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retraction could be counteracted by overexpression of actin 
cytoskeleton regulators. In addition, our data suggest that 
moesin is neither a direct exotoxin target nor an important 
player in this process. We conclude that any action leading 
to inhibition of actin filament breakdown will improve the 
barrier function of the endothelium during P. aeruginosa 
infection.
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Introduction

Pseudomonas aeruginosa is a major cause of nosocomial 
infections in humans, and clinical isolates are often mul-
tiresistant to antibiotics. Like many Gram-negative bac-
teria, P. aeruginosa possesses a type III secretion system 
(T3SS), constituted of an inject some, through which the 
bacterium injects exotoxin exhibiting various biological 
activities directly into target cell cytoplasm [1–3]. T3S 
effectors are required during acute infection for bacterium 
transmigration through the epithelial and endothelial barri-
ers [4]. The T3SS is also required for P. aeruginosa sur-
vival in the blood [4].

Four T3S toxins have been identified: ExoS, ExoT, 
ExoY, and ExoU. However, few strains isolated so far 
encode all four toxins and the presence of ExoS and ExoU 
seem to be mutually exclusive [1–3]. Toxin injection trig-
gers the breakdown of epithelial barriers by altering several 
host signaling proteins. ExoS and ExoT are 75 % identical 
at the amino-acid level and have both a GTPase-activating 
protein (GAP) and an ADP ribosyl transferase (ADPRT) 
activity. The GAP domains of these toxins are sufficient 
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to inactivate the Rho family GTPases including RhoA, 
Rac1, and Cdc42, and to disrupt the cytoskeleton of epi-
thelial cells [5–8]. Identified targets of ExoS ADPRT activ-
ity are members of Ras and Rab family GTPases, as well 
as ezrin/radixin/moesin (ERM) proteins Rac1, Cdc42, and 
vimentin [9–18]. ADP-ribosylation of two substrates, Ras 
and moesin, was shown to be particularly important for 
ExoS-mediated cell intoxication. Overexpression of the 
active forms of Ras or moesin prevented ExoS-induced 
cytotoxicity and cell rounding, respectively [19, 20]. ExoT 
ADPRT activity seems to be restricted to two isoforms of 
the CT10 regulator of kinase, Crk1, and Crk2, which are 
adaptor proteins capable of recruiting and assembling 
protein complexes at focal adhesion (FA) sites, as well as 
phosphoglycerate kinase-1 [21, 22]. Crk inactivation by 
ExoT affects several downstream signaling pathways by 
interfering with focal adhesion-dependent Rac activation 
[23].

ExoU is a potent phospholipase that induces rapid 
necrotic cell death by disruption of plasma membrane 
integrity, while ExoY is an adenylate cyclase with weak 
toxic activity [24–28].

It is proposed that the final effect of the T3S effectors is 
to disrupt the tissue barriers in order to permit bacteria dis-
semination. Studies on ExoS, ExoT, and ExoY pathogenic 
activities have concentrated on epithelial or myeloid cells, 
while very few studies report on the infection of the vas-
cular endothelium, the main barrier between the blood and 
the surrounding tissues. Induction of vascular lesions has 
nevertheless been recognized as an important parameter in 
the pathogenesis of P. aeruginosa-induced pneumonia [29–
31] and crossing of the vascular barrier is a necessary step 
for bacterial dissemination in non-blood-borne infections.

Pittet’s group showed that ExoS and ExoT were respon-
sible for increases in protein permeability across the lung 
endothelium. Furthermore, they found that Rac1 was inhib-
ited whereas RhoA was activated, which in turn induced 
the formation of actin stress fibers. This resulted in cell 
retraction via actomyosin contraction, thereby increasing 
paracellular permeability [32]. Surprisingly, ExoU had lim-
ited effects on endothelial paracellular permeability com-
pared to ExoS and ExoT, while it is recognized as the most 
potent toxin regarding epithelial barrier disruption. ExoY 
toxic activity in endothelial cells is controversial since one 
group reported that ExoY, in absence of other T3S toxins, 
generated increased endothelial permeability [33], whereas 
this effect was not found by others [32].

Here, we first examined the activity of T3S effectors in 
various endothelial cell types and we observed a promi-
nent cell retraction in primary endothelial cells derived 
from veins, capillaries, and arteries, a feature associated 
with disruption of the actin cytoskeleton and focal adhe-
sions. This effect was elicited by ExoS and ExoT, but not 

by ExoY. To investigate the sequence of events leading to 
endothelial monolayer breakdown, we examined the actin 
filament dynamics by videomicroscopy and the activities 
of various signaling proteins in the course of infection of 
primary endothelial cells. We observed that cell retraction 
occurred only after total collapse of the actin cytoskeleton, 
indicating that retraction was not caused by actomyosin 
contraction. Notably, we show that ExoS and ExoT-induced 
inactivation of all three Rho GTPases leads to dephospho-
rylation of Lim kinase, thus inducing the actin filament 
severing activity of cofilin. In all of these features, ExoS 
exhibited a much more drastic activity than ExoT. Overex-
pression of the constitutively active forms of either Rac1, 
RhoA, Lim kinase, or the form in mDia2 reduced P. aerug-
inosa-induced cell retraction. Finally, lungs from mice with 
P. aeruginosa-induced acute pneumonia exhibited cofilin 
activation. Altogether, our data suggest that any action pre-
venting actin filament collapse by inhibiting actin filament 
severing will limit endothelial cell retraction and bacterial 
dissemination.

Experimental procedures

Bacterial strains

The P. aeruginosa strains used in this study are described 
in Online Resources 1–3.

cAMP dosage

At 4-h post-infection, HUVECs were extensively washed 
with PBS and lysed in 0.1 M HCl. Supernatants were col-
lected and assayed for cAMP content by using the cAMP 
ELISA kit from Enzo.

Immunofluorescence staining and cell retraction assay

For myc, paxillin, and F-actin staining, cells were fixed 
with 4 % paraformaldehyde for 15 min and permeabilized 
by 0.5  % triton X-100 for 5  min. For microtubule stain-
ing, cells were first treated for 2 min with cold OPT buffer 
(80 mM Pipes pH 6.7, 1 mM EGTA, 1 mM MgCl2, 0.5 % 
Triton, 10  % glycerol) to lyse cells and dilute free tubu-
lin. Cells were then stained using standard procedure with 
appropriate primary and secondary antibodies or phalloi-
din-FITC. Stained cells were observed with a Zeiss epifluo-
rescence microscope (Axioplan).

For the cell retraction assay, cells were fixed in methanol 
at −20 °C for 10 min and labeled for actin and with Hoe-
chst for cell count. Images were captured with a low-mag-
nification objective (16×) and treated with ImageJ soft-
ware. Briefly, images of actin staining were binarized and 
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the total cell surface was calculated for each image. Cell 
number was in the range of 570–640 per image in the non-
infected conditions. This number decreased to 400–420 
post-Pa-S infection.

For transfection of the active forms of RhoA, Rac1, Lim 
kinase, and mDia2, the assay described above could not 
be used because all cells were not transfected. Therefore, 
retraction cells were scored individually after selection of 
transfected cells either by GFP expression (RhoA, Rac1, 
mDia2) or after myc labeling (Lim kinase). Tresholding 
was performed by ImageJ software. Retracted cells were 
scored by the experimenter after actin labeling. The total 
number of counted cells for each condition is indicated in 
Fig. 9.

Rho GTPase activity assay

Rho, Rac, and Cdc42 activation assays were performed in 
triplicate using G-LISA kits from Cytoskeleton.

Transendothelial albumin flux

Measurement was done using established procedures. 
Briefly, HUVECs were seeded onto tissue culture inserts 
containing porous membranes (Greiner). Once confluent, 
cells were infected as described above by addition of bac-
teria in the upper compartment. Five micrograms of bovine 
serum albumin coupled to TRITC (Nordic Immunological) 
were simultaneously added to the upper compartment. Flu-
orescence in the lower compartment was measured at 4.5 h 
p.i. in a fluorescence plate reader (Thermo Scientific).

Animals

All protocols in this study were conducted in strict accord-
ance with the French guidelines for the care and use of 
laboratory animals. The protocol for mouse infection was 
approved by the animal research committee of the institute 
(CETEA). Pathogen-free Balbc male mice (8–10  weeks) 
were obtained from Harlan Laboratories and housed in the 
CEA animal care facility.

P. aeruginosa‑induced lung injury

Bacteria in exponential growth were prepared as indicated 
above, centrifuged, and resuspended in sterile PBS at 
1.7.108/ml as evaluated by spectroscopy. Mice were anes-
thetized by intraperitoneal administration of a mixture of 
xylazine (10 mg/kg) and ketamine (50 mg/kg). Then, 30 μl 
of bacterial suspension (i.e., 5.106 bacteria) were deposited 
into mouse nostrils. Mice were euthanized by CO2 inhala-
tion 16  h later. Lungs were resected and lysed for protein 
extraction. Full methods are available in Online Resource 2.

Results

ExoS and ExoT, but not ExoY induce endothelial cell 
retraction

P. aeruginosa T3SS induces actin cytoskeleton collapse 
and cell retraction in several cell types [34]. Here we inves-
tigated the effect of P. aeruginosa on several endothe-
lial cell types by using the wild-type PAO1F strain and 
observed cell behavior by microscopy. For infection, cells 
in confluent monolayers were incubated and infected in 
the same culture medium to prevent P. aeruginosa growth 
variations. At 3-h post-infection at MOI 10, cells were 
simultaneously fixed and labeled with anti-actin antibody 
to stain the entire cell body (Online Resource 4). Human 
umbilical cord endothelial cells (HUVEC), human micro-
vascular lung endothelial cells (HMVEC) and bovine aortic 
endothelial cells (BAEC) all showed extensive retraction. 
Thus, endothelial cells from venous, microvascular, or arte-
rial vessels are all sensitive to P. aeruginosa to a similar 
extent. In contrast, infection of mouse endothelioma cells 
(H5  V) and rat brain endothelial cells (RBE4) exhibited 
little or no retraction. This difference may be due to the 
transformed nature of the latter cell lines as opposed to the 
primary culture of the former cells. Alternatively, P. aerugi-
nosa toxicity may be less efficient in rodent cells, although 
rats and mice are routinely used as infection models for this 
pathogen. In comparison, the human carcinoma cell line 
A549 showed extensive cell rounding and cell–cell con-
tact loss, but retraction was not as extensive as in primary 
endothelial cells.

To precisely determine the cell retraction capacity of 
P. aeruginosa mutants affected in their T3SS composi-
tion (Online Resource 1), retraction was quantified in 
HUVECs after fixation and actin labeling (Fig. 1a, b). A 
mutant strain deleted for ExoS, ExoT and ExoY (Δ3Tox; 
Fig. 1b) did not significantly affect total cell surface, indi-
cating that cell retraction was caused by T3SS exotox-
ins. The double-deletion mutants ΔExoT–ΔExoY and 
ΔExoS–ΔExoY, injecting only ExoS (Pa-S) or ExoT 
(Pa-T), respectively, also induced cell retraction, which 
was even more striking than the wild-type in the case of 
Pa-S (p  =  0.006). Indeed, quantification of cell retrac-
tion shows that Pa-S was more toxic than Pa-T. To further 
establish Pa-induced cell retraction by ExoS and ExoT, 
we analyzed endothelial cell monolayer integrity in a per-
meability assay using albumin-TRITC as a tracer (Online 
Resource 5). Pa-WT, Pa-S, and Pa-T all induced a simi-
lar increase in paracellular albumin flux compared to the 
non-infected monolayer. Interestingly, the Δ3Tox mutant 
induced a smaller but significant increase in albumin flux 
indicating that Pa-secreted factors other than the T3SS 
may alter endothelial integrity.
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Infection with Pa-S in which ExoS was mutated in its 
GAP or ADPRT domain indicated that the GAP domain 
alone has no effect, whereas the ADPRT domain is respon-
sible for the entire toxic activity (Fig.  1c). Similar experi-
ments were done with activity domain mutants of ExoT. Our 
data show that the ExoT ADPRT domain has cell retraction 

effects comparable to Pa-T, however its GAP domain 
induced a lower but significant cell retraction (Fig. 1d). As 
previously reported, ExoT undergoes auto-ADP-ribosylation 
and inactivation of its GAP domain [21]. As the cell retrac-
tion promoting activity of the two domains is not additive, it 
is likely that the GAP domain is inactivated in native ExoT.

A

B

C D

E F

Fig. 1   Analysis of cell retrac-
tion and detachment induced by 
T3SS mutants. a–d HUVECs 
were infected Pa mutants for 
4 h, then fixed and labeled with 
anti-β-actin antibodies. a Three 
fluorescent images were cap-
tured for each condition at low 
magnification field and the total 
surface occupied by the cells 
was calculated for each image. 
b The results are presented as 
the average percentage (+SD) 
of total cell surface over image 
surface. The histograms repre-
sent total cell surface in absence 
of infection (NI), or when 
infected with Pa-Δ3Tox (Δ3T), 
Pa-WT (WT), Pa-S (S), Pa-T 
(T), or Pa-Y (Y). c Analysis 
of cell retraction induced by P. 
aeruginosa expressing ExoS 
(S), or ExoS activity domain 
mutants ExoSADPRT- and ExoS-

GAP- in Pa-Δ3Tox background. 
d Similar analysis with activity 
domain mutants of ExoT. e 
cAMP levels in HUVECs were 
measured at 4 h p.i. as described 
in experimental procedures. f 
Pa-induced cell detachment was 
investigated by nucleus count 
after Hoechst labeling. Statisti-
cal differences with NI were 
established with Student’s t test: 
* p = 0.01; ** p < 0.003; *** 
p < 0.0001; # p = 0.29. Data are 
representative of 3–8 independ-
ent experiments
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Surprisingly, the double-deletion mutant ΔExoS–
ΔExoT, expressing only ExoY (Pa-Y), promoted slight 
but consistent cell spreading (Fig.  1b). To verify that 
ExoY was indeed injected in infected endothelial cells 
we measured cAMP levels in host cells, as this toxin is 
endowed with adenylate cyclase activity (Fig. 1e). Infec-
tion with Pa-Y significantly increased cAMP levels in 
HUVECs, suggesting that ExoY was effectively injected, 
while Pa-Δ3Tox, Pa-S and Pa-T had no effects. Inter-
estingly, infection with Pa-WT did not increase cAMP 
levels in endothelial cells, but it secretes ExoY at simi-
lar levels as Pa-Y [35]. It is likely that simultaneous 
injection of the two other toxins interplays with ExoY 
signaling.

We then investigated whether infection with Pa had an 
effect on cell adhesion by counting adherent cells at late 
post-infection time (4.5  h post-infection). As shown in 
Fig.  1f, cell retraction was followed by cell detachment 
indicating that both cell morphology and adhesion were 
affected by P. aeruginosa exotoxins. No necrotic cell death 
was detected even at late time points (t = 4 h) by ethidium 
bromide permeability assay (not shown).

P. aeruginosa induces actin filament and focal adhesion 
disruptions

We then examined the actin cytoskeleton and focal adhe-
sion states after Pa infection. Both actin filaments (in green) 
and focal adhesions (visualized by paxillin in red) were  
disrupted when cells were infected with Pa-WT, Pa-T, or Pa-
S, but not by Pa-Y or Pa-Δ3Tox (Fig. 2). To further exam-
ine the process of actin filament disruption, HUVECs were 
transfected with Lifeact-GFP in order to follow the actin 
filament dynamics during infection by videomicroscopy. In 
mock-infected cells, actin filaments were stable (movie in 
Online Resource 6, selected frames in Fig. 3a), whereas they 
gradually disappeared when infected with Pa-WT (movie in 
Online Resource 7; selected frames in Fig. 3b). Similar data 
were obtained when cells were infected with Pa-S or Pa-T 
(movies in Online Resources 8, 9).

To examine the behavior of focal adhesions during the 
infection process, cells were transfected with vinculin-GFP 
and Lifeact-RFP, then infected with Pa-WT. Videomicros-
copy analysis revealed that F-actin and focal adhesions 
were disrupted simultaneously (movie in Online Resource 

Fig. 2   Disruption of actin 
cytoskeleton and focal contacts 
during cell infection. Images 
of focal adhesions (paxillin 
in red) and actin filaments 
(F-actin labeled with phalloidin 
in green) of HUVECs either 
non-infected (NI) or infected 
with Pa-WT (WT), Pa-Δ3Tox 
(Δ3Tox), Pa-Y (Y), Pa-T (T), 
or Pa-S (S). Nuclei are in blue. 
Arrows point to focal adhesions. 
Images are representative of 
numerous infected cells
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10), consistent with the known interdependence of both 
structures [36]. Similar data were obtained with Pa-S and 
Pa-T (not shown).

FAK activity is altered during P. aeruginosa infection

Integrins within focal adhesions are associated with sign-
aling molecules, such as focal adhesion kinase (FAK), a 
tyrosine kinase that acts as a transduction platform for out-
side-in and inside-out signalings [22, 37]. To obtain insight 
on signaling events leading to endothelial cell-matrix 

adhesion breakdown, we examined FAK activity by moni-
toring its tyrosine phosphorylation levels. At the beginning 
of the adhesion process, FAK autophosphorylated on Y397. 
Phospho-Y397 is a binding and activation site for Src that 
in turn phosphorylates FAK on various tyrosine’s, including 
Y576 [37]. As early as 2 h post-infection, we observed a dra-
matic dephosphorylation of FAK at its autophosphorylation 
site Y397 and its Src-dependent phosphorylation site Y576 
(Fig. 4a). Both processes were equally elicited by wild-type, 
ExoT-, or ExoS-producing strains (Fig. 4b, c). Thus, FAK is 
similarly deactivated by cell intoxication with ExoS or ExoT.

A

B

Fig. 3   Kinetics of actin filament disruption during infection. a 
HUVECs were transfected with Lifeact-EGFP and mock-infected 
with LB 24 h later. b HUVECs were transfected with Lifeact-EGFP 
and infected with P. aeruginosa WT 24 h later. Videomicroscopy 
images of EGFP labeling were taken from Online Resources 6 and 

7, respectively. Time post-infection is indicated. Infected cells exhibit 
progressive loss of actin fibers, while the actin cytoskeleton was sta-
ble in mock-infected cells. Images are representative of at least 40 dif-
ferent PAO1-infected cells that were observed under these conditions. 
Retraction was consistently preceded by cytoskeleton collapse
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Altogether, we show that FAK inactivation was trig-
gered by ExoS and ExoT and paralleled focal adhesion 
disruption.

Alteration of the Lim kinase‑cofilin pathway during 
infection

To explain the dismantlement of the actin cytoskeleton in 
such a short period of time (90–180  min), we evaluated 
the phosphorylation status of cofilin, an actin severing and 
depolymerization factor that is inactivated by phosphoryla-
tion. We indeed observed a time-course dephosphorylation 
of cofilin when cells were infected with either Pa-WT, Pa-
S, or Pa-T (Fig. 5a–c). These features are consistent with 
the generally accepted role of cofilin in actin fiber fragmen-
tation [38].

Cofilin activity is downregulated by Lim kinase, which 
is itself activated by phosphorylation [38]. The phospho-
rylation levels of Lim kinase progressively decreased when 
HUVECs were infected with Pa-WT (Fig.  5d), and this 
decrease was equally produced by Pa-WT, Pa-T, or Pa-S 
(Fig. 5e), reinforcing the hypothesis of a Lim kinase-cofi-
lin-actin pathway alteration during infection. Lim kinase 
has a potent role in maintaining the actin cytoskeleton 

integrity in endothelial cells, as illustrated by incubation of 
HUVECs with the recently identified Lim kinase inhibitor 
Pyr1 [39]. This induced a similar disruption of stress fibers 
(Fig. 5f), but no cell retraction probably because Pyr1 does 
not recapitulate all P. aeruginosa toxic effects.

Cofilin‑dependent actin filament disruption requires 
inactivation of both Rho and Rac‑Cdc42 pathways

Lim kinase may be activated either by the Rac, Cdc42-
PAK1, PAK4 axis, or by the RhoA-Rho kinase axis [40]. 
These Rho G-proteins are known targets of ExoS and 
ExoT, either through their GAP and/or ADPRT activi-
ties [3]. We thus measured Rho protein activities during 
infection to determine which initial mechanism could lead 
to perturbation of the Lim kinase-cofilin pathway. RhoA 
activity was dramatically increased at 1  h post-infection 
and then decreased to minimal levels at later time points 
(Fig. 6a). Similar results were obtained with the phospho-
rylation levels of MYPT (Fig. 6b), a specific downstream 
effector of the RhoA-Rock pathway [40], thus confirms 
that RhoA activity is biphasic during infection. ExoT or 
ExoS individually induced a decrease in RhoA activity at 
3-h post-infection (Fig. 6a).

A B

C

Fig. 4   FAK phosphorylation 
status in infected cells. a, b 
Western-blot analysis of FAK 
phosphorylation levels on Y397 
and Y576. a Analysis was per-
formed at different time points 
of infection with Pa-WT or b 
after 4 h of infection with Pa-
WT (WT), Pa-Δ3Tox (Δ3Tox), 
Pa-Y (Y), Pa-T (T), or Pa-S 
(S); NI, non-infected. Molar 
weights are indicated. c Kinet-
ics experiments were performed 
as in a, and pFAK-Y576 content 
was measured by Western blot 
for non-infected cells (NI) or 
cells infected with Pa-WT, Pa-S 
or Pa-T. pFAK-Y576 signals 
were quantified and normal-
ized by FAK signals using 
ImageJ software. Analysis was 
performed for three independent 
experiments for each condition. 
Data represent the averaged 
pFAK-Y576/FAK signal ratio 
(+SEM). Asterisk from t = 3 h, 
data between non-infected 
cells and cells infected with 
either strain were significantly 
different (p < 0.05; two-sided 
Student’s t test)



1934 H. P et al.

1 3

Rac-active and Cdc42-active levels decreased, starting at 
1- and 3-h post-infection, respectively (Fig. 6c, d). At 3-h 
post-infection, Rac1 and Cdc42 were similarly inhibited 
by Pa-T and Pa-S. Altogether, these features indicate that 
ExoS and ExoT can similarly inactivate the Rho proteins, 
whereas ExoY has no effect or cannot even activate Cdc42.

As Rac is known to activate cell ruffling and lamellipo-
dia formation [40], we wondered whether Pa-induced Rac 
inactivation correlated with ruffling interruption. Therefore, 
HUVECs were transfected with Lifeact-GFP and infected 
when cells were sparse as opposed to previous experi-
ments. In these conditions, we observed an interruption in 
membrane ruffling before the actin cytoskeleton collapsed, 
as illustrated in the movie from Online Resource 11 and 
selected frames in Fig. 7a. This was not observed in unin-
fected cells (Fig. 7a). Cdc42 activation promotes filopodia 
formation [40]. Using the same experimental conditions 
but focusing on filopodial extensions, we noticed that intra-
filopodial actin collapsed in parallel with intracellular actin 

filaments (movie in Online Resource 12; selected frames in 
Fig. 7b).

Moesin inactivation is not required for cell retraction

Ezrin, moesin, and radixin are related proteins, forming 
the ERM family, that bind actin and have important roles 
in actin cytoskeleton remodeling [41]. These proteins are 
ADP-ribosylated by ExoS in epithelial cells, which pre-
vents their activation by phosphorylation. ERM were pro-
posed to be major players in Pa-induced cell retraction 
[20]. In support of this, a dominant active mutant of moesin 
prevented ExoS-induced cell rounding [20]. As moesin is 
the main ERM family member expressed in endothelial 
cells, we examined the phosphorylation status of this pro-
tein during infection. As shown in Fig. 8, we did not detect 
any variation in HUVEC phospho-moesin content, even 
after long infection time (up to 4.5 h p.i). We conclude that 
Pa-induced actin cytoskeleton collapse is not caused by 

A B

C

D E

F

Fig. 5   ExoS and ExoT affect 
cofilin and Lim kinase phospho-
rylation levels. a Western-blot 
analysis of phospho-cofilin 
during Pa-WT infection of 
HUVECs. b Phospho-cofilin 
levels after 4.5 h of infection 
with Pa-WT (WT), Pa-Δ3Tox 
(Δ3Tox), Pa-Y (Y), Pa-T (T), 
or Pa-S (S); NI, non-infected. 
c Kinetics experiments 
were performed as in a, and 
phospho-cofilin content was 
measured by Western blot for 
non-infected cells (NI) or cells 
infected with Pa-WT, Pa-S, or 
Pa-T. Phospho-cofilin signals 
were quantified and normal-
ized with cofilin signals using 
ImageJ software. Analysis was 
performed for three independent 
experiments for each condition. 
Data represent the averaged 
phospho-cofilin/cofilin signal 
ratio (+SEM). Asterisk from 
t = 4 h, data between non-
infected cells and cells infected 
with Pa-WT or Pa-S were 
significantly different (p < 0.05; 
two-sided Student’s t test). 
Significance was reached at 
t = 4.5 h for infection with Pa-
T. d Kinetics study of phospho-
Lim kinase levels after infection 
with Pa-WT. e Phospho-Lim 
kinase levels, indications as in 
b. f HUVECs were incubated 
for 30 min with 62.5 nM Pyr1 
and labeled with phalloidin



1935Pseudomonas aeruginosa toxins ExoS and ExoT

1 3

moesin inactivation in endothelial cells as opposed to epi-
thelial cells.

The active forms of Rac, RhoA, Lim kinase, and mDia2 
decreased Pa‑induced cell retraction

We next evaluated the effects of the constitutively active 
forms of Rho and Rac on Pa-induced cell retraction. 
HUVECs were transfected with plasmids encoding EGFP, 
EGFP-RhoV14, or EGFP-RacV12, and 24 h later infected 
with Pa-WT. Transfection with RhoV14 or RacV12 had a 

striking effect on Pa-induced cell retraction (Fig. 9a) thus 
confirming that the activity of either RhoA or Rac1 is suf-
ficient to impede cell retraction.

We then wondered whether the transient Rho activation 
reported in Fig. 6a, b was caused by the rapid Rac inacti-
vation observed in Fig. 6c, because these two GTPases are 
known to negatively regulate each other [42]. Therefore, 
Rho activity in EGFP-RacV12-transfected cells was meas-
ured at different time points post-infection (Fig. 9b) and the 
results show that the transient Rho upregulation detected 
in EGFP-transfected cells was abolished when RacV12 

A

B

C

D

Fig. 6   Rho, Rac, and Cdc42 
activities in infected HUVECs. 
a, c, d The GTP-linked forms 
of Rho (a), Rac1 (c), and Cdc42 
(d) were measured by specific 
G-LISA kits either in kinetics 
with Pa-WT (left panels) or 
after infection (3-h p.i.) with Pa-
WT (WT), Pa-Δ3Tox (Δ3Tox), 
Pa-Y (Y), Pa-T (T), or Pa-S 
(S); NI, non-infected (right 
panels). Data are representative 
of 2–3 independent experi-
ments performed in triplicates. 
G-LISA data were confirmed 
by pull-down experiments (not 
shown). Statistical differences 
with T0 or NI were established 
by Student’s t test: * p = 0.02; 
** p < 0.001; *** p < 0.0001. b 
Kinetics of phospho-MYPT lev-
els after infection with Pa-WT. 
Molar weights are indicated on 
the left. Phospho-MYPT/MYPT 
ratios are indicated below each 
lane
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A
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Fig. 7   Lamellipodial and filo-
podial activities are inhibited in 
infected HUVECs. Sparse cells 
were transfected with Lifeact-
EGFP and either infected 24 h 
later with Pa-WT (WT) or were 
non-infected (NI). Videomi-
croscopy images of infected 
cells were taken from movies 
in Online Resources 11, 12. a 
At the early phase of infection 
(t = 50 min) membrane ruffling 
is highly visible (arrowheads) 
in infected and uninfected 
conditions. In infected cells at 
t = 124 min, ruffling activity is 
abolished but stress fibers are 
still present in infected cells; at 
t = 196 min, stress fibers are 
disrupted and the cell is retract-
ing. b The images focus on cells 
forming numerous filopodia. 
During infection, filopodia 
regress (arrows) via collapse 
of the intrafilopodial actin fila-
ments



1937Pseudomonas aeruginosa toxins ExoS and ExoT

1 3

was overexpressed. These features suggest that Rac down-
regulation is required or promotes transient Rho activity 
increase.

In another set of experiments, we transfected the con-
stitutively active forms of either Lim kinase (myc-LimK-
T508EE) or mDia2 (EGFP-mDia2-FH1FH2). mDia2 
is a member of the form in family whose major function 
is to promote actin polymerization and that is a common 
target of Rho GTPases [43]. Both Lim kinase and mDia2 
transfections significantly limited Pa-induced cell retrac-
tion compared to EGFP control (Fig. 9c), but their effects 
were not as important as observed for Rho- or Rac-active 
transfections. Altogether, our data are consistent with the 
notion that cell retraction impediment requires both inhi-
bition of actin filament severing and activation of actin 
polymerization.

To further establish that Lim kinase is dephosphoryl-
ated during infection because of Rho GTPase inactiva-
tion, we determined Lim kinase phosphorylation status 
in HUVECs overexpressing EGFP or RacV12 (Fig.  9d). 

Fig. 8   P. aeruginosa infection has no effect on phospho-moesin lev-
els. Western-blot analysis of phospho-moesin during Pa-WT infection 
of HUVECs. Total moesin, as well as ezrin and radixin, are shown in 
control

A B

C D

Fig. 9   Effects of the active forms of Rho, Rac, Lim kinase, and 
mDia2 on Pa-induced cell retraction. a The constitutively active forms 
of Rho (EGFP-RhoV14), Rac (EGFP-RacV12) were transfected in 
HUVECs. Plasmid pEGFP was used in control. After 24 h, cells were 
either infected with Pa-WT or remained non-infected (NI), as indi-
cated. Cells were then fixed, labeled with phalloidin, as well as myc 
for LimK transfection. Transfected cells were selected by EGFP or 
myc expression using ImageJ software, and were then classified in 
retracted or non-retracted cells in three different areas at low magni-
fication. Data are presented as the mean + SD of cell percentage of 
each category in total image area. The total number of counted cells 
is indicated below each condition. b HUVECs were transfected with 

either pEGFP or RacV12 and Rho activity was measured at different 
time points post-infection with a Rho-G-LISA kit. c Experiment anal-
ogous to a with overexpression of LimK (LimK-T508EE-myc) and 
mDia2 (EGFP-mDia2-FH1FH2). Data are representative of 2–4 inde-
pendent experiments. d HUVECs were transfected with either pEGFP 
or EGFP-RacV12 and infected with Pa-WT, as above. Phospho-Lim 
kinase and Lim kinase levels were analyzed by Western blot at differ-
ent time points. a, c Statistical differences with EGFP-transfected and 
infected cells were established with χ2 test: * p < 0.0001. b Statistical 
differences with data at time t =  0 were determined by Student’s t 
test: # p < 0.001
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In EGFP-expressing cells, phospho-Lim kinase levels 
decreased progressively, like in Fig. 5d. In contrast, phos-
pho-Lim kinase signals were detected until 4.5  h p.i. in 
RacV12-expressing cells. Thus, ectopic expression of at 
least one Rho GTPase is sufficient to maintain Lim kinase 
active during infection.

Decreased cofilin phosphorylation in Pa‑infected lungs

To examine whether cofilin activation is indeed a mecha-
nism occurring during in vivo infection, we analyzed cofi-
lin phosphorylation levels in lungs of mice with acute pneu-
monia. A suspension of Pa-WT (5.106/mice) was instilled 

in the mouse lungs by inhalation and mice were euthanized 
16  h later. Proteins from lung extracts were analyzed by 
Western blot with phospho-cofilin and cofilin antibodies 
(Fig.  10). Our results exhibited a significant decrease in 
cofilin phosphorylation in total lung extracts, thus demon-
strating that cofilin is activated in infected lung cells.

Discussion

This work was motivated by several considerations: (1) 
Although the Rho GTPases, the ERM and Crk proteins are 
known targets of P. aeruginosa T3S effectors, the impor-
tance of their respective inactivation in cell rounding/
retraction remained elusive. (2) Most of the previous in 
vitro studies were made with carcinoma or leukemic cell 
lines with altered signaling pathways instead of primary 
cells. (3) A limited number of studies addressed the mecha-
nisms of P. aeruginosa intoxication of endothelial cells. (4) 
As far as we know, there have been no precise kinetic stud-
ies deciphering the various steps of cytoskeletal modifica-
tions during the intoxication process. Here, we show that 
various primary endothelial cell types are highly sensitive 
to P. aeruginosa T3SS and respond by a dramatic retrac-
tion, while this phenomenon in epithelial cells is more 
related to cell rounding (Online Resource 4). The mutant 
injecting only ExoS was consistently more potent than the 
wild-type strain expressing all three toxins, suggesting a 
possible interplay between toxins. ExoT elicited a slightly 
milder retraction than the wild-type and ExoY did not 
induce retraction and even increased cell spreading (Fig. 1). 

A B

Fig. 10   Decreased phospho-cofilin levels in Pa-infected mice. Acute 
pneumonia was induced by Pa inhalation, as described in experimen-
tal procedures. Sixteen hours later, mice were euthanized; lung pro-
tein extracts were prepared and analyzed by Western blotting using 
phospho-cofilin (pCof) and cofilin (Cof) antibodies. a Data show 

analysis of five mouse lungs infected by Pa-WT (PAO1F) or mock-
infected with PBS. b Histograms represent the average (+SEM) of 
phospho-cofilin/cofilin ratio for n = 5 mice per condition. Statistical 
difference was established by two-sided Student’s t test: p = 0.007. 
Data shown here are representative of two independent experiments

Fig. 11   P. aeruginosa-induced cell retraction is a three-step process. 
In the initial phase of intoxication, Rac activity decreases while Rho 
activity increases, leading to ruffling interruption. In the second step, 
all Rho GTPases are inhibited, triggering cofilin activation and actin 
filament cleavage. In parallel, focal adhesions are disrupted and FAK 
is de-activated. As a result, the cell retracts at the end of the process
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The absence of ExoY retraction activity is in agreement 
with Ganter et al. [32] but contradicts the data obtained by 
Sayner et al. [33]. ExoY may thus have differential effects 
depending on host species (rat versus human) or strain 
background (PA103 versus PAO1F).

Actin-mediated cellular processes, such as formation of 
filopodia, lamellipodia and stress fibers, require the coor-
dinated and local actions of polymerizing factors, includ-
ing the mDia formins and the Arp2/3 complex, as well as 
depolymerizing and severing agents such as cofilin [40, 
44]. There is a considerable interplay between the numer-
ous factors regulating F-actin and focal adhesion dynamics 
[36, 45–47]. Although a substantial effort has been made to 
decipher the different regulation pathways and events con-
trolling cell migration, the steps leading to pathological cell 
retraction are poorly understood.

The ADPRT activities of ExoS and ExoT are major 
promoters of cell retraction and both seem to produce the 
same effect (Fig. 1c, d) although ExoS and ExoT ADPRT 
activities are known to target different protein substrates 
[48]. ExoT GAP domain alone was also sufficient to trig-
ger cell retraction, while ExoS GAP domain was ineffec-
tive (Fig.  1c, d). However, ExoT auto-ADP-ribosylates 
and inactivates its GAP domain [21], suggesting that ExoT 
GAP domain is also ineffective in the wild-type strain.

ExoS and ExoT individually inhibited the Rho GTPases, 
as well as Lim kinase and FAK (Figs.  4, 5, 6). The fact 
that Lim kinase inhibition during infection originates from 
Rho GTPase inactivation was further demonstrated by the 
persistence of a phospho-Lim kinase signal in RacV12-
overexpressing cells (Fig. 9d). It has been amply demon-
strated that actin fibers and focal adhesions are interde-
pendent structures [36]. Focal adhesions need actin tension 
to be maintained as several of their components, includ-
ing integrins, talin and p130Cas are sensitive to strengths 
exerted on the complex by actin filaments [45–47]. When 
actin tension decreases, either by actin filament severing or 
myosin light chain inhibition, the focal adhesion complex 
is disrupted and FAK phosphorylation at Y397 is greatly 
diminished. Conversely, the FAK-p130Cas-Crk pathway is 
a major route of Rac activation [22]. Therefore, Rac inhi-
bition may occur either directly by the ADPRT domain of 
ExoS or through Crk inactivation by the ADPRT domain 
of ExoT or by the GAP domain of ExoT, as previously 
described in epithelial cells [23, 49]. Cdc42 may also be 
inactivated by ExoS ADPRT activity or remaining ExoT 
GAP activity [14, 49]. In P. aeruginosa-infected HUVECs, 
Cdc42 appeared to be inhibited at a lower rate and later 
than Rac (Fig.  6). Finally, Rho inactivation may be indi-
rectly induced by negative feedback from focal contact 
disruption.

Importantly, we observed a sequential inactivation 
of all three GTPases. Rac was rapidly and dramatically 

deactivated as shown by Rac activity assay in correlation 
with the inhibition of cell ruffling noted in videomicros-
copy (Fig. 7a). In contrast, Rho activity first increased and 
then returned to minimal level, as monitored by Rho activ-
ity assay and MYPT phosphorylation level (Fig. 6). Cdc42 
activity decreased together with that of Rho (Fig.  6), a 
process that can be visualized by the retraction of filopo-
dia simultaneously with the disruption of intracellular actin 
fibers (Fig.  7b). The initial burst of Rho activity is likely 
to be caused by Rac inactivation, as artificial maintenance 
of Rac activity in infected cells prevented this phenomenon 
(Fig. 9b).

Altogether, our data clearly show that cell retraction 
occurred after disruption of the actin cytoskeleton and 
focal adhesions. Ganter et al. [32] reported the inactivation 
of Rac and the induction of Rho activity together with an 
increase in stress fibers 10 min after P. aeruginosa infec-
tion of endothelial cells. Similarly, Kazmierzack et al. [50] 
showed that RhoA was activated in P. aeruginosa-infected 
epithelial cells. Our data at 1 h post-infection are in agree-
ment with theirs. However, we extended this analysis and 
noted that Rho activation is only transient and rapidly fol-
lowed by inactivation. Thus in later time points, all three 
GTPases were inactivated and this event was accompanied 
by progressive actin cytoskeleton disruption. Our results 
on cell retraction and monolayer permeability are also con-
sistent with the increases in monolayer permeability that 
Ganter et al. [32] observed at 3 h p. i.

Microtubules were also destabilized in infected 
HUVECs (Online Resource 13), a process known to favor 
cell retraction [51, 52]. We therefore propose an intoxica-
tion model in three steps (Fig. 11), in which loss of mon-
olayer integrity is caused by cytoskeleton depletion instead 
of stress fiber-mediated cell contraction. Similarly, inacti-
vation of all three GTPases by Staphylococcus aureus tox-
ins is required for cell retraction [53].

Interestingly, ectopic expression of the active forms 
of Rho or Rac strikingly limited cell retraction (Fig.  8). 
Rac overexpression was already shown to impede ExoT-
induced cell rounding in epithelial cells [23]. Both Rho 
and Rac have many downstream targets including the Lim 
kinase-cofilin axis and formins that function as potent stim-
ulators of actin nucleation and elongation [38, 54]. mDia1 
formin is a specific Rho effector while mDia2 and mDia3 
are activated by all Rho GTPases [43]. We thus transfected 
HUVECs with plasmids encoding the active forms of Lim 
kinase or mDia2, as mDia2 is one of the most promiscuous 
effectors of Rho GTPases to see whether they could impede 
P. aeruginosa-induced cell retraction. Over expression 
of either protein incompletely but significantly impacted 
cell retraction (Fig. 9). This suggests that total prevention 
of cell retraction requires both the anti-severing and actin 
polymerization activities of Rho GTPases.



1940 H. P et al.

1 3

Members of the ezrin-radixin-moesin (ERM) protein 
family, acting as molecular cross linkers between actin fila-
ments and proteins anchored in the cell membrane, were 
shown to be primary targets of ExoS ADPRT activity [15]. 
ADP-ribosylation of these proteins prevents their phos-
phorylation thereby precluding their transition to an active 
conformation [20]. As previously mentioned, inhibition of 
ERM proteins is thought to be a major event in P. aerug-
inosa-induced epithelial cell rounding [20]. Moesin is the 
most abundantly expressed protein of the family in endothe-
lial cells; we thus examined moesin phosphorylation levels 
and observed that it was not altered by infection, suggesting 
that ExoS and ExoT do not operate through this pathway in 
this cell type to induce retraction (Fig. 8). Another possible 
explanation is that Maresso et al. [20] infected subconflu-
ent HeLa cells (70 % confluent) but in our study infection 
occurred in confluent HUVECs designed to reconstitute the 
endothelium monolayer. It is also possible that the pool of 
moesin was already highly phosphorylated at that stage and 
insensitive to ADP-ribosylation.

In conclusion, we demonstrated that inactivation of all 
three Rho GTPases is required for T3S-induced endothelial 
cell retraction, but ERM proteins are probably not affected 
by the three exotoxins. The inactivation kinetics are differ-
ent between Rho, Rac and Cdc42. Notably, cytoskeleton 
and focal adhesion disruption takes place through the Lim 
kinase-cofilin pathway as a consequence of GTPase inacti-
vation. Using a mouse pneumonia model, we showed that 
cofilin is indeed activated in the infected lungs. Although 
ExoS and ExoT have different protein substrates, they pro-
duce comparable effects in endothelial cells by disarming 
similar signaling pathways.
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