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PURPOSE. Pseudomonas aeruginosa isolates from microbial
keratitis are invasive or cytotoxic toward mammalian cells,
depending on their type III secreted toxins. Cytotoxic strains
express ExoU, a phospholipase that contributes to corneal
virulence. This study determined whether the ExoU phospho-
lipase domain is required for P. aeruginosa traversal of the
human corneal epithelium.

METHODS. P. aeruginosa traversal of airlifted, multilayered, human
corneal epithelial cells was quantified in vitro up to 8 hours after
apical inoculation with �106 cfu of strain PA14, or an isogenic exoU
mutant (PA14�exoU). In addition, PA14�exoU or its triple effector
mutant PA14�exoU�exoT�exoY, were complemented with exoU
(pUCPexoU), phospholipase-inactive exoU (pUCPexoUD344A), or
control plasmid (pUCP18). Transepithelial resistance (TER) was mea-
sured (by epithelial volt ohmmeter), and cytotoxicity was deter-
mined by trypan blue staining.

RESULTS. PA14 traversed more efficiently than its exoU mutant
at 4, 6, and 8 hours after inoculation (100-, 20-, and 8-fold,
respectively; P � 0.05), but not at 2 hours. Cells exposed to
PA14 lost TER to baseline (P � 0.05). Controls confirmed PA14
cytotoxicity toward these corneal epithelial cells that was absent
with exoU mutants. Epithelial traversal, cytotoxicity, and lost TER
were restored for PA14�exoU, or PA14�exoU�exoT�exoY, by com-
plementation with pUCPexoU, but not by complementation with
pUCPexoUD344A.

CONCLUSIONS. Traversal of multilayered corneal epithelia in
vitro by cytotoxic P. aeruginosa requires ExoU with an
active phospholipase domain. Correlative loss of TER with
traversal by wild-type, or exoU-complemented, bacteria sug-
gests involvement of epithelial cell death and/or lost tight
junction integrity. However, traversal by exoU mutants with-
out reduced TER suggests that additional mechanisms are
also operative. (Invest Ophthalmol Vis Sci. 2012;53:
448 – 453) DOI:10.1167/iovs.11-8999

The pathogen Pseudomonas aeruginosa is a leading cause of
microbial keratitis, a sight-threatening infection associated

with contact lens wear.1–3 Clinical isolates of P. aeruginosa can
be divided into two major phenotypes on the basis of their
interactions with corneal epithelial cells: invasive or cytotoxic.4

Cytotoxic strains differ from invasive isolates by encoding a toxin
called ExoU,5 which allows bacteria to be acutely cytotoxic to
epithelial and other mammalian cell types6 via potent phospho-
lipase activity.7,8 ExoU and its phospholipase activity are impor-
tant for P. aeruginosa virulence in the cornea9,10 and the respi-
ratory tract11 and promote tissue colonization, although the
mechanisms involved remain to be fully determined.

An important first step in the pathogenesis of infection of
the cornea and other tissues is the ability of P. aeruginosa to
traverse single- or multilayered epithelia. We have shown that
traversal of multilayered corneal epithelia in vitro by an inva-
sive strain of P. aeruginosa requires pilus-mediated twitching
motility12 and that P. aeruginosa proteases play a role in
overcoming basement membrane/extracellular matrix–medi-
ated resistance to bacterial traversal.13 Others have used inva-
sive strains or purified toxins13 to show roles for P. aeruginosa
elastase and exotoxin A,14,15 the type III secretion system,16

and multidrug efflux pumps17 in P. aeruginosa traversal of
respiratory or MDCK monolayers. We have shown that cyto-
toxic strains can traverse multilayered corneal epithelial cells
in vitro18 and that the phospholipase activity of ExoU contrib-
utes to P. aeruginosa corneal virulence when the epithelium is
breached by scarification.10 However, the role of ExoU and its
phospholipase activity in corneal epithelial traversal in the
absence of prior injury are unknown. In this study, we tested
the hypothesis that traversal of intact multilayered corneal
epithelia by a cytotoxic strain of P. aeruginosa in vitro would
require ExoU with an active phospholipase domain.

MATERIALS AND METHODS

Bacteria

The wild-type P. aeruginosa strain PA14 was used. This strain is
known to encode exoU19 and is cytotoxic toward mammalian
cells.20 An exoU mutant (PA14�exoU) and triple effector mutant
(PA14�exoU�exoT�exoY) were also used.21 Mutants were comple-
mented with plasmid pUCP18 containing either the exoU gene
(pUCPexoU), which fully restores cytotoxic activity toward eukaryotic
cells22; or the exoU gene, in which the aspartate catalytic site of the
N-terminal phospholipase domain is mutated (pUCPexoUD344A) and
thus lacks phospholipase and in vitro cytotoxic activity7; or an empty
vector control (pUCP18). Plasmid-complemented mutants were grown
on trypticase soy agar (TSA) supplemented with carbenicillin 300
�g/mL overnight (�18 hours) at 37°C. For use in experiments, bacteria
were resuspended in serum-free tissue culture medium without anti-
biotics, to an optical density (at 650 nm) of �0.1 corresponding to a
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viable count of �1 � 108 cfu/mL. This suspension was diluted to
achieve the desired inocula. Plasmid-complemented strains grow
equally well in vitro with or without exposure to mammalian cells.

Cell Culture

Human corneal epithelial cells (SV-40 immortalized) were used.23 The
cells were air-lifted on permeable tissue culture inserts (3-�m pores;
Transwell; Corning Costar, Corning, NY) to induce a confluent, polar-
ized, multilayered epithelium, as previously described.23,24

Epithelial Traversal Assay with
TER Measurements

Experiments were performed as described elsewhere.24 Bacterial in-
ocula (�106 cfu in 1 mL of media) were carefully added to the apical
compartment of human corneal epithelial cells (multiplicity of infec-
tion �1), grown on permeable tissue culture inserts (Transwell; Corn-
ing Costar), and incubated (5% CO2 at 37°C) for up to 8 hours. Apical
and basal compartments were sampled at 2, 4, 6, and 8 hours after
inoculation to determine the number of viable bacteria. Uninfected
epithelial cells were sham inoculated as controls. All samples were
performed in triplicate, and experiments were repeated at least three
times. TER was measured before and after each experiment with an
epithelial volt ohmmeter (EVOM; World Precision Instruments, Sara-
sota, FL). Controls included sham-inoculated cells (normal tight junc-
tions) and filters without cells (baseline). To measure bacterial tra-
versal, the bacteria were added only to the apical compartment, and
bacteria traversing to the basal compartment were enumerated at
various times after inoculation.24

Cytotoxicity

Trypan blue exclusion assays were used to measure P. aeruginosa cyto-
toxic activity, as previously described.4,5 Trypan blue staining was used to
indicate dead/dying human corneal epithelial cells 3 hours after exposure
to bacterial inocula (�106 cfu/mL). At least three wells of cells were used
for each sample. All experiments were repeated once.

Statistical Analysis

Data are expressed as the mean � SD. Student’s t-test was used to
assess the statistical significance of differences between means. P �
0.05 denoted significance.

RESULTS

ExoU Is Essential for Cytotoxic P. aeruginosa to
Traverse Multilayered Corneal Epithelia

Confluent multilayered human corneal epithelial cells on perme-
able tissue culture filters (Transwell; Corning Costar) were ex-
posed to wild-type cytotoxic P. aeruginosa PA14 or an isogenic
exoU mutant (PA14�exoU) on their apical surface, and traversal
of viable bacteria to the basal compartment was quantified over
an 8-hour period (Fig. 1A). Interestingly, both wild-type and exoU
mutant bacteria traversed in equal numbers after 2 hours, albeit at
levels �3 log lower than the number in the apical compartment.
Over the next 6 hours, however, significantly greater traversal of
the corneal epithelia was observed with wild-type than with exoU
mutants (�100-fold at 4 hours, �20-fold at 6 hours, and 8-fold at
8 hours; P � 0.05, t-test in each instance). Both wild-type and
exoU mutants grew at identical rates in the apical compartment.
Exposure of corneal epithelial cells to wild-type PA14 reduced
TER nearly to baseline after 8 hours, whereas TER of cells exposed
to the exoU mutant retained most of their TER throughout the
assay, although a small, but significant (P � 0.05, t-test) TER
decline was observed after 8 hours (Fig. 1B). Control experiments
(Fig. 1C) using trypan blue staining to mark dead/dying cells
confirmed, as expected, that P. aeruginosa PA14 was highly
cytotoxic to these corneal epithelial cells under these experimen-

tal conditions and that this cytotoxicity was lost with the exoU
mutant. Although we had previously shown that cytotoxic P.
aeruginosa can traverse a multilayered corneal epithelium in
vitro,18 these new data showed that the exoU gene plays a
significant part in that epithelial traversal. The data also showed,
however, that even without exoU, P. aeruginosa could still tra-
verse the corneal epithelia, albeit at lower levels than wild-type.

ExoU-Mediated Epithelial Traversal Requires Its
Phospholipase Domain

ExoU is known to possess a phospholipase domain with potent
activity.7,8 The requirement of the phospholipase domain for
ExoU-mediated corneal epithelial traversal was tested by compar-
ing traversal of the exoU mutant of P. aeruginosa PA14 when
complemented with active exoU (pUCPexoU) or with phospho-
lipase-inactive exoU (pUCPexoUD344A). Complementation with
exoU fully restored (or exceeded) epithelial traversal shown by
wild-type bacteria, whereas the phospholipase-inactive form of
exoU did not affect traversal of the exoU mutant and was not
different from plasmid vector control (Fig. 2A). At 2 hours, tra-
versal by wild-type PA14 and the exoU mutant did not differ from
one another, nor did traversal by the plasmid-complemented
bacteria, with or without exoU. As seen previously (Fig. 1), de-
creased epithelial TER coincided with traversal by bacteria ex-
pressing the phospholipase-active form of exoU (Fig. 2B). Control
experiments showed that complementation of PA14�exoU with
pUCPexoU restored bacterial cytotoxicity to human corneal epi-
thelial cells, whereas complementation with the phospholipase
mutant pUCPexoUD344A did not (Fig. 2C). These data show that
the phospholipase domain of exoU is necessary for its role in
epithelial traversal.

ExoU Encoding Phospholipase Activity Is
Sufficient to Promote Epithelial Traversal by
Cytotoxic P. aeruginosa in the Absence of Other
Known Type III Secreted Effectors

In previous experiments we showed that exoU complementa-
tion of an exoU mutant of PA14 restored the ability to traverse
corneal epithelia to levels similar to, or greater than, wild-type
bacteria. However, wild-type PA14 also encode genes for other
type III secreted effectors (i.e., exoT and exoY), although it is
not known under which conditions they are all actually ex-
pressed.19 To determine whether exoU alone was sufficient for
epithelial traversal in vitro, a noncytotoxic triple effector gene
knockout of PA14 was complemented with pUCPexoU and
compared with the same bacteria complemented with phos-
pholipase-inactive exoU (pUCPexoUD344A) or a vector con-
trol (Fig. 3). Complementation of the triple effector mutant
with exoU alone was sufficient to restore bacterial traversal to
that of wild-type bacteria, whereas complementation with
phospholipase-inactive exoU produced significantly lower bac-
terial traversal levels similar to the uncomplemented triple
effector mutant, with and without the plasmid vector control.
However, a small, but statistically significant, increase in epi-
thelial traversal was also noted at 4 and 6 hours for the triple
effector mutant complemented with the phospholipase-inac-
tive exoU versus the pUCP18 control. Of note, in contrast to
experiments using a single effector (�exoU) mutant (Figs. 1,
2), there was a difference in traversal at 2 hours between
wild-type PA14 and the triple effector (�exoU�exoT�exoY)
mutant and between the pUCPexoU and pUCPexoUD344A-
complemented triple effector mutants. TER changes after 8
hours showed that epithelial traversal by wild-type bacteria or
the triple effector mutant complemented with exoU correlated
with a large decrease in TER that was not seen with the other
mutant or complemented strains (Fig. 3B).
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DISCUSSION

The data presented show that the type III secreted effector gene
exoU is sufficient to enable a cytotoxic strain of P. aeruginosa to
traverse multilayered corneal epithelial cells in vitro. Moreover,
the data show that exoU-mediated epithelial traversal requires the
phospholipase domain of the gene. Epithelial traversal by cyto-

toxic P. aeruginosa in vitro correlated with the loss of TER and
acute cytotoxic effects of exoU-bearing bacteria on corneal epi-
thelial cells. Together, these data suggest that ExoU-mediated
epithelial traversal requires the breakdown of epithelial tight junc-
tions and/or epithelial injury and cell death.

It is perhaps not surprising that ExoU can mediate epithelial
traversal by P. aeruginosa, at least in vitro. The ability of this

FIGURE 1. (A) Cytotoxic P. aerugi-
nosa strain PA14 traversed multilay-
ered human corneal epithelial cells
in vitro with significantly greater ef-
ficiency than its isogenic exoU mu-
tant (PA14�exoU) at 4, 6, and 8
hours after inoculation. At 2 hours,
however, there was no difference in
traversal. Bacteria grew at similar
rates in the apical compartment. (B)
PA14 caused a significant loss in TER
of human corneal epithelial cells rel-
ative to its exoU mutant after 8
hours, and (C) PA14 was cytotoxic
to human corneal epithelial cell
monolayers in vitro after 3 hours, as
shown by trypan blue staining
(left), whereas PA14�exoU caused
minimal cell death (right).
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toxin to cause mammalian cell death and the requirement of its
phospholipase domain are already well documented6,7,22 and
were confirmed in the present study for the P. aeruginosa
strain (PA14) and cells (human corneal epithelia) that were
used. Moreover, traversal coincided with a significant decline
in TER, which would be consistent with the acute death of
multiple epithelial cells. Thus, one likely scenario to explain
these results is that cytotoxic P. aeruginosa simply physically
breaks through the multilayered epithelium by killing one
epithelial cell after another until the basal compartment is
reached. In this scenario, exposure of basolateral epithelial cell
surfaces as bacteria traverse could also enhance traversal, as
these surfaces are more vulnerable to P. aeruginosa cytotox-
icity.25 Alternatively, bacteria may first directly or indirectly
target epithelial tight junctions (also decreases TER) to expose
basolateral cell surfaces,26 followed by traversal via epithelial
cell death. In other host cell types, ExoU induces the release of
proinflammatory mediators including IL-6, IL-8, and eico-
sanoids,27–29 one or more of which could modulate epithelial
barrier function of the cornea (including effects on tight junc-
tions) before ExoU-mediated cell death.29,30 Thus, we cannot
exclude the possibility that additional, or alternative, mecha-
nisms participate in ExoU-mediated epithelial traversal by P.
aeruginosa through other effects of ExoU intoxication of

mammalian cells before cell death or of factors released from
cells killed by ExoU, both of which are yet to be fully defined.

Our data show that factors other than ExoU also participate in
epithelial traversal by cytotoxic P. aeruginosa. At 2 hours and
later time points, mutants lacking exoU or complemented with
phospholipase-inactive exoU also traversed the epithelia, albeit at
reduced rates compared to exoU-bearing bacteria. ExoU-indepen-
dent traversal could reflect activities of multidrug efflux pumps
(MexAB/OprM),17 exotoxin A,15 and proteases,13,15 which have
been shown to be involved in P. aeruginosa traversal of epithelia
and which are expressed by most P. aeruginosa strains. Clearly,
only ExoS-mediated epithelial traversal16 can be excluded, since it
is not encoded by PA14 or other cytotoxic strains. ExoU-indepen-
dent traversal did not result in significant changes in TER (com-
pared with ExoU-dependent traversal), suggesting that differences
in traversal mechanisms/pathways may exist. One of these differ-
ences may involve ExoT, another type III secreted effector pro-
tein with both GAP (GTPase activating protein) and ADPr (ADP
ribosylation) activity (see review31), or ExoY an adenylate cy-
clase.32 There was little difference in traversal between wild-type
P. aeruginosa and its isogenic (�exoU) mutant at 2 hours in any
given experiment (i.e., within Fig. 1, 2), whereas a significant
difference in traversal was observed at the same time point in
experiments in which wild-type bacteria were compared with a

FIGURE 2. (A) Complementation of
PA14�exoU with pUCPexoU returned
bacterial traversal of human corneal epi-
thelial cells to wild-type PA14 levels.
Complementation of PA14�exoU with
pUCPexoUD344A, which lacks phos-
pholipase activity, did not promote tra-
versal and was similar to the empty vec-
tor (pUCP18) control, except at 2 hours.
All strains grew similarly in the apical
compartment. (B) Complementation of
PA14�exoU with pUCPexoU caused
TER disruption similar to wild-type.
Complementation with phospholipase
inactive exoU (pUCPexoUD344A) did
not affect TER. (C) Complementation of
PA14�exoU with pUCPexoU also re-
stored cytotoxicity toward multilayered
human corneal epithelial cells after 3
hours, as shown by trypan blue staining.
Top (left to right): no bacteria control,
PA14�exoU, and PA14�exoU comple-
mented with empty vector pUCP18.
Bottom (left to right): PA14 wild-type,
PA14�exoU complemented with
pUCPexoU and PA14�exoU comple-
mented with pUCPexoUD344A (phos-
pholipase domain mutant).
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triple (�exoU�exoT�exoY) mutant (Fig. 3). These data suggest
that ExoT and/or ExoY also influence the traversal process. How-
ever, since ExoY is encoded by PA14, but not necessarily ex-
pressed,19 ExoT may especially warrant further investigation in
the context of cytotoxic strain traversal. ExoT has numerous
effects on host cells through effects on the cytoskeleton31 and
focal adhesion signaling33 that could influence bacterial traversal.
These include epithelial cell rounding,22 inhibition of P. aerugi-
nosa internalization,34,35 and alteration of tight junction pro-
teins.16 Nevertheless, further studies are needed to determine the
relationship between this and other ExoU-independent traversal
mechanisms and ExoU-mediated traversal.

Cytotoxic P. aeruginosa strains appear more commonly
(�50%) among corneal isolates of P. aeruginosa compared
to isolates from other infections (�28%).36 –38 Indeed, exoU
is one of several genes that appear to be selected in micro-
bial keratitis,37 and its expression correlates with resistance
to contact lens disinfection systems.39 From this study, we
conclude that ExoU (phospholipase)-mediated epithelial tra-
versal has the potential to offer a pathogenic advantage for
cytotoxic P. aeruginosa when the bacteria encounter the
intact multilayered corneal epithelium in vivo. Indeed, these
findings build on our previous work showing that cytotoxic
P. aeruginosa can damage intact corneal epithelia ex vivo40

that ExoU contributes to P. aeruginosa corneal virulence if
the epithelium is injured before bacterial exposure9,41 and
that ExoU-mediated ocular colonization and corneal disease
severity require its phospholipase activity.10 However, we
have also shown that the multilayered corneal epithelium is
a formidable barrier to P. aeruginosa traversal in vivo and
ex vivo24,42,43 and that even cytotoxic P. aeruginosa do not
infect the intact mouse cornea in vivo.44 Clearly, the clinical
prevalence of cytotoxic P. aeruginosa suggests that in vivo
circumstances occur that allow ExoU-mediated virulence.
However, further studies are needed to elucidate the rela-
tionship between ExoU-mediated penetration of multilay-
ered corneal epithelia in vitro, ExoU-mediated virulence in
vivo, and their combined significance in the pathogenesis of
microbial keratitis, especially in the context of contact lens
wear for which mechanisms of P. aeruginosa epithelial
traversal to cause infection are unknown.
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FIGURE 3. (A) Complementation of
the triple effector mutant PA14�
exoU�exoT�exoY with pUCPexoU
also fully restored P. aeruginosa tra-
versal of multilayered human corneal ep-
ithelial cells in vitro (similar to wild-type
PA14). Complementation with pUCP
exoUD344A (phospholipase inactive
exoU) did not restore traversal and was
similar to vector pUCP18 control. All
bacteria grew similarly in apical com-
partments. (B) TER readings of multilay-
ered corneal epithelia after 8 hours’ ex-
posure to plasmid complemented triple
effector mutants showed a pattern simi-
lar to that in previous experiments. Com-
plementation of PA14�exoU�exoT�
exoY with pUCPexoU diminished TER
similarly to wild-type. Complementation
with pUCPexoUD344A or the pUCP18
control plasmid did not reduce TER.
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