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Abstract

Pore-forming toxins are potent virulence factors secreted by a large array of bacteria. Here,
we deciphered the action of ExIA from Pseudomonas aeruginosa and ShlA from Serratia
marcescens on host cell-cell junctions. ExIA and ShlA are two members of a unique family
of pore-forming toxins secreted by a two-component secretion system. Bacteria secreting
either toxin induced an ExIA- or ShiA-dependent rapid cleavage of E-cadherin and VE-cad-
herin in epithelial and endothelial cells, respectively. Cadherin proteolysis was executed by
ADAM10, a host cell transmembrane metalloprotease. ADAM10 activation is controlled in
the host cell by cytosolic Ca®* concentration. We show that Ca* influx, induced by ExIA or
ShlA pore formation in the plasma membrane, triggered ADAM10 activation, thereby lead-
ing to cadherin cleavage. Our data suggest that ADAM10 is not a cellular receptor for ExIA
and ShiA, further confirming that ADAM10 activation occurred via Ca®* signalling. In conclu-
sion, ExIA- and ShiA-secreting bacteria subvert a regulation mechanism of ADAM10 to
activate cadherin shedding, inducing intercellular junction rupture, cell rounding and loss of
tissue barrier integrity.

Author summary

Pore-forming toxins are the most widespread toxins delivered by pathogenic bacteria and
are required for full virulence. Pore-forming toxins perforate membranes of host cells

for intracellular delivery of bacterial factors, for bacterial escape from phagosomes or in
order to kill cells. Loss of membrane integrity, especially the plasma membrane, has broad
implications on cell and tissue physiology. Here, we show that two members of a unique
family of pore-forming toxins, secreted by Pseudomonas aeruginosa and Serratia marces-
cens, have the capacity to disrupt cell-cell junctions of epithelial and endothelial cells,
hence breaching two major tissue barriers.
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Introduction

Multicellular organisms have developed barriers to protect their internal body from microbial
invasion. Mucosae constituted of single-layered epithelial cells are the favoured tissue barriers
that bacteria may cross. Pathogenic bacteria have engineered different weapons to traverse
these borders, either going through the cells (transcellular route) or at cell-cell junctions (para-
cellular route). Opportunistic pathogens, like Pseudomonas aeruginosa or Serratia marcescens,
can only cross epithelial barriers when tissues are damaged or proliferate after physical trauma
or biological insults. Once across the epithelial layer, bacteria may cross the endothelium,
translocate into the vascular system and disseminate into the body.

Exolysin (ExIA hereafter) is a pore-forming toxin recently identified in a subset of strains
from Pseudomonas aeruginosa species, generally called PA7-like strains, from the name of the
first-identified strain of this category [1-11]. ExIA gene is located in the same locus as exIB,
forming a Two-Partner Secretion System, in which ExIB is required for ExIA secretion in the
extracellular milieu [12].

PA7-like strains have been isolated from patients with various infection types, such as
acute or chronic pneumonia, urinary infections, burns, otitis, and recently from a patient
suffering from hemorrhagic pneumonia. The PA7-like strains isolated so far do not possess a
Type III secretion system (T3SS) and their virulence potential on cellular models is mainly
correlated with the level of secreted ExlA [3, 13]. In the mouse lungs, ExlA-secreting strains
induced major injuries of the alveolo-capillary barrier, leading to pulmonary hemorrhages
and allowing bacterial dissemination in the body. Osmotic protection assays revealed that
the inner diameter of the pore formed by ExIA in the host plasma membrane is approxi-
mately 1.6 nm, likely allowing the trafficking of small molecules[12]. Pore formation ulti-
mately provokes cell death by plasma membrane rupture, as observed by microscopy, or
monitored by lactate dehydrogenase (LDH) release and propidium iodide (PI) incorporation
(3, 12].

Homologous ExlA proteins were identified in related Pseudomonas species, such as P. prote-
gens, P. entomophila and P. putida [12]. Importantly, a 35% identity was found with Sh1A
pore-forming toxin from Serratia marcescens [3], which displays the same domain organiza-
tion and a comparable size (172 kDa for ExIA and 165 kDa for ShlA), and shares a similar
secretory pathway [14]. ShlA forms pores of 1-2 nm, is cytolytic for various cell types and
induces hemorrhagic pneumonia in humans and in infected mouse lungs [15-17]. Hence,
ShlA is related to ExIA in several structural and functional aspects. Other related toxins have
been identified based on sequence homology and secretion pathway, including HpmA from
Proteus mirabilis, HhdA from Haemophilus ducreyi, PhlA from Photorhabdus luminescens,
EthA from Edwardsiella tarda and ChlA from Chromobacterium violaceum [14, 18-22], for
which very little information is available. Altogether, these toxins constitute a unique family of
pore-forming toxins, for which neither the 3-dimensional structure, nor the potential oligo-
merization and mechanisms of pore formation are known, and importantly, for which the
mechanism of toxicity remains elusive.

Here, we show that ExlA and ShlA have the capacity to disrupt the cell-cell junctions of epi-
thelial and endothelial cells, using an indirect mechanism. The pore formed by either toxin
in the host cell triggers a Ca®* influx, which activates A Disintegrin And Metalloproteinase
domain-containing protein 10 (ADAM]10), a transmembrane metalloprotease, whose natural
substrates are transmembrane proteins, including some cadherins. ExlA- and ShlA-dependent
ADAMI0 activation rapidly leads to E- or VE-cadherin cleavage in epithelial or endothelial
cells, respectively. As cadherins are major determinants of intercellular adhesion, cadherin
cleavage induces cell-cell junction breakdown and loss of tissue integrity.
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Results
ExIA-secreting strains induce E- and VE-cadherin cleavage

We previously reported that T3SS-positive P. aeruginosa strains incubated with endothelial
cells induce VE-cadherin cleavage, which is mediated by a protease (LasB) released by the
T2SS [23]. LasB cleaves VE-cadherin in the middle of its extracellular domain, preventing its
adhesive activity. We further showed that E-cadherin, located at epithelial cell-cell junctions,
was resistant to LasB proteolytic activity [23]. As cadherins are required for tissue integrity, we
tested the ExlA-secreting isolate CLJ1 for its capacity to cleave E-cadherin by incubation with
the human alveolar cell line A549 (Fig 1A, left). CLJ1 induced a rapid and dramatic decrease in
full-length E-cadherin levels, which paralleled the onset of a C-terminal E-cadherin fragment
of 30 kDa. As previously reported [23], two ExlA-negative P. aeruginosa strains injecting ExoS,
T and Y toxins through their T3SS, did not degrade E-cadherin, even at longer time points
(Fig 1A, left). We also tested an ExlA-negative T3SS-positive strain injecting ExoU, a toxin
endowed with phospholipase activity, known to induce membrane permeabilisation to nuclei
dyes [24]. A549 cell incubation with the ExoU-positive strain did not induce E-cadherin cleav-
age (S1 Fig). Thus, membrane permeabilisation by a phospholipase is not sufficient to promote
cadherin cleavage.

In similar experiments, VE-cadherin was rapidly degraded after incubation of primary
human endothelial cells (HUVECs) with CLJ1 (Fig 1A, right). The onset of a C-terminal VE-
cadherin fragment of 30 kDa was also observed concomitantly to the decrease of full-length
VE-cadherin. As previously noticed, VE-cadherin was partially degraded due to LasB activity
[23], however at much longer time points (Fig 1A, right).

To examine whether the rapid E- and VE-cadherin cleavage activity was dependent
upon ExlA, we used the ExlA-secreting IHMAS87 strain [12, 13] that can be manipulated
genetically, as opposed to CLJ1. Hence, we tested the isogenic mutant IHMA87AexIA and its
complemented counterpart IHMA87AexIA/exIA for their ability to degrade the cadherins
(Fig 1B). IHMAS87 similarly induced E-cadherin and VE-cadherin cleavages, albeit more
slowly than CLJ1, while IHMA87AexIA did not, even at longer time points. The comple-
mented strain recovered this ability. Thus, the cleavage of both types of cadherin is ExIA-
dependent.

We previously reported that Type IV pili (“pili” hereafter) facilitated the ExIA-dependent
toxicity of [IHMA87 towards A549 cells, probably by enhancing bacterial adhesion [12]. We
thus tested the effect of a mutant devoid of pili THMA87ApilA) on cadherin cleavage (S2 Fig).
The lack of pili had no effect on E-cadherin cleavage and a very partial effect on VE-cadherin.

Next, we investigated whether other P. aeruginosa factors were needed for ExlA action on
cadherins. As our attempts to purify a functional ExIA protein were unsuccessful, we used an
Escherichia coli strain ectopically expressing ExIB-ExIA, and devoid of other P. aeruginosa fac-
tors. The E. coli-exIBA strain induced the cleavage of both E- and VE-cadherins, suggesting
that Ex]A alone can induce cadherin proteolysis (Fig 1C).

We then examined the fate of E-cadherin at cell-cell junctions by confocal videomicroscopy
during infection using A549 expressing E-cadherin fused to GFP (Fig 1D). We observed a
loss of E-cadherin-GFP labelling at cell-cell junctions when cells were incubated with CL]J1 or
IHMAS87, but not when incubated with IHMA87AexIA or PAO1F. This feature is in agreement
with the above results by Western blot, except that the kinetics differ due to different experi-
mental conditions. Taken together, the results show that ExIA-dependent E-cadherin cleavage
promotes E-cadherin loss from cell-cell junctions. To assess cell membrane permeability, the
non-permeant dye propidium iodide was added to the cell medium. Membrane disruption, as
monitored by propidium iodide incorporation into cell nuclei, occurred much later than E-
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Fig 1. ExlA-dependent cleavage of E- and VE-cadherins. A. A549 cells (left) or HUVECs (right) were incubated with various P.
aeruginosa strains: CHA, PAO1F or CLJ1, or were mock-infected with LB (NI). Cell extracts were prepared at different times post-
infection, as indicated and analysed by Western blot using E-cadherin (left) or VE-cadherin (right) antibodies. In both cases, the full-
length (FL) and post-cleavage C-terminal (CTF) fragments are shown. B-actin was used as loading control. The experiment was
performed 3 times for A549 and twice for HUVECs with similar results. B. A549 cells (left) and HUVECs (right) were incubated with
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IHMA87, IHMA87AexIA or IHMA87AexIA/exIA strains, and cellular extracts were analysed as above. The experiment was
performed 3 times for A549 and once for HUVECs. C. Similar experiments with A549 cells (left) or HUVECs (right) incubated with E.
colicontaining the empty vector (ex/BA -) or E-coli expressing ExIB-ExIA (ex/BA +). D. A549-E-cadherin-GFP cells were incubated
with CLJ1, IHMA87, IHMA87AexIA or PAO1F bacteria. E-cadherin-GFP (green) as well as nuclei labelling by propidium iodide (red)
were followed by confocal videomicroscopy. Times post-infection are shown as “h:min”. One z-position is represented. The
experiment was performed twice, with 4-5 positions recorded each time. All films showed similar results. E. Mice (5 per condition)
were infected by bacteria inhalation (2.5x10°), using CLJ1 strain, or were mock-infected with PBS (NI). Mice were euthanized at 18
h.p.i.; protein extracts were prepared from lungs and were analysed by Western blot using E- and VE-cadherin antibodies (left).
Histograms (right) show the E-cadherin/ $-actin and VE-cadherin/ B-actin ratios of band intensities, represented as means + s.d.
Significance was calculated using Mann-Whitney’s test, as variances were not equal. The experiment was repeated once, with
similar results.

https://doi.org/10.1371/journal.ppat.1006579.9001

cadherin loss (Fig 1D). Thus, ExlA effects on E-cadherin could be observed earlier than those
leading to cell death.

To definitely prove that ExIA induces barrier disruption, a bacterial transmigration assay
was performed using Transwell filters. The bacterial transmigration across A549 monolayers
were significantly decreased when IHMA87AexIA was used, compared to IHMAS87 (S3 Fig).

To investigate the action of ExIA-secreting bacteria on cadherin cleavage in vivo, we
infected mice by inhalation of a suspension of CLJ1 bacteria. [HMA87 was not used in this
assay, as it is not a potent infective agent in this model [13]. Mice were euthanized at 18 h.p.i.
and lung extracts were analysed by Western blot (Fig 1E). The data revealed that CLJ1-infected
lungs contained significantly lower amounts of E- and VE-cadherins than the mock-infected
lungs. Likewise, CLJ1 induces the cleavage of both cadherins in vivo. These results also show
that ExIA can promote cadherin cleavage from a different species.

ADAM10 is the executer of ExIA-dependent cadherin cleavage

ADAMs are transmembrane metalloproteases, modulating cell-cell and cell-matrix interac-
tions. They are major ectodomain sheddases, releasing a variety of cell-surface proteins.
ADAMI0 is an ubiquitous member of this family, for which several protein substrates have
been identified, including E- and VE-cadherins [25-28]. ADAM10 cleaves both cadherins in
their extracellular membrane-proximal domains, releasing the extracellular domain in the
supernatant. The transmembrane domain is then rapidly cleaved by the y-secretase and the
cytoplasmic domain is targeted to the proteasome for degradation [26, 28]. In our experi-
ments, the transient C-terminal cleavage fragment (30 kDa) induced by CLJ1 co-migrated
with that produced by cell incubation with ionomycin, a potent inducer of ADAM10 activity
[25,29] (Fig 2A). ADAMI17 activation by PMA did not produce a similar cleavage. Thus, these
preliminary results suggested that ExIA could activate ADAM10, as has been reported for
Staphylococcus aureus pore-forming toxin Hla [30, 31].

To further evaluate the role of ADAMI10 in Ex]A-dependent cadherin cleavage, we first
used protease inhibitors: GM6001, a wide-spectrum Zn-metalloprotease inhibitor and
GI254023X, a highly specific ADAMI10 inhibitor [32]. Both inhibitors prevented E- and VE-
cadherin cleavages after infection with CLJ1 or IHMAS87 (Fig 2B). To definitely prove the
role of ADAM10 in this mechanism, we generated ADAM10-deficient A549 cells, using
CRISPR/Cas9 technology. The absence of ADAM10 was verified by FACS analysis (Fig 2C,
right). ADAM10-deficient A549 cells were resistant to E-cadherin cleavage after incubation
with CLJ1 or IHMAR87 (Fig 2C, left). To evaluate the VE-cadherin cleavage in primary cells,
we knocked down ADAM10 in HUVECs using siRNA, as it is not possible to generate gene
deficiency in primary cells using the CRISPR/Cas9 system. ADAM]10-surface expression
was dramatically decreased in ADAM10 siRNA-treated HUVECs (Fig 2D, right). VE-
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Fig 2. ADAM10 requirement for ExlA-dependent cadherin cleavage. A. A549
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cells were either treated with 0.1 pg/mL PMA

or 5 uM ionomycin (lono) for 30 min, or infected with CLJ1 (90 min), or left untreated/uninfected (NI). Cellular extracts were

analysed by Western blot using E-cadherin and -actin antibodies. FL, full-length;

CTF, C-terminal fragment. The experiment

was performed twice. B. A549 cells (left) or HUVECSs (right) were pre-treated with DMSO, the general metalloprotease inhibitor
GM6001 (10 pg/mL) or the specific ADAM10 inhibitor GI254023X (5 uM) and then incubated with CLJ1 or IHMA87 (90 min), or
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uninfected (NI). Cellular extracts were analysed as above. The experiment was performed twice for A549 and 3 times for
HUVECs. C. A549 or ADAM10-deficient A549 (A549 ADAM107) cells were incubated with either CLJ1 or IHMA87. Cellular
extracts were prepared at different time points post-infection as indicated and analysed by Western blot (left). The right panel
shows the FACS analysis of ADAM10 surface expression of both cell lines, as well as the negative control. The experiment was
performed 3 times. D. Similar experiment with HUVECs, either transfected with ADAM10 siRNA or untreated. The experiment
was performed twice.

https://doi.org/10.1371/journal.ppat.1006579.9002

cadherin cleavage was prevented in ADAM10 siRNA-treated HUVECs infected with CLJ1
and IHMAS87 (Fig 2D, left).

Altogether, these findings demonstrate that ADAMI0 is the executer of ExlA for cadherin
cleavage and is absolutely required for this activity.

ADAM10 is dispensable for the necrotic activity of ExIA

To examine whether ADAM10 was required for Ex]A-dependent plasma membrane rupture,
we tested the necrotic activity of ExIA in ADAM10-deficient A549 cells (Fig 3). LDH release
was independent of the presence of ADAM10, showing that ADAM10 is not involved in cell
death and that ADAM10 is not the membrane receptor of ExIA.

ExIA triggers intracellular calcium elevation

As previously described, high cytosolic Ca** concentrations induce cadherin cleavage through
activation of ADAMI10 [26, 33], which was further confirmed here using the calcium iono-
phore ionomycin (Fig 2A). Therefore, we tested the capacity of ExIA-secreting strains to
induce intracellular Ca** elevation in A549 cells and HUVECs. We used Fluo3-AM, a cell-per-
meant fluorescent probe, to monitor intracellular Ca®* together with Draq7, a non-permeant
fluorescent probe, to visualize necrotic cells after plasma membrane rupture. Cell fluorescence
were recorded on both channels by videomicroscopy and their intensities measured on

Bl A549
150 - A549 ADAM10 /-

1004 2 . r
0- —

CLJ1 [IHMA87 IHMA87 IHMAS87
AexIA AexlA/exIA

Fig 3. ExIA necrotizing activity is preserved in ADAM10-deficient cells. Plasma membrane rupture was
monitored by LDH release in the supernatant. A549 or A549ADAM107” cells were incubated for 5 hours with
IHMA87, IHMA87AexIA or IHMA87AexIA/exIA strains. The supernatants were the tested for LDH activity. The
histograms show the mean * s.d. of triplicates. The data are representative of 3 experiments.

https://doi.org/10.1371/journal.ppat.1006579.9003

LDH release (%)
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individual cells. No Fluo3 signal was obtained in uninfected conditions and inconsistent sig-
nals were detected when cells were infected with PAO1F (Fig 4A-4D), as previously reported
[34]. In contrast, sharp increases of Fluo3 intensities were observed when either cell types were
infected with CLJ1 (Fig 4E and 4F); this increase takes place earlier in HUVECs. Similar obser-
vations were made with IHMAS87 infection (Fig 4G and 4H), except that Ca>" rise was not
consistent for each A549 cell and less marked in general. When IHMA87AexIA was used, no
Ca?* elevation was noted (F ig 41 and 4]), while Fluo3 signal increases were observable within
THMA87AexlA::exIBA-infected cells (Fig 4K and 4L). Hence, ExIA triggers a massive Ca”" ele-
vation in host cells, because of Ca®* entry through the pore formed in the plasma membrane.
ADAMI10 may thus be activated by this process.

The increase of Fluo3 intensity was consistently followed by a sharp drop of fluorescence
that was concomitant to Draq7 incorporation into the cells (Fig 4E-4H, 4K and 4L), suggesting
that the Fluo3 diffused in the extracellular milieu when the plasma membrane was ruptured.

ExIA-dependent calcium influx drives both ADAM10 activation and
necrosis

The inactive form of ADAMI10 (pro-ADAM10), linked to its pro-domain, has been shown to
interact with calmodulin, a cytosolic protein displaying high affinity for Ca** [29, 35]. It was
hypothesized that this interaction prevents ADAM10 pro-domain cleavage, and subsequent
ADAMIO activation and export to the plasma membrane [35, 36]. The currently accepted
model proposes that when cytosolic Ca>* concentration is increased, calmodulin and Ca**
interact, which dissociates calmodulin from pro-ADAM10, as its affinity is lower for the prote-
ase. ADAMI10 hence becomes available for activation by furin and is eventually ready to pro-
cess its own substrates [37, 38].

To test this hypothesis in our system, we first depleted Ca®" in the extracellular medium,
but the absence of Ca** triggered a striking over-secretion of ExIA by the bacteria (S4 Fig) that
masked the results on ADAMI10 activation. Therefore, we employed a chemical compound,
trifluoperazine (TFP), that exhibits high affinity for calmodulin and dissociates calmodulin
from its other interactants [29, 35]. TFP treatment of A549 resulted in a dose-dependent
induction of E-cadherin cleavage, confirming that calmodulin prevents ADAM10 activation in
uninfected A549 cells (Fig 5A).

To further demonstrate the role of intracellular Ca** in ADAM10 activation, we pre-incu-
bated A549 cells with BAPTA-AM, a cell permeant Ca”>* chelator. The chelating action of
BAPTA-AM in these cells was tested by Ca** imaging using Fluo3-AM probe (S5 Fig). Fluo-3
signal inhibition by BAPTA-AM was total in CLJ1-infected cells and almost complete when
cells were infected with IHMA87. BAPTA-AM strongly decreased CLJ1-induced E-cadherin
cleavage and its action was partial in IHMAS87-infected (Fig 5B), consistent with the differen-
tial ability of BAPTA-AM to sequester intracellular Ca®" in the two conditions. In conclusion,
cytosolic Ca** is the messenger allowing ADAM10 activation in infected cells.

Interestingly, BAPTA-AM also significantly diminished LDH release induced by CLJ1 or
THMAS?7 (Fig 5C), suggesting that Ca®* is also involved in ExlA-induced membrane perme-
ability, independently of cadherin cleavage.

Serratia marcescens ShiA toxin induces calcium influx, ADAM10
activation and cell death
As mentioned above, the pore-forming toxin ShlA is homologous to ExIA in terms of sequence

identity (35%), secretion pathway and domain organization [12]. We thus examined whether
ShlA had the same capacity to promote cadherin cleavage through Ca** influx and ADAM10
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Fig 4. Intracellular calcium elevation generated by ExlA-secreting bacteria. Intracellular Ca®* content

was analysed by videomicroscopy using the permeant Fluo3-AM fluorescent probe. Plasma membrane
rupture was evaluated using the non-permeant Draq7 fluorescent probe. A549 cells (A,C,E,G,1,K) or

HUVECs (B,D,F,H,J,L) were either non-infected (A,B) or infected with PAO1F (C,D), CLJ1 (E,F), IHMA87 (G,
H), IHMA87AexIA (1,J) or IHMA87AexIA::exIBA (K,L). The fluorescence intensities of five cells were analysed
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in each case; the Fluo3 intensities are represented by solid lines and the Draq7 intensities by dashed lines,
using the same colour code for one cell. The data are representative of 4—7 experiments. Uninfected
conditions were performed in each experiment.

https://doi.org/10.1371/journal.ppat.1006579.9004

activation. To address this question, we used a ShlA-secreting strain of S. marcescens, Dbl1,
and its isogenic shIB mutant, 21C4, which is impaired in ShlA secretion [39, 40]. Db11 rapidly
cleaved E-cadherin with C-terminal cleavage fragment of similar size as ExlA, whereas 21C4
did not induce E-cadherin degradation (Fig 6A left). Similar data were obtained for VE-cad-
herin (Fig 6A right). Incubation of A549 ADAM107" cells with Db11 did not induce E-cad-
herin cleavage (Fig 6B). E-cadherin degradation was only partially prevented in Db11-infected
A549 cells by cell pre-incubation with BAPTA-AM (Fig 6C). However, BAPTA-AM incom-
pletely chelated intracellular Ca®* (S5 Fig). Db11 increased intracellular Ca®" in A549 cells and
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Fig 5. Role of calcium influx in cadherin cleavage and necrosis. A. A549 cells were incubated with
various concentrations of TFP, as indicated, to impede calmodulin interaction with ADAM10. lonomycin was
used as positive controls. E-cadherin cleavage was assessed by Western blot. The experiment was
performed twice. B. Western blot analysis of A549 E-cadherin contents after infection with CLJ1 or IHMA87,
in presence or absence of BAPTA-AM. Both experiments were performed 3 times. C. LDH release of A549
cells infected with either CLJ1 or IHMA87, in presence/ absence of BAPTA-AM. Student’s t-test showed
significance between the two treatments for both CLJ1 and IHMA87 data (p-values indicated above the bars).
The experiment was performed 3 times.

https://doi.org/10.1371/journal.ppat.1006579.9005
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Fig 6. Effects of S. marcescens ShlA on cadherin cleavage and calcium influx. A. A549 cells (left) or HUVECs (right) were
incubated with the S. marcescens ShlA-secreting strain Db11, or with the non-ShlA-secreting mutant 21C4. Cellular extracts were
analysed for their E- or VE-cadherin contents. The experiment was performed twice for the left panel and once for the right panel. B.
Similar analysis using A549 ADAM10”~ The experiment was performed once. C. Similar analysis using A549 cells, in presence/
absence of BAPTA-AM. D-G. Intracellular Ca%* contents and plasma membrane permeability were measured using Fluo3-AM and
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Draq7 fluorescent probes, respectively. A549 cells (D,F) and HUVECs (E,G) were infected with Db11 (D,E) or 21C4 (F,G) and
fluorescence was recorded on both channels by videomicroscopy. Five cells were analysed in each case; the Fluo3 intensities are
represented by straight lines and the Draq7 intensities by dashed lines, using the same colour code for one cell. Data are
representative of 8 and 5 independent experiments for A549 and HUVECSs, respectively.

https://doi.org/10.1371/journal.ppat.1006579.9g006

HUVECs, followed by Draq7 incorporation (Fig 6D and 6E), while no Fluo3 or Draq7 signals
were detected with 21C4 (Fig 6F and 6G). Therefore, we conclude that ShIA has the same
capacity as ExIA to induce E-cadherin cleavage through Ca** influx and ADAMI0 activation.

Discussion

Cell-cell junctions of mucosal and vascular barriers play an essential role in impeding the
spread of bacterial pathogens in the body (for a review on pore-forming toxin’s action on
tissue barriers, see [41]). Here, we employed ExlA- and ShlA-secreting bacteria, and their
respective non-secreting mutants, to decipher how the two toxins disrupt adherens junctions.
Our results demonstrate that one of the primary effects of the cytotoxic action of ExIA and
ShIA is that they induce cleavage of E- and VE-cadherins, which disrupts epithelium and endo-
thelium integrity. The massive Ca®" influx triggered by pore formation initiates a cascade of
events leading to junction disruption. The model proposed in Fig 7 includes the following
steps: in uninfected conditions, calmodulin is associated with pro-ADAMI0, preventing its

ExIA § LI [Ca?*]. *1.5mM
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Fig 7. Mechanisms of ExIA/ShlA-induced cadherin cleavage. In uninfected cells, pro-ADAM10 is
associated with calmodulin, preventing its maturation and export to the plasma membrane. Pore formation by
ExIA or ShlA induces a massive Ca®* influx in host cells. Intracellular Ca®* interacts with the Ca®*-binding
protein calmodulin, which detaches from pro-ADAM10, allowing its maturation to m-ADAM10. m-ADAM10
cleaves E- and VE-cadherin in epithelial and endothelial cells, respectively, provoking intercellular junction
rupture.

https://doi.org/10.1371/journal.ppat.1006579.9007
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maturation. Calmodulin has a high affinity for Ca>*. When Ca*" enters the cell through the
ExIA or ShlA pore, it interacts with calmodulin, which presumably alters the conformation of
calmodulin and causes its dissociation from ADAMI10. Then, the free pro-ADAMI0 protein is
activated by furin and translocates to the plasma membrane where it cleaves the cadherins. As
cadherins are required for cell-cell adhesion, their cleavage is closely followed by cell retrac-
tion, owing to actin-cytoskeleton centripetal forces.

Similar data were obtained with CL]J1 and IHMAS87, except that the latter was less effective
in most assays. The ExIA proteins in these two strains share 99.6% identity, suggesting that the
milder effect of IHMAB87 may be related to a reduced capacity to secrete ExIA [13].

Ca”" influx started earlier in HUVECs than in A549 cells, suggesting either that the pores
are formed more rapidly or that a larger number of pores are formed in HUVECs. This effect
could be explained by a higher expression of receptors for ExIA and ShlA at the surface of
endothelial cells compared to epithelial cells. However, as no receptor has yet been identified
for these two toxins, we cannot currently confirm this hypothesis. For ExIA, the receptor
appears to be relatively ubiquitous as ExlA-secreting bacteria are toxic for most tested cell
types except erythrocytes [13]. In contrast, ShlA targets erythrocytes, epithelial cells, fibroblasts
[17] and endothelial cells (this study), but not myeloid cells. The somewhat different target
host cell suggests that the cellular receptors are not identical for the two toxins. Interestingly,
the LDH response was unmodified in the absence of ADAM10, when cells were exposed to
ExIA- or ShlA-secreting bacteria. Thus, unlike for Hla [31], ADAM10 is not the receptor of
either ExlA or ShlA, nor it is involved in ExlA-induced cell death.

Unlike most bacterial pore-forming toxins, ExlA and ShlA are highly unstable in aqueous
solution and are biologically inactive when purified. The instability of Ex]A and ShlA and the
fact that Type IV pili are required for ExlA-related toxicity of the IHMAS87 strain [12] suggest
that these toxins must be delivered close to host cells where they can rapidly insert into the
plasma membrane. The mechanism of insertion into the membrane and the toxin’s oligomeri-
sation capacity remain to be determined.

Because of their role in maintaining tissue barriers, cadherins are frequent targets for
bacterial pathogens. Cadherins can be cleaved by ADAM10, which is activated by the calcium
imbalance caused by the pore-forming action of the toxins, as previously demonstrated for Hla
from S. aureus and pneumolysin from Streptococcus pneumoniae [30, 31, 42] and here for ExIA
and ShlA. This mechanism of toxicity might also be used by other pore-forming toxins that are
known to promote Ca** influx, such as streptolysin O (SLO) from Streptococcus pyogenes, o.-
toxin from Clostridium septicum, aerolysin from Aeromonas hydrophila, and listeriolysin O
from Listeria monocytogenes [43-46].

Alternatively, E-cadherin can also be cleaved by HtrA bacterial proteases, released by Heli-
cobacter pylori, enteropathogenic E. coli, Shigella flexneri and Campylobacter jejuni [47, 48]. As
mentioned above, VE-cadherin is cleaved by P. aeruginosa LasB protease [23]. E-cadherin is
also the target of Clostridium botulinum neurotoxin-A, preventing cadherin homotypic adhe-
sion [49]. Finally, an intermediate mechanism was found for the metalloprotease BFT from
Bacteroides fragilis, which activates the y-secretase, promoting E-cadherin cleavage [50]. Thus,
bacteria employ several independent but related pathways to target the junctions.

Along the intercellular space, the cluster of E-cadherin molecules forming the adherens
junctions, is located closer to the basal side of the cell layer than the tight junctions. The tight
junctions seal intercellular gaps on the apical side to restrict the diffusion of molecules (e.g.
proteases) present on the apical side of the cell layer. This restriction is less effective in endo-
thelia, where the tight junctions tend to be less developed and where they are mixed with
adherens junctions [51]. Bacterial proteases therefore have limited access to E-cadherin in
most infection conditions, and the indirect action of pore-forming toxins on E-cadherin
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appears to be an efficient alternative mechanism to the secretion of proteases directly targeting
the junctions.

Because ADAMI10 can efficiently cleave adhesive and signalling receptors, its activity is
tightly regulated in eukaryotic cells. The subversion mechanism of ADAMI10 activation by
ExIA and ShlA is probably shared by several pore-forming toxins. This may have functional
consequences beyond cellular adhesion because of the numerous substrates of ADAM10, even
when cell death is prevented by induction of the membrane repair machinery.

Methods
Ethical statement

All protocols in this study were conducted in strict accordance with the French guidelines for
the care and use of laboratory animals [52]. The protocols for mouse infection were approved
by the animal research committee of the institute (CETEA, project number 13-024) and the
French Ministry of Research. Anesthesia was performed using a mixture of xylazine/ketamine
and euthanasia by CO2 inhalation.

P. aeruginosa, S. marcescens and E. coli strains and culture

The strains and the plasmids used in this study are described in S1 File. Bacteria were grown in
liquid LB medium at 37°C with agitation until the cultures reached an optical density value of
1.0 to be in the exponential growth phase. All conditions of infection were performed at MOI
of 10, unless indicated in the legend.

Cell culture

HUVECs were prepared from anonymized human umbilical cords (coming from the Groupe
Hospitalier Mutualiste de Grenoble) as previously described [53] and grown in supplemented
EBM2 medium (Lonza). A549 (ATCC), A549-E-cadherin GFP and A549 ADAM10”" cells
(both generated in this study) were grown in DMEM medium, supplemented with 10% foetal
calf serum (all from Life Technologies). Cells were tested for the presence of mycoplasma
before freezing vials. Each experiment started from a mycoplasma-free frozen vial. A549 cells
were tested for the presence of E-cadherin junctional labelling.

A549 E-cadherin GFP cells were obtained after transfection with pPCDNA3.1-E-cadherin-
GFP (Addgene) using Lipofectamine 2000 (Life Technologies). Positive cells were selected by
antibiotic treatment and fluorescent cells were sorted by MoFlo flow cytometer (Beckman
Coulter). When indicated, cells were pretreated 30 min before infection with TFP at indicated
concentrations, 0.1 pg/mL phorbol 12-myristate 13-acetate (PMA), 5 uM ionomycin, 10 pg/
mL GM6001, 5 uM GI254023X or 25 uM BAPTA-AM (all from Sigma). BAPTA-AM was
washed out before the infection step.

For videomicroscopy experiments, cells were seeded at 150,000 cells per well on Labtek II
8-chambered (Thermo Fisher Scientific) coverslips and used 48-h later to obtain highly conflu-
ent monolayers. Medium was replaced with non-supplemented EBM-2 medium one hour
before infection. Cells were infected and immediately observed by videomicroscopy.

For siRNA experiments, HUVECs were seeded at 5.10* cells/well in P12 plate. The next
day, cells were transfected with anti-sense ADAM10 siRNA (UAACAUGACUGGAUAUCU
GGQG) using Lipofectamine RNAIMAX (Life Technologies). Three days after transfection,
cells were analysed by FACScalibur flow cytometer (Becton Dickinson) after staining with
ADAMI0 antibody (R&D Systems) and anti-mouse-Alexa 488 antibody (Molecular Probes).
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CRISPR/Cas9-based ADAM10 gene knockout

ADAMI10 gene knockout was generated by using guide RNA oligos specifying the

human ADAM]10 gene (forward: 5-CACCGGATACCTCTCATATTTACAGC; reverse: 5'-
AAACGTGTAAATATGAGAGGTATCC). These oligos were designed by using the tool
available at http://crispr.mit.edu/. Oligos were obtained from Eurofins Genomics and
then cloned into the pSpCas9(BB)-2A-GFP vector (#48138, Addgene). The constructs or
the empty vector were transfected into the A549 cells using the Neon Transfection System
(Life Technologies). After 24 h, transfected cells were selected by flow cytometry using the
GFP signal and were distributed directly in 96-well plates using a BD FACSAria flow cytom-
eter. After 10 days of culture, cells were stained with ADAM10-phycoerythrin antibody
(R&D Systems) for 30 min at room temperature. The samples were analysed using a BD
Accuri C6 flow cytometer. ADAM10-negative clones were selected and the ADAM 10 gene
was sequenced. To further determine if the selected clones had mutations in both alleles,
Guide-it sgRNA in vitro Transcription coupled to Guide-it Genotype Confirmation Kits
(Clontech Laboratories) were used following the manufacturer recommendations. One
clone with both allelic mutations (A549 ADAM10”") was used in this study and confirmed
using BD FACScalibur flow cytometer after staining with ADAM10 antibody (R&D sys-
tems) and anti-mouse-Alexa488 antibody (Molecular Probes) for 1 h at 4°C for each
antibody.

Mouse pulmonary infection

Pathogen-free BALB/c female mice (8-10 weeks) were obtained from Harlan Laboratories and
housed in the institute animal care facility. Bacteria from exponential growth (OD = 1.0) were
centrifuged and resuspended in sterile PBS at 0.85x10% per mL. Mice were anesthetized by
intraperitoneal administration of a mixture of xylazine (10 mg.Kg™') and ketamine (50 mg,
Kg!). Then, 30 uL of bacterial suspension (2.5x10°) were deposited into the mouse nostrils.
Mice were euthanized by CO, inhalation at 18 h.p.i. and lungs were withdrawn and homoge-
nized in 2 mL of PBS using a Polytron. The number of animals required for the study was
deduced from previous work [23]. Randomization was performed by Harlan Laboratories.
The experiment did not required blinding.

Western blotting

Cells and tissues were lysed in Triton X-100 and protein concentration of the lysates was deter-
mined with a Micro-BCA kit (Pierce) using BSA as standard. Protein extracts were then sepa-
rated by SDS-PAGE, transferred onto Hybond ECL membrane (Amersham Biosciences) and
revealed with E-cadherin-Cter (BD transduction laboratories), VE-cadherin (Santa Cruz) or -
actin (Sigma) antibodies.

Luminescent signals were revealed using a ChemiDoc (BioRad). Only unsaturated signal
intensities are presented.

To examine ExIA secretion, the cell supernatants were collected at 2 h.p.i. and concentrated
by trichloroacetic acid (TCA) precipitation. Briefly, 100 uL of 2% Na deoxycholate were added
to 10 mL of cellular supernatant and incubated 30 min at 4°C. Then, 1 mL of TCA were added
and the mixture was incubated overnight at 4°C. After centrifugation for 15 min, at 15,000 g
and 4°C, the pellet was resuspended in 100 pL of electrophoresis loading buffer. The ExIA anti-
body [3] was used to reveal the western blots.
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Lactate dehydrogenase release

LDH release in the supernatant was measured using the Cytotoxicity Detection Kit from
Roche Applied Science, following the recommended protocol. Briefly, cells were seeded at 2.5
10* in 96-well plates two days before, and infected in non-supplemented EBM2. At different
post-infection times, 30 pL of supernatant were mixed with 100 pL of reaction mix and OD
was read at 492 nm. OD values were subtracted with that of uninfected cells and Triton-solubi-
lized cells were used to determine the total LDH present in the cell culture.

Confocal videomicroscopy

For fluorescence time-lapse microscopy, cells were imaged using a confocal spinning-disk
inverted microscope (Nikon TI-E Eclipse) equipped with an Evolve EMCCD camera. The
optical sectioning was performed by a Yokogawa motorized confocal head CSUX1-A1. Images
were acquired using an illumination system from Roper Scientific (iLasPulsed) with a CFI
Plan Fluor oil immersion objective (40X, N.A. 1.3). Z-series were generated every 10 min
using a motorized Z-piezo stage (ASI) by acquiring 25 z-plane images with a step size of 1 um.
Microscope was controlled with MetaMorph software (Molecular Devices). Temperature,
CO,, and humidity control was performed using a chamlide TC system (TC-A, Quorum
technologies). Solid-state 491 and 561 nm lasers (iLas, Roper Scientific) and ET 525/50M
(Chroma) and FF01-605/54 (Semrock) emission filters were used for excitation and emission
of EGFP and propidium iodide fluorescence, respectively.

Calcium imaging by wide-field videomicroscopy

Calcium imaging was performed using Fluo3-AM probe (Molecular probes). Cells were seeded
at 2.5 10" in Labtek 8-chambered (Thermo Fisher Scientific) one or two days before for A549
cells or HUVECSs, respectively. Before experiments, cells were washed twice with PBS. Then
cells were loaded with 3 pM Fluo3-AM in PBS or EBM2 containing 2.5 mM probenecid and
40 mg/ml pluronic acid for 1.5 h at room temperature (A549) or 0.5 h at 37°C (HUVECsS) in
the dark. Cells were washed twice in EBM2. Infection was performed in EBM2 medium with
0.15 uM Draq7 (Abcam). Labtek chambers containing the infected cells were placed in an
incubator equilibrated at 37°C and 5% CO2 located on a IX71 Olympus microscope controlled
by the CellR Olympus system, automated in x, y, z axis and driven by Xcellence software
(Olympus). Fluo3 was excited at 480/40 nm, and emission was collected at 535/50 nm. Draq7
dye was excited at 620/60 nm, and emission was collected at 700/75 nm. Images were captured
with a Hammamatsu Orca-ER camera and a 40X (N.A. 1.35) oil objective. Acquisitions were
generated every 5 min. The cells used for analysis were chosen at the initial step of recording.

Statistics

Data on lung cadherin content (Fig 1D) passed the normality test (Shapiro-Wilk’s test), but
not the equal variance test. Therefore, significance was evaluated on ranks, using a two-sided
Mann-Whitney’s test. LDH data (Fig 5C) passed the normality and equal variance tests; signifi-
cance was thus analysed by a two-sided Student’s t-test. Statistics were performed using Sigma-
Plot software.

Supporting information

S1 File. Bacterial strains used and supplemental method.
(PDF)

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006579  August 23,2017 16/20


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006579.s001
https://doi.org/10.1371/journal.ppat.1006579

@'PLOS | PATHOGENS

ExIA and ShlA induce cadherin cleavage through ADAM10 activation
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