phosphotyrosin PY99 antibody, in green) in fixed A549 cells (control conditions) after 1 hr of exposure to the indicated concentrations of CyaA
toxin. (A, E, I, M) F-actin staining, (B, F, ], N) focal adhesion staining, (C, G, K, O) merge images. Right panels (D, H, L, P) show merged images of F-
actin staining and focal adhesion staining for cells incubated with the indicated concentrations of CyaA for 60 min followed by a 30 min exposure to
Mn?* at a concentration of 0.5mM. (A-D) Control conditions (no CyaA), (E-H) cell exposure to 0.5nM of CyaA, (I-L) cell exposure to 5nM of CyaA,
(M-P) cell exposure to 10nM of CyaA. Images were obtained by confocal microscopy with x63 magnification. S1 and S2 Figs further document the
cell viability and intracellular cAMP accumulation in the A549 cells exposed to CyaA.

https://doi.org/10.1371/journal.pone.0228606.9001

constituted by small adhesion sites, the number of which is significantly reduced as the CyaA
concentration increases. By contrast, the number of large adhesion sites is always significantly
smaller than the total number of FA (statistics not presented) but, compared to small FA, the
decay in the number of large FA (as the CyaA concentration increases) is only slightly
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Fig 2. Quantification of fluorescence levels of global, cortical and dense F-actin in A549 after 60 min of CyaA exposure. The
bar graph provides a quantification of F-actin fluorescence in A549 cells before (control conditions) and after 60 min of exposure
to the indicated concentrations of CyaA. The specific distribution of the cortical (submembranous) and dense (stress fibers)
actin structures were analyzed by using intermediate thresholds of fluorescence (see Material and methods). ‘n’ corresponds to
the number of analyzed cells. Error bars are + SEM; * p < 0.05; ** p < 0.01; *** p < 0.001.

https://doi.org/10.1371/journal.pone.0228606.g002

significant (Fig 4). The exposure to Mn>" (Fig 5) modifies the size distribution of FA by
decreasing the proportion of small adhesion sites while increasing that of large adhesion sites
(Fig 5). Thus, CyaA triggers a drastic weakening in cell adhesion processes which can be partly
reversible by exposure of cells to Mn**. In other words, manganese treatment partially coun-
terbalances the changes in FA size and remodeling of F-actin structures induced by the toxin.

The effects of CyaA on the global shape of A549 cells were examined by analyzing images
from different confocal planes. Statistics of cell spreading area and cell height for the different
conditions of CyaA exposure tested reveals significant changes in cell shape after intoxication
by the CyaA toxin (Fig 6A and 6B). The cell shape change can logically be related to the CyaA
induced weakening process of adhesion presented in Figs 1 to 5 and suggests that CyaA trig-
gers cell rounding. This is consistent with prior studies that showed a similar change in cell
morphology, i.e., namely a rounding process, in various cultured cell lines—notably in type II
alveolar cells [14].

To examine whether CyaA intoxication affects acto-myosin motors and notably intracellu-
lar cytoskeletal tension, we measured the changes in the cytoskeleton (CSK) stiffness. We
analyzed the CSK stiffness by using the Magnetic Twisting Cytometry (MTC) technique. Fer-
romagnetic microbeads coated with an integrin specific ligand, (i.e., fibronectin), are used to
probe the mechanical (rheological) properties of the cells when a torque is exerted by an exter
nally applied magnetic field [27, 28].

CSK stiffness measurements performed after 30 min (Fig 7A) and 24 hrs (Fig 7B) of cell
exposure to different toxin concentrations reveal a CyaA-dependent increase in CSK stiffness
of up to 45% (as compared to that of control cells) after 30 min-exposure to the highest CyaA
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Fig 3. Quantification of fluorescence levels of global, cortical and dense F-actin in A549 cells after 60 min of CyaA followed by
30 min of Mn®" exposure. The bar graph provides a quantification of F-actin fluorescence in A549 cells before (control conditions)
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concentration (10nM). This increase remains very significant even after 24 hrs-exposure to
CyaA. Noteworthy, the significant decay in CSK stiffness observed after CytoD treatment
confirms that the measured stiffness is actin-CSK specific as expected by the use of fibronec-
tin-coated microbeads functionalized for integrins (see Material and methods). Note that
changes in cell mechanical properties measured by MTC which are also known to reflect
changes in cytoskeleton internal tension [34] are closely related to cell shape [37, 38].

The discrepancies between CytoD and CyaA effects reveal the high specificity of the CyaA-
induced changes in cell morphology and mechanics. It is is likely due to differences in the bio-
logical processes induced by the chemical drug (CytoD) and the pathogenic toxin (CyaA):
CytoD alters both the deep and the cortical components of the CSK but the deep component is
particularly modified [39]. By contrast, CyaA exposure alters preferentially the cortical CSK
component as shown above (Fig 2) and also by our prior AFM (Atomic Force Microscope)
data showing an increase in the indented surface Young modulus [16].

Cell migration and tissue repair observed during a wound healing test is a hallmark of func-
tional integrity for tissue cells since it involves fundamental cell processes such as adhesion,
locomotion, cytoskeleton mechanical properties including intracellular tension, actin poly-
merization and actomyosin motors activation. We therefore explored whether CyaA intoxica-
tion might affect these processes. The wound healing test was carried out on monolayers of
A549 alveolar epithelial cells previously exposed for one hour to different concentrations of
CyaA (0.5, 5, or 10nM) and compared to control conditions (no toxin). The cell monolayers
were then scratched with a pipette tip of 5 um diameter to create a wound, and cell migration
and repair were followed by microscopy until complete closure of the wounds (the repair area
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Fig 4. Quantification of the number and size of focal adhesion points of A549 cells exposed to CyaA. This bar graph shows the numbers of focal
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were evaluated every 3 hrs up to 40 hrs). Results presented in Fig 8A and 8B reveal that CyaA
intoxication drastically slows down both cell migration and overall wound repair. At the low
toxin concentration of 0.5nM, the repair area is significantly reduced at all times tested. At the
highest concentration tested (10nM), the repair is almost totally abolished (> 95%). However,
the viability of A549 cells exposed to the highest CyaA concentrations is significantly altered
upon prolonged incubation time (40 hrs) (S3 Fig) and this could explain in large part the dra-
matic decrease of wound repair observed in these conditions. As expected, the enzymatically
inactive CyaA variant CyaAE5 had no effect on the cell migration nor wound repair (Fig 8C).
Altogether, our present results indicate that the increase in intracellular cAMP elicited by the
CyaA toxin directly impairs the cytoskeletal and mechanical properties of the intoxicated A549
alveolar epithelial cells and reduce their migration and wound healing capacities. As these
effects are observed at the low toxin concentrations (0.5nM) that might be produced in vivo
during B. pertussis infection [13], our results suggest that the CyaA could also contribute to the
local alteration of the epithelial barrier of the respiratory tract, that is an hallmark of pertussis.

Discussion and perspectives

While the infection by CyaA of myeloid cells such as macrophages, neutrophils, dendritic
cells, natural killer cells, has been extensively studied [4, 40-42], much less is known about the
intoxication of non-inflammatory cells lacking the CD11b/CD18 receptor. In these cells, CyaA
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is able to directly interact with the plasma membrane and translocate its catalytic domain
across the lipid bilayer although the precise molecular mechanism of intoxication remains
elusive [1, 8, 43, 44].

We previously showed and we confirm here that CyaA can efficiently invade A549 alveolar
epithelial cells to trigger a rapid and massive increase in intracellular cAMP. Our present data
show that in these cells, CyaA induces a remodeling of actin cytoskeleton, a rapid decrease in
size and number of FA sites, resulting in cell rounding and a significant increase in CSK stift-
ness. These modifications drastically impair the migration capabilities of A549 cells and their
ability to repair wounds made in a monolayer of these epithelial cells. These alterations were
observed at the lowest concentration (0.5nM) of CyaA. Importantly Eby et al. [13] reported
that such concentrations might be reached locally at the bacterium-target cell interface during
B. pertussis infection of the respiratory tract.

It has already been shown that CyaA invasion results in a deep remodeling of the actinic
CSK localized essentially under the plasma membrane [9, 45]. Present data obtained on cellu-
lar adhesion as well as previous data obtained on early adhesion in the same cellular system
[16] show that CyaA significantly weakens the adhesion system, suggesting that mechano-
transduction signaling pathways are affected during the intoxication process.

In our previous study on the early development of adhesion sites in intoxicated cells [16],
CyaA was reported to reinforce adhesion by decreasing the strength of newly formed integrin
bonds as well as their mutual association through clustering. Thus, alteration of adhesion pro-
cess and weakening of cell-matrix attachments can be considered as the hallmark of initial
intoxication. Here, we show that CyaA intoxication is responsible for a cell rounding process
that is likely resulting from the early alteration of adhesion. Such CyaA-induced morphological
changes have already been documented in a variety of cultured cell lines [14]. When cells
round and cystokeleton is deformed, filamin protein A (an actin-binding protein that cross-
links F-actin) binds to p190RhoGAP and prevents its accumulation in lipid raft. p190RhoGAP
is a RhoGAP protein which mediates integrin ligation-dependent inactivation of Rho [46].
Thus, in rounded cells, pI90RhoGAP is inactive and hence the Rho activity is presumed to be
high [47]. By contrast, in spread cells, pl90RhoGAP accumulates in lipid rafts and become
active leading to the suppression of Rho activity. Note that Rho’s ability to increase myosin
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Fig 8. Effect of different concentrations of the CyaA toxin on wound repair of the A549 cell monolayers. Cells
were grown to form a confluent monolayer and exposed during 1 hr to the indicated concentrations of CyaA toxin
(control: no added CyaA). The cell monolayers were then scratched with a pipette tip (5 pm-distal diameter) to create a
wound. After washing, cells were further grown in DMEM medium and the repair of the wounds was monitored by
microscopy imaging (the wound area was measured with Image J) every 3 hrs until complete closure. Images of the
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wound healing are shown in (A). They are obtained at 0 hr, 30 hrs, and 40 hrs, for control and for the 3 concentrations
of CyaA tested (0.5, 5, 10nM). The initial wideness of the wound is about 500 m (see double arrow). The data in (B)
correspond to the percentage of the repaired area observed at different times (4, 20, 30, 40 hrs) until the complete
repair of the wound that occurs in control after 40 hrs (100% means fully repaired area). Control = no CyaA added.
The data in (C) correspond to the wound repair of A549 cell monolayers exposed to the enzymatically inactive CyaAE5
protein instead of the wild-type CyaA toxin. Control = no added protein. ‘n’ corresponds to the number of analyzed
wells. Error bars are + SEM; * p < 0.05; ** p < 0.01; *** p < 0.001.

https://doi.org/10.1371/journal.pone.0228606.9008

light chain phosphorylation through activation of Rho-associated kinase (ROCK) may feed-
back to further activate Rho by increasing level of tension within the cytoskeleton [48, 49].
The increase in CSK stifffness presently observed in intoxicated cells is consistent with such
an assumption. Activation of Rho GTPases in adhesion signaling involves extensive crosstalk
between integrins, Src family kinases, and between individual Rho GTPases themselves [50,
51]. As a matter of fact, changes in cell shape are classically converted into changes in intracel-
lular biochemistry leading to changes in actin-cytoskeleton-dependent control of Rho GTPase
activity [52, 53]. Therefore, the balance between RhoA and/or Racl which is susceptible to
affect cytoskeletal structure and cell mechanical properties [54, 55] is likely modified, primarily
by the toxin induced change in cAMP levels [56] and secondarily by the CyaA-induced adhe-
sion remodeling which affects cell shape (see adhesion data presently reported in Fig 4 and
results obtained in previous studies [14]). By contrast, Kamanova et al. [9] reported that in
macrophages the increase in cAMP elicited by CyaA causes transient RhoA inactivation that
triggers actin CSK rearrangements and phagocytosis inhibition. Interestingly, Maddugoda

et al. [57] also reported that another bacterial adenylate cyclase toxin the edema factor (EF)
from Bacillus anthracis edema factor, as well as CyaA, could damage endothelium barriers by
the formation of transendothelial cell macroaperture tunnels (TEMs) that directly result from
cAMP-induced alterations of the actin cytoskeleton.

It is also recognized that migration, control of morphogenesis, and cell polarity are tightly
controlled by Rho GTPases [58]. Present data show that these cellular functions are deeply
affected by the toxin. The cytotoxic activity of the toxins caused by actin depolymerisation has
already been explained by the role of certain Rho GTPases [59]; Maturation of integrin-medi-
ated adhesion is controlled by the interplay between RhoA and Racl activations [46, 50]. Early
adhesion, i.e., adhesion sites at the onset of maturation, is dependent on Racl activation and
on a parallel inhibition of RhoA activity [60]. On the other hand, mature focal adhesion (FA)
and associated tensed CSK elements require a high RhoA activity and Racl inhibition [61].

Opverall, the toxin-induced cellular alterations experimentally observed in our A549 cells
are consistent with the assumption of the maintenance of RhoA activity. RhoA is the upstream
activator of the serine / threonine kinase RHOK (Rho-kinase) which in cooperation with scaf-
fold protein mDia regulate actin-myosin assembly and contractility as well as actin polymeri-
zation resulting in modifications in stress fiber formation and cell motility. We indeed
observed on cellular images a persistence of stress fibers up to the highest CyaA concentration,
while cytoskeleton stiffness was continuously increased as CyaA concentration was increased.
On the other hand, cellular migration was significantly affected after CyaA intoxication in a
concentration-dependent manner which suggests that the migratory phenotype which
requires Racl activation might be limited by intoxication [60]. Moreover, it has been shown
that cAMP modulates cell morphology by inhibiting a Rac-dependent signaling pathway [56].
Similarly, the results obtained in our previous study on the early development of adhesion
while the same cells were intoxicated with the same toxin [16], have shown a reduction in
chemical energy of individual integrin-RGD ligand bonds as well as a diminution by two of
integrin association at the level of newly formed adhesion sites (clustering). For these two
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processes, the role of Rac 1 is fundamental [62] and its potential defect in parallel to the activa-
tion of RhoA could be the common cause of these results. Yet, this presumed molecular mech-
anism remains to be evaluated in future studies.

Our present results are in good agreement with prior studies that showed that A549 cells
treated with cAMP-increasing molecules (forskolin, isoproterenol, dibutyryl cAMP) display
reduced cell migration and wound healing [63]. More precisely, agents that activate the cAMP/
PKA/CREB pathway can lead to increased expression of Nm23-H1/2, a potential metastasis
suppressor which has the ability to down-regulate metastasis formation independently of pri-
mary tumor size [64]. As a matter of fact, RGS19, a member of the regulators of G protein sig-
naling (RGS proteins), appears to suppress tumorigenesis via upregulating Nm23-H1/2 [65,
66]. Activation of the protein kinase A (PKA) attenuated cancer cell migration in wound heal-
ing and transwell assays through a PKA-dependent mechanism for controlling Nm23-H1/2
expression [63]. Conversely, inhibition of protein kinase A (PKA) suppressed the phosphoryla-
tion of CREB and reduced the expression of Nm23-H1/2. Furthermore, in Chen et al. [67],
cAMP inhibits the migration of mouse embryonic fibroblast (MEF) cells and highly invasive
(4T1) mouse breast tumor cells by interfering with Rac-induced lamellipodium formation at
the leading edge during cell migration.

Another important aspect that may explain the efficient effects of CyaA on the actin cyto-
skeleton remodeling and mechanical perturbations of the A549 cells is cAMP compartmentali-
zation. Indeed, the specific pathway of CyaA entry, that involves direct translocation of the
toxin catalytic domain across the plasma membrane of the intoxicated cells, results in a rapid
and preferential production of cAMP in the vicinity of the plasma membrane with a delayed
and lower cAMP signal in a perinuclear area [68]. It is well known that microdomains of
cAMP have pronounced effects on various signaling processes and major physiological func-
tions in a wide variety of cells [69]. For CyaA, this has been particularly well characterized in T
cells where the toxin was shown to efficiently disrupt the immunological synapse and redistrib-
ute a number of essential players in the T-cell activation cascade [70, 71]. Remarkably, these
effects are not elicited by another bacterial toxin, the anthrax edema factor that produces simi-
lar cytosolic levels of cAMP but originating from a perinuclear localization—where the toxin is
released from late endosomes [71]. Hasan et al. recently reported similar findings on human
monocytes [72]. It will be interesting to further delineate the precise role of cAMP compart-
mentalization in the biological effects of CyaA on the actin cytoskeleton remodeling and
mechanical perturbations of epithelial cells evidenced here.

Conclusion

In summary, we show here that the CyaA toxin is able to efficiently target epithelial cells where
it triggers a rapid and large increase in intracellular cAMP. CyaA elicits various structural and
functional modifications of the cells, including cell rounding, weakening of adhesions, remod-
eling of actin structures and of cytoskeleton stiffness. This leads to a drastic inhibition of cell
migration and wound repair capabilities. These data support the hypothesis that CyaA, in addi-
tion to its critical role in blunting the innate immune responses, may also contribute, likely in
synergistic manner with other virulence factors, to the local alterations of the epithelial barriers
of the respiratory tract, a pathognomonic feature of B. pertussis infection.

Supporting information

S1 Fig. Viability assays of A549 cells exposed to CyaA toxin. A549 cells were grown in
monolayer to 90% of confluence and then incubated for 60 min with the indicated concentra-
tions of CyaA. MTT was then added at 0.25 ug/ml and cells were further incubated 4 hrs at
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37°C. The medium was removed and replaced by 200 pL of DMSO and the optical density at
550nm was recorded on a microplate reader. Control corresponds to cells incubated in similar
conditions without CyaA. Error bars are + SEM; * p < 0.05; ** p < 0.01; *** p < 0.001. These
data show that the viability of A549 cells is not significantly affected when they are exposed
during 1 hr to CyaA concentrations lower than 3nM, while it is drastically reduced at CyaA
concentrations above 5nM.

(TIF)

S2 Fig. Intracellular cAMP measurements in A549 cells exposed to either CyaA or CyaAE5
toxins. Intracellular cAMP is measured by ELISA assay in A549 cells exposed to CyaA or to
CyaAE5, a CyaA variant lacking enzymatic activity, at concentrations 0.5; 5 and 10nM and for
15, 30, and 60 min (n = 12 wells). Control conditions correspond to cells incubated without
toxin. Error bars are + SEM; * p < 0.05; ** p < 0.01; *** p < 0.001. These data show that even
the lowest CyaA concentration (0.5nM) triggers a large increase in intracellular cAMP, that
can be observed at the shortest exposure time (15 min) while very high cAMP levels can be
reached observed at higher CyaA concentrations. As expected, no significant changes in intra-
cellular cAMP levels are observed when cells are incubated with the enzymatically inactive
toxin, CyaAES5.

(TIF)

S3 Fig. Viability of A549 cells exposed to CyaA. Viability assays performed by Trypan blue
over 40 hrs on A549 cells in control conditions and after 1 hr of exposure time to different
CyaA concentrations (0.5, 5 and 10 nM) (n = 3 wells). The test durations (4, 20, 30, 40 hrs) cor-
respond to the times used for migration-repair experiments. The bar graph shows that the cell
viability decreases with increasing CyaA concentration as well as with increasing test duration
in many cases. * p < 0.05; ** p < 0.01; *** p < 0.001.

(TIF)

Acknowledgments

The authors thank Emilie Bequignon, André Coste, Estelle Escudier, Jean-Francois Papon,
Sofia Andre Dias, and Ngoc Minh Nguyen for their helpful advices and fruitful discussions.

Author Contributions

Conceptualization: Daniel Ladant, Emmanuelle Planus, Alexandre Chenal, Daniel Isabey.
Data curation: Christelle Angely, Alexandre Chenal, Daniel Isabey.

Formal analysis: Christelle Angely, Daniel Ladant, Daniel Isabey.

Funding acquisition: Bruno Louis, Daniel Isabey.

Investigation: Christelle Angely, Daniel Ladant, Emmanuelle Planus, Alexandre Chenal, Dan-
iel Isabey.

Methodology: Christelle Angely, Daniel Ladant, Emmanuelle Planus, Alexandre Chenal, Dan-
iel Isabey.

Project administration: Bruno Louis, Daniel Isabey.
Resources: Bruno Louis, Daniel Isabey.
Supervision: Daniel Ladant, Emmanuelle Planus, Daniel Isabey.

Validation: Christelle Angely.

PLOS ONE | https://doi.org/10.1371/journal.pone.0228606 May 11, 2020 16/20


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0228606.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0228606.s003
https://doi.org/10.1371/journal.pone.0228606

PLOS ONE

Functional and structural consequences of epithelial cell invasion by B. pertussis adenylate cyclase toxin

Writing - original draft: Christelle Angely, Daniel Ladant, Emmanuelle Planus, Marcel

Filoche, Alexandre Chenal, Daniel Isabey.

Writing - review & editing: Christelle Angely, Daniel Ladant, Emmanuelle Planus, Marcel

Filoche, Alexandre Chenal, Daniel Isabey.

References

1.

10.

1.

12.

13.

14.

15.

16.

17.

18.

Chenal A, Ladant D. Bioengineering of Bordetella pertussis adenylate cyclase toxin for antigen-delivery
and immunotherapy. Toxins. 2018; 10(7):1-22. https://doi.org/10.3390/toxins 10070302

Guiso N. Bordetella adenylate cyclase-hemolysin toxins. Toxins. 2017; 9(9):1-13. https://doi.org/10.
3390/toxins9090277

Melvin JA, Scheller EV, Miller JF, Cotter PA. Bordetella pertussis pathogenesis: Current and future
challenges. Nat. Rev. Microbiol. 2014; 12:274-288. https://doi.org/10.1038/nrmicro3235 PMID:
24608338

Guermonprez P, Khelef N, Blouin E, Rieu P, Ricciardi-Castagnoli P, Guiso N, et al. The adenylate
cyclase toxin of Bordetella pertussis binds to target cells via the aM B2 integrin (Cd11b/Cd18). J. Exp.
Med. 2001; 193(9):1035—-44. https://doi.org/10.1084/jem.193.9.1035 PMID: 11342588

Cerny O, Anderson KE, Stephens LR, Hawkins PT, Sebo P. cAMP signaling of adenylate cyclase toxin
blocks the oxidative burst of neutrophils through epac-mediated inhibition of phospholipase C activity. J.
Immunol. 2017; 198(3):1285-96. https://doi.org/10.4049/jimmunol.1601309 PMID: 28039302

Eby JC, Hoffman CL, Gonyar LA, Hewlett EL. Review of the neutrophil response to Bordetella pertussis
infection. Pathog. Dis. 2015: 73(9):1-8. https://doi.org/10.1093/femspd/ftv081

Khelef N, Zychlinsky A, Guiso N. Bordetella pertussis induces apoptosis in macrophages: role of ade-
nylate cyclase-hemolysin. Infect. Immun. 1993; 61(10):4064—71. https://doi.org/10.1128/IA1.61.10.
4064-4071.1993 PMID: 8406793

Vojtova J, Kamanova J, Sebo P. Bordetella adenylate cyclase toxin: a swift saboteur of host defense.
Curr. Opin. Microbiol. 2006; 9(1):69-75. https://doi.org/10.1016/j.mib.2005.12.011 PMID: 16406775

Kamanova J, Kofronova O, Masin J, Genth H, Vojtova J, Linhartova |, et al. Adenylate cyclase toxin sub-
verts phagocyte function by RhoA inhibition and unproductive ruffling. J. Immunol. Baltim. Md 1950.
2008; 181:5587-5597.

Rogel A, Hanski E. Distinct steps in the penetration of adenylate cyclase toxin of Bordetella pertussis
into sheep erythrocytes. Translocation of the toxin across the membrane. J. Biol. Chem. 1992; 267
(31):22599-605. PMID: 1429610

Hanski E, Farfel Z. Bordetella pertussis invasive adenylate cyclase. Partial resolution and properties of
its cellular penetration. J. Biol. Chem. 1985; 260(9):5526—32. PMID: 2859287

Rogel A, Meller R, Hanski E. Adenylate cyclase toxin from Bordetella pertussis: the relationship
between induction of cAMP and hemolysis. J. Biol. Chem. 1991; 266(5):3154—61. PMID: 1847141

Eby JC, Gray MC, Warfel JM, Paddock CD, Jones TF, Day SR, et al. Quantification of the adenylate
cyclase toxin of Bordetella pertussis in vitro and during respiratory infection. Infect. Immun. 2013; 81
(5):1390-98. https://doi.org/10.1128/IA1.00110-13 PMID: 23429530

Ohnishi H, Miyake M.;, Kamitani S, Horiguchi Y. The morphological changes in cultured cells caused by
Bordetella pertussis adenylate cyclase toxin. FEMS Microbiol. Lett. 2008; 279(2):174—79. https://doi.
org/10.1111/j.1574-6968.2007.01028.x PMID: 18179583

Eby J.C, Ciesla W.P, Hamman W, Donato G.M, Pickles R.J, Hewlett E.L, et al. Selective translocation
of the Bordetella pertussis adenylate cyclase toxin across the basolateral membranes of polarized epi-
thelial cells. J. Biol. Chem. 2010; 285(14):10662—-70. https://doi.org/10.1074/jbc.M109.089219 PMID:
20139088

Angely C, Minh Nguyen N, Andre Dias S, Planus E, Pelle G, Louis B, et al. Exposure to Bordetella per-
tussis adenylate cyclase toxin affects integrin-mediated adhesion and mechanics in alveolar epithelial
cells. Biol. Cell. 2017; 109(8):293-311. https://doi.org/10.1111/boc.201600082 PMID: 28597954

Hasan S, Kulkarni N.N, Asbjarnarson A, Linhartova I, Osicka R, Sebo P, et al. Bordetella pertussis ade-
nylate cyclase toxin disrupts functional integrity of bronchial epithelial layers. Infect. Immun. 2018; 86
(3). https://doi.org/10.1128/IA1.00445-17

Howe AK. Regulation of actin-based cell migration by cAMP/PKA. Biochim. Biophys. Acta. 2004 Jul;
1692(2):159—-174. https://doi.org/10.1016/j.bbamcr.2004.03.005 PMID: 15246685

PLOS ONE | https://doi.org/10.1371/journal.pone.0228606 May 11, 2020 17/20


https://doi.org/10.3390/toxins10070302
https://doi.org/10.3390/toxins9090277
https://doi.org/10.3390/toxins9090277
https://doi.org/10.1038/nrmicro3235
http://www.ncbi.nlm.nih.gov/pubmed/24608338
https://doi.org/10.1084/jem.193.9.1035
http://www.ncbi.nlm.nih.gov/pubmed/11342588
https://doi.org/10.4049/jimmunol.1601309
http://www.ncbi.nlm.nih.gov/pubmed/28039302
https://doi.org/10.1093/femspd/ftv081
https://doi.org/10.1128/IAI.61.10.4064-4071.1993
https://doi.org/10.1128/IAI.61.10.4064-4071.1993
http://www.ncbi.nlm.nih.gov/pubmed/8406793
https://doi.org/10.1016/j.mib.2005.12.011
http://www.ncbi.nlm.nih.gov/pubmed/16406775
http://www.ncbi.nlm.nih.gov/pubmed/1429610
http://www.ncbi.nlm.nih.gov/pubmed/2859287
http://www.ncbi.nlm.nih.gov/pubmed/1847141
https://doi.org/10.1128/IAI.00110-13
http://www.ncbi.nlm.nih.gov/pubmed/23429530
https://doi.org/10.1111/j.1574-6968.2007.01028.x
https://doi.org/10.1111/j.1574-6968.2007.01028.x
http://www.ncbi.nlm.nih.gov/pubmed/18179583
https://doi.org/10.1074/jbc.M109.089219
http://www.ncbi.nlm.nih.gov/pubmed/20139088
https://doi.org/10.1111/boc.201600082
http://www.ncbi.nlm.nih.gov/pubmed/28597954
https://doi.org/10.1128/IAI.00445-17
https://doi.org/10.1016/j.bbamcr.2004.03.005
http://www.ncbi.nlm.nih.gov/pubmed/15246685
https://doi.org/10.1371/journal.pone.0228606

PLOS ONE

Functional and structural consequences of epithelial cell invasion by B. pertussis adenylate cyclase toxin

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Stork PJS, Schmitt JM. Crosstalk between cAMP and MAP kinase signaling in the regulation of cell pro-
liferation. Trends Cell Biol. 2002 Jun; 12(6):258—266. https://doi.org/10.1016/s0962-8924(02)02294-8
PMID: 12074885

Ladant D, Ullmann A. Bordetella pertussis adenylate cyclase: a toxin with multiple talents. Trends
Microbiol. 1999; 7(4):172—76. https://doi.org/10.1016/s0966-842x(99)01468-7 PMID: 10217833

Martin C, Gémez-Bilbao G, Ostolaza H. Bordetella adenylate cyclase toxin promotes calcium entry into
both CD11b+ and CD11b-cells through cAMP-dependent L-type-like calcium channels. J. Biol. Chem.
2010; 285(1):357—64. https://doi.org/10.1074/jbc.M109.003491 PMID: 19875442

Féréol S, Fodil R, Pelle G, Louis B, Isabey D. Cell mechanics of alveolar epithelial cells (AECs) and
macrophages (AMs). Respir. Physiol. Neurobiol. 2008; 163(1-3):3-16. https://doi.org/10.1016/j.resp.
2008.04.018 PMID: 18565804

Planus E, Galiacy S, Matthay M, Laurent V, Gavrilovic J, Murphy G, et al. Role of collagenase in mediat-
ing in vitro alveolar epithelial wound repair. J. Cell Sci. 1999; 112(2):243-52. PMID: 9858477

Foster KA, Oster CG, Mayer MM, Avery ML, Audus KL. Characterization of the A549 cell line as a type
Il pulmonary epithelial cell model for drug metabolism. Exp. Cell Res. 1998; 243(2):359-66. https://doi.
org/10.1006/excr.1998.4172 PMID: 9743595

Belete HA, Godin LM, Stroetz RW, Hubmayr RD. Experimental models to study cell wounding and
repair. Cell Physiol. Biochem. 2010; 25(1):71-80. https://doi.org/10.1159/000272052 PMID: 20054146

Massin F, Rubinstein E, Faure GC, Martinet Y, Boucheix C, Béné MC. Tetraspan and Beta-1 integrins
expression pattern of the epithelial lung adenocarcinoma cell line A549 and its sensitivity to divalent cat-
ions. Cytometry B Clin. Cytom. 2004; 60(1):31-36. https://doi.org/10.1002/cyto.b.20010 PMID:
15221867

Isabey D, Pelle G, André Dias S, Bottier M, Nguyen NM, Filoche M, et al. Multiscale evaluation of cellu-
lar adhesion alteration and cytoskeleton remodeling by magnetic bead twisting. Biomech. Model.
Mechanobiol. 2016; 15(4):947-63. https://doi.org/10.1007/s10237-015-0734-5 PMID: 26459324

Wang N, Butler JP, Ingber DE. Mechanotransduction across the cell surface and through the cytoskele-
ton. Science. 1993; 260(5111):1124-27.

Gravelle S, Barnes R, Hawdon N, Shewchuk L, Eibl J, Lam J, et al. Up-regulation of integrin expression
in lung adenocarninoma cells caused by bacterial infection: in vitro study. Innate Immun. 2010; 16
(1):14-26. https://doi.org/10.1177/1753425909106170 PMID: 19710103

Ladant D, Glaser P, Ullmanns A. Insertional mutagenesis of Bordetella pertussis adenylate cyclase. J.
Biol. Chem. 1992; 267(4):2244-50. PMID: 1733931

Karst JC, Ntsogo Enguéné VY, Cannella SE, Subrini O, Hessel A, Debard S, et al. Calcium, acylation,
and molecular confinement favor folding of Bordetella pertussis adenylate cyclase CyaA toxin. J. Biol.
Chem. 2014; 289(44):30702—16. https://doi.org/10.1074/jbc.M114.580852 PMID: 25231985

O’Brien DP, Canella SE, Voegele A, Raoux-Barbot D, Davi M, Douché T, et al. Post-translational acyla-
tion controls the folding and functions of the CyaA RTX toxin. FASEB J. 2019; 33(9):10065-76. https://
doi.org/10.1096/fj.201802442RR PMID: 31226003

Cannella SE, Ntsogo Enguéné VY, Davi M, Malosse C, Sotomayor Pérez AC, Chamot-Rooke J, et al.
Stability, structural and functional properties of a monomeric, calcium-loaded adenylate cyclase toxin,
CyaA, from Bordetella pertussis. Sci. Rep. 2017; 7:1-17. hitps://doi.org/10.1038/srep42065

Wang N, Toli-Ngrrelykke IM, Chen J, Mijailovich SM, Butler JP, Fredberg JJ, et al. Cell prestress. |. Stiff-
ness and prestress are closely associated in adherent contractile cells. Am. J. Physiol.—Cell Physiol.
2002; 282(3 51-3):606—16. https://doi.org/10.1152/ajpcell.00269.2001

Chen J, Salas A, Springer TA. Bistable regulation of integrin adhesiveness by a bipolar metal ion clus-
ter. Nat. Struct. Biol. 2003; 10(12):995-1001. https://doi.org/10.1038/nsb1011 PMID: 14608374

Mould AP, Askari JA, Barton S, Kline AD, McEwan PA, Craig SE, et al. Integrin activation involves a
conformational of change in the alpha 1 helix of the beta subunit A-domain. J Biol Chem. 2002; 277
(22):19800. https://doi.org/10.1074/jbc.M201571200 PMID: 11893752

Chen CS, Mrksich M, Huang S, Whitesides GM, Ingber DE. Geometric control of cell life and death. Sci-
ence. 1997; 276(5317):1425-28. https://doi.org/10.1126/science.276.5317.1425 PMID: 9162012

Lele TP, Sero JE, Matthews BD, Kumar S, Xia S, Montoya-Zavala M, et al. Tools to study cell mechanics
and mechanotransduction. Method. Cell Biol. 2007; 83. https://doi.org/10.1016/S0091-679X(07)83019-6

Laurent VM, Fodil R, Cafiadas P, Louis B, Isabey D. Partitioning of cortical and deep cytoskeleton
responses from transient magnetic bead twisting. Ann. Biomed. Eng. 2003; 31:1263-1278. https://doi.
org/10.1114/1.1616932 PMID: 14649500

Friedman RL, Nordensson K, Wilson L, Akporiaye ET, Yocum DE. Uptake and intracellular survival of
Bordetella pertussis in human macrophages. Infect. Immun. 1992; 60(11):4578-85. https://doi.org/10.
1128/1A1.60.11.4578-4585.1992 PMID: 1398970

PLOS ONE | https://doi.org/10.1371/journal.pone.0228606 May 11, 2020 18/20


https://doi.org/10.1016/s0962-8924(02)02294-8
http://www.ncbi.nlm.nih.gov/pubmed/12074885
https://doi.org/10.1016/s0966-842x(99)01468-7
http://www.ncbi.nlm.nih.gov/pubmed/10217833
https://doi.org/10.1074/jbc.M109.003491
http://www.ncbi.nlm.nih.gov/pubmed/19875442
https://doi.org/10.1016/j.resp.2008.04.018
https://doi.org/10.1016/j.resp.2008.04.018
http://www.ncbi.nlm.nih.gov/pubmed/18565804
http://www.ncbi.nlm.nih.gov/pubmed/9858477
https://doi.org/10.1006/excr.1998.4172
https://doi.org/10.1006/excr.1998.4172
http://www.ncbi.nlm.nih.gov/pubmed/9743595
https://doi.org/10.1159/000272052
http://www.ncbi.nlm.nih.gov/pubmed/20054146
https://doi.org/10.1002/cyto.b.20010
http://www.ncbi.nlm.nih.gov/pubmed/15221867
https://doi.org/10.1007/s10237-015-0734-5
http://www.ncbi.nlm.nih.gov/pubmed/26459324
https://doi.org/10.1177/1753425909106170
http://www.ncbi.nlm.nih.gov/pubmed/19710103
http://www.ncbi.nlm.nih.gov/pubmed/1733931
https://doi.org/10.1074/jbc.M114.580852
http://www.ncbi.nlm.nih.gov/pubmed/25231985
https://doi.org/10.1096/fj.201802442RR
https://doi.org/10.1096/fj.201802442RR
http://www.ncbi.nlm.nih.gov/pubmed/31226003
https://doi.org/10.1038/srep42065
https://doi.org/10.1152/ajpcell.00269.2001
https://doi.org/10.1038/nsb1011
http://www.ncbi.nlm.nih.gov/pubmed/14608374
https://doi.org/10.1074/jbc.M201571200
http://www.ncbi.nlm.nih.gov/pubmed/11893752
https://doi.org/10.1126/science.276.5317.1425
http://www.ncbi.nlm.nih.gov/pubmed/9162012
https://doi.org/10.1016/S0091-679X(07)83019-6
https://doi.org/10.1114/1.1616932
https://doi.org/10.1114/1.1616932
http://www.ncbi.nlm.nih.gov/pubmed/14649500
https://doi.org/10.1128/IAI.60.11.4578-4585.1992
https://doi.org/10.1128/IAI.60.11.4578-4585.1992
http://www.ncbi.nlm.nih.gov/pubmed/1398970
https://doi.org/10.1371/journal.pone.0228606

PLOS ONE

Functional and structural consequences of epithelial cell invasion by B. pertussis adenylate cyclase toxin

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52,

53.

54.

55.

56.

57.

58.

59.
60.

61.

62.

Lamberti YA, Alvarez Hayes J, Perez Vidakovics ML, Harvill ET, Rodriguez ME. Intracellular trafficking
of Bordetella pertussis in human macrophages. Infect. Immun. 2010; 78(3):907-13. https://doi.org/10.
1128/IA1.01031-09 PMID: 20065021

Khelef N, Guiso N. Induction of macrophage apoptosis by Bordetella pertussis adenylate cyclase-
hemolysin. FEMS Microbiol. Lett. 1995; 134:27-32. https://doi.org/10.1111/j.1574-6968.1995.tb07909.
x PMID: 8593951

Ostolaza H, Martin C, Gonzalez-Bullén D, Uribe KB, Etxaniz A. Understanding the mechanism of trans-
location of adenylate cyclase toxin across biological membranes. Toxins. 2017; 9(10):295. https://doi.
org/10.3390/toxins9100295

Carbonetti NH. Pertussis toxin and adenylate cyclase toxin: key virulence factors of Bordetella pertussis
and cell biology tools. Future Microbiol. 2010; 5(3):455—69. https://doi.org/10.2217/fmb.09.133 PMID:
20210554

Martin C, Etxaniz A, Uribe KB, Etxebarria A, Gonzalez-Bullén D, Arlucea J, et al. Adenylate cyclase
toxin promotes bacterial internalisation into non phagocytic cells. Sci. Rep. 2015; 5:1-16.

Arthur WT, Burridge K. RhoA inactivation by p190RhoGAP regulates cell spreading and migration by
promoting membrane protrusion and polarity. Mol. Biol. Cell. 2001; 12(9):2711-20. https://doi.org/10.
1091/mbc.12.9.2711 PMID: 11553710

Mammoto A, Huang S, Ingber DE. Filamin links cell shape and cytoskeletal structure to Rho regulation
by controlling accumulation of p190RhoGAP in lipid rafts. J. Cell Sci. 2007; 120(3):456—67. https://doi.
org/10.1242/jcs.03353 PMID: 17227794

Paszek MJ, Zahir N, Johnson KR, Lakins JN, Rozenberg Gl, Gefen A, et al. Tensional homeostasis and
the malignant phenotype. Cancer Cell. 2005; 8(3):241-54. https://doi.org/10.1016/j.ccr.2005.08.010
PMID: 16169468

Riveline D, Zamir E, Balaban NQ, Schwarz US, Ishizaki T, Narumiya S, et al. Focal contacts as
mechanosensors: externally applied local mechanical force induces growth of focal contacts by an
mDia1-dependent and ROCK-independent mechanism. J. Cell Biol. 2001; 153(6):1175-85. https://doi.
org/10.1083/jcb.153.6.1175 PMID: 11402062

Guilluy C, Garcia-Mata R, Burridge K. Rho protein crosstalk: another social network? Trends Cell Biol.
2011; 21(12):718-26. https://doi.org/10.1016/j.tcb.2011.08.002 PMID: 21924908

Huveneers S, Danen EHJ. Adhesion signaling—crosstalk between integrins, Src and Rho. J. Cell Sci.
2009; 122(8):1059-69. https://doi.org/10.1242/jcs.039446 PMID: 19339545

Mammoto T, Mammoto A, Ingber DE. Mechanobiology and developmental control. Annu. Rev. Cell
Dev. Biol. 2013; 29(1):27-61. https://doi.org/10.1146/annurev-cellbio-101512-122340 PMID: 24099083

Provenzano PP, Keely PJ. Mechanical signaling through the cytoskeleton regulates cell proliferation by
coordinated focal adhesion and Rho GTPase signaling. J. Cell Sci. 2011; 124:1195-1205. https://doi.
0rg/10.1242/jcs.067009 PMID: 21444750

Kaverina I, Krylyshkina O, Small JV. Regulation of substrate adhesion dynamics during cell motility. Int. J.
Biochem. Cell Biol. 2002; 34(7):746-61. https://doi.org/10.1016/s1357-2725(01)00171-6 PMID: 11950592

Singh NK, Janjanam J, Rao GN. p115 RhoGEF activates the Rac1 GTPase signaling cascade in MCP1
chemokine-induced vascular smooth muscle cell migration and proliferation. J. Biol. Chem. 2017; 292
(34):14080-91. https://doi.org/10.1074/jbc.M117.777896 PMID: 28655771

Pelletier S, Julien C, Popoff MR, Lamarche-Vane N, Meloche S. Cyclic AMP induces morphological
changes of vascular smooth muscle cells by inhibiting a Rac-dependent signaling pathway. J. Cell. Phy-
siol. 2005; 204(2):412-22. https://doi.org/10.1002/jcp.20308 PMID: 15706595

Maddugoda MP, Stefani C, Gonzalez-Rodriguez D, Saarikangas J, Torrino S, Janel S, et al. cAMP sig-
naling by anthrax edema toxin induces transendothelial cell tunnels, which are resealed by MIM via
Arp2/3-driven actin polymerization. Cell Host & Microbe. 2011; 10(5):464—474. https://doi.org/10.1016/
j.chom.2011.09.014

Hoon J, Tan M, Koh C-G. The regulation of cellular responses to mechanical cues by Rho GTPases.
Cells. 2016; 5(2):17. https://doi.org/10.3390/cells5020017

Alouf J.E, Popoff M.R. The Comprehensive Sourcebook of Bacterial Protein Toxin. 2006.

Lawson CD, Burridge K. The on-off relationship of Rho and Rac during integrin-mediated adhesion and
cell migration. Small GTPases. 2014; 5:1. https://doi.org/10.4161/sgtp.27958

Katoh K, Kano Y, Noda Y. Rho-associated kinase-dependent contraction of stress fibres and the organi-
zation of focal adhesions. J. R. Soc. Interface. 2011; 8(56):305—11. https://doi.org/10.1098/rsif.2010.
0419 PMID: 20826475

Van Slambrouck S, Jenkins AR, Romero AE, Steelant WFA. Reorganization of the integrin A2 subunit
controls cell adhesion and cancer cell invasion in prostate cancer. Int. J. Oncol. 2009; 34(6):1717-26.
https://doi.org/10.3892/ijo_00000302 PMID: 19424590

PLOS ONE | https://doi.org/10.1371/journal.pone.0228606 May 11, 2020 19/20


https://doi.org/10.1128/IAI.01031-09
https://doi.org/10.1128/IAI.01031-09
http://www.ncbi.nlm.nih.gov/pubmed/20065021
https://doi.org/10.1111/j.1574-6968.1995.tb07909.x
https://doi.org/10.1111/j.1574-6968.1995.tb07909.x
http://www.ncbi.nlm.nih.gov/pubmed/8593951
https://doi.org/10.3390/toxins9100295
https://doi.org/10.3390/toxins9100295
https://doi.org/10.2217/fmb.09.133
http://www.ncbi.nlm.nih.gov/pubmed/20210554
https://doi.org/10.1091/mbc.12.9.2711
https://doi.org/10.1091/mbc.12.9.2711
http://www.ncbi.nlm.nih.gov/pubmed/11553710
https://doi.org/10.1242/jcs.03353
https://doi.org/10.1242/jcs.03353
http://www.ncbi.nlm.nih.gov/pubmed/17227794
https://doi.org/10.1016/j.ccr.2005.08.010
http://www.ncbi.nlm.nih.gov/pubmed/16169468
https://doi.org/10.1083/jcb.153.6.1175
https://doi.org/10.1083/jcb.153.6.1175
http://www.ncbi.nlm.nih.gov/pubmed/11402062
https://doi.org/10.1016/j.tcb.2011.08.002
http://www.ncbi.nlm.nih.gov/pubmed/21924908
https://doi.org/10.1242/jcs.039446
http://www.ncbi.nlm.nih.gov/pubmed/19339545
https://doi.org/10.1146/annurev-cellbio-101512-122340
http://www.ncbi.nlm.nih.gov/pubmed/24099083
https://doi.org/10.1242/jcs.067009
https://doi.org/10.1242/jcs.067009
http://www.ncbi.nlm.nih.gov/pubmed/21444750
https://doi.org/10.1016/s1357-2725(01)00171-6
http://www.ncbi.nlm.nih.gov/pubmed/11950592
https://doi.org/10.1074/jbc.M117.777896
http://www.ncbi.nlm.nih.gov/pubmed/28655771
https://doi.org/10.1002/jcp.20308
http://www.ncbi.nlm.nih.gov/pubmed/15706595
https://doi.org/10.1016/j.chom.2011.09.014
https://doi.org/10.1016/j.chom.2011.09.014
https://doi.org/10.3390/cells5020017
https://doi.org/10.4161/sgtp.27958
https://doi.org/10.1098/rsif.2010.0419
https://doi.org/10.1098/rsif.2010.0419
http://www.ncbi.nlm.nih.gov/pubmed/20826475
https://doi.org/10.3892/ijo_00000302
http://www.ncbi.nlm.nih.gov/pubmed/19424590
https://doi.org/10.1371/journal.pone.0228606

PLOS ONE

Functional and structural consequences of epithelial cell invasion by B. pertussis adenylate cyclase toxin

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

LiY, SongJ, Tong Y, Kim Chung S, Wong YH. RGS19 upregulates Nm23-H1/2 metastasis suppressors
by transcriptional activation via the cAMP/PKA/CREB pathway. Oncotarget. 2017; 8(41):69945-69960.
https://doi.org/10.18632/oncotarget.19509 PMID: 29050254

Steeg PS, Bevilacqua G, Pozzatti R, Liotta LA, Sobel ME. Altered expression of NM23, a gene associ-
ated with low tumor metastatic potential, during adenovirus 2 Ela inhibition of experimental metastasis.
Cancer Res. 1988; 48:6550-6554. PMID: 2460224

Tso PH,Wang, YungLY, Tong Y, Lee MM, Wong YH. RGS19 inhibits Ras signaling through
Nm23H1/2-mediated phosphorylation of the kinase suppressor of Ras. Cell Signal. 2013; 25:1064—
1074. https://doi.org/10.1016/j.cellsig.2013.02.010 PMID: 23416464

Wang Y, Tong Y, Tso PH, Wong YH. Regulator of G protein signaling 19 suppresses Ras-induced neo-
plastic transformation and tumorigenesis. Cancer Lett. 2013; 339:33—41. https://doi.org/10.1016/].
canlet.2013.07.025 PMID: 23911936

Chen L, Jillian Zhang J, Huang XY. cAMP inhibits cell migration by interfering with Rac-induced Lamelli-
podium formation. J. Biol. Chem. 2008; 283:13799-13805. https://doi.org/10.1074/jbc.M800555200
PMID: 18353776

Dal Molin F, Tonello F, Ladant D, Zornetta I, Zamparo |, Di Benedetto G, et al. Cell entry and cAMP
imaging of anthrax edema toxin. EMBO J. 2006; 25(22):5405-5413. https://doi.org/10.1038/sj.emboj.
7601408 PMID: 17082768

Lefkimmiatis K, Zaccolo M. cAMP signaling in subcellular compartments. Pharmacol. Ther. 2014;
143:295-304. https://doi.org/10.1016/j.pharmthera.2014.03.008 PMID: 24704321

Paccani SR, Finetti F, Davi M, Patrussi L, D’Elios MM, Ladant D, et al. The Bordetella pertussis adenyl-
ate cyclase toxin binds to T cells via LFA-1 and induces its disengagement from the immune synapse.
J. Exp. Med. 2011; 208:1317-1330. https://doi.org/10.1084/jem.20101558 PMID: 21576384

Arumugham VB, Ulivieri C, Onnis A, Finetti F, Tonello F, Ladant D, et al. Compartmentalized cyclic
AMP production by the Bordetella pertussis and Bacillus anthracis adenylate cyclase toxins differen-
tially affects the immune synapse in T lymphocytes. Front. Immunol. 2018; 9:919. https://doi.org/10.
3389/fimmu.2018.00919 PMID: 29765373

Hasan S, Rahman WU, Sebo P, Osicka R. Distinct spatiotemporal distribution of bacterial toxin-pro-
duced cellular cAMP differentially inhibits opsonophagocytic signaling. Toxins. 2019; 11(6):362. https://
doi.org/10.3390/toxins 11060362

PLOS ONE | https://doi.org/10.1371/journal.pone.0228606 May 11, 2020 20/20


https://doi.org/10.18632/oncotarget.19509
http://www.ncbi.nlm.nih.gov/pubmed/29050254
http://www.ncbi.nlm.nih.gov/pubmed/2460224
https://doi.org/10.1016/j.cellsig.2013.02.010
http://www.ncbi.nlm.nih.gov/pubmed/23416464
https://doi.org/10.1016/j.canlet.2013.07.025
https://doi.org/10.1016/j.canlet.2013.07.025
http://www.ncbi.nlm.nih.gov/pubmed/23911936
https://doi.org/10.1074/jbc.M800555200
http://www.ncbi.nlm.nih.gov/pubmed/18353776
https://doi.org/10.1038/sj.emboj.7601408
https://doi.org/10.1038/sj.emboj.7601408
http://www.ncbi.nlm.nih.gov/pubmed/17082768
https://doi.org/10.1016/j.pharmthera.2014.03.008
http://www.ncbi.nlm.nih.gov/pubmed/24704321
https://doi.org/10.1084/jem.20101558
http://www.ncbi.nlm.nih.gov/pubmed/21576384
https://doi.org/10.3389/fimmu.2018.00919
https://doi.org/10.3389/fimmu.2018.00919
http://www.ncbi.nlm.nih.gov/pubmed/29765373
https://doi.org/10.3390/toxins11060362
https://doi.org/10.3390/toxins11060362
https://doi.org/10.1371/journal.pone.0228606

