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Pseudomonas aeruginosa is invasive or cytotoxic to host cells, depending on the type III secretion system (T3SS) effectors en-
coded. While the T3SS is known to be involved in disease in vivo, how it participates remains to be clarified. Here, mouse models
of superficial epithelial injury (tissue paper blotting with EGTA treatment) and immunocompromise (MyD88 deficiency) were
used to study the contribution of the T3SS transcriptional activator ExsA to epithelial traversal. Corneas of excised eyeballs were
inoculated with green fluorescent protein (GFP)-expressing PAO1 or isogenic exsA mutants for 6 h ex vivo before bacterial tra-
versal and epithelial thickness were quantified by using imaging. In the blotting-EGTA model, exsA mutants were defective in
capacity for traversal. Accordingly, an �16-fold variability in exsA expression among PAO1 isolates from three sources corre-
lated with epithelial loss. In contrast, MyD88�/� epithelia remained susceptible to P. aeruginosa traversal despite exsA muta-
tion. Epithelial lysates from MyD88�/� mice had reduced antimicrobial activity compared to those from wild-type mice with and
without prior antigen challenge, particularly 30- to 100-kDa fractions, for which mass spectrometry revealed multiple differ-
ences, including (i) lower baseline levels of histones, tubulin, and lumican and (ii) reduced glutathione S-transferase, annexin,
and dermatopontin, after antigen challenge. Thus, the importance of ExsA in epithelial traversal by invasive P. aeruginosa de-
pends on the compromise enabling susceptibility, suggesting that strategies for preventing infection will need to extend beyond
targeting the T3SS. The data also highlight the importance of mimicking conditions allowing susceptibility in animal models and
the need to monitor variability among bacterial isolates from different sources, even for the same strain.

Pseudomonas aeruginosa remains a leading cause of respiratory
infections, septicemia, and urinary tract and burn wound in-

fections (1–4). It is also the most common cause of corneal infec-
tion associated with contact lens wear (5, 6). Our research has
shown that clinical and laboratory isolates of P. aeruginosa can be
divided into invasive or cytotoxic strains based upon how they
interact with host cells (7). Invasive strains can survive and repli-
cate inside epithelial cells dependent on the type III secretion sys-
tem (T3SS) effector ExoS (8–10), while cytotoxic strains instead
encode ExoU, which can induce rapid death of intoxicated host
cells (11, 12). While details of how invasive and cytotoxic strains
impact host cells vary, both types can cause human disease, and
they can each be virulent in animal models of infection (13–15).

Several in vivo models exist for studying P. aeruginosa patho-
genicity. They include Caenorhabditis elegans (16–18) and Dro-
sophila melanogaster (19), in addition to mouse models of pneu-
monia with sepsis (20–22), burn wound infection with sepsis
(23–25), and gastrointestinal colonization and sepsis (26, 27) and
corneal scarification models (28–30). Despite this plethora of
available host models, the mechanisms by which P. aeruginosa
(and other microbes) traverse barriers in vivo to cause infection
remain poorly understood, probably because the principles upon
which most are based necessitate deliberately bypassing them to
initiate the disease to be studied. For example, the corneal scarifi-
cation model involves scratching through both the corneal epithe-
lium and the basal lamina of mouse corneas to allow bacteria
direct access to the underlying corneal stroma, an event required
for triggering of visible corneal pathology (keratitis). Conse-
quently, the model is well suited to studying what occurs after
bacteria have gained access into the corneal stroma, and much has

been learned through its utilization for that purpose (31–35). In-
deed, we have used it to show that the T3SS can participate in
keratitis caused by P. aeruginosa (28, 30, 36). However, the scari-
fication model cannot be used to study how bacteria traverse the
corneal epithelium, an earlier step bypassed by the scratching pro-
cess. It is important to study epithelial traversal, given that contact
lens-related infection is not usually preceded by stromal exposure,
and lens wear is the most common predisposing factor for corneal
infection caused by P. aeruginosa.

Other investigators have used monolayers of various cell types
to study epithelial cell traversal by P. aeruginosa and have shown
roles for proteases, exotoxin A, multidrug resistance efflux
pumps, and the T3SS (27, 37–39). Indeed, the ADPr activity of
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ExoS, one of the T3SS effectors, has been found to disrupt epithe-
lial tight junctions and facilitate paracellular bacterial localization
(37). To more closely mimic in vivo corneal epithelium, our lab-
oratory has instead used corneal epithelial cells grown as multilay-
ers, and using them has revealed roles for proteases, pilus-medi-
ated twitching motility, and the T3SS (40–42). However, traversal
of a multilayered epithelium that has formed on the surface of an
actual cornea (or other tissue) in the context of other factors pres-
ent in vivo could be a different task for the bacteria than traversing
a monolayer grown in vitro. Indeed, in previous studies we re-
ported that exposure of cultured epithelial cells to mucosal (tear)
fluid protected against bacterial virulence, a phenomenon that
endured after the mucosal fluid was removed (43). This, and
changes to gene expression in the mucosal fluid treated epithelial
cells, revealed that the mechanism for protection involved lasting
changes to the state of the epithelial cell once exposed to mucosal
fluid and that it involved specific microRNAs (43, 44).

Several years ago, we described a method for studying bacteri-
um-epithelium interactions in vivo that was a modification of the
scarification model. The idea was based on our observations that 6
h after scratching, corneas remained susceptible to infection de-
spite the fact that healing epithelium visibly covered the stroma.
We used this “6-h healing” model to study the role of ExsA, a
transcriptional activator for the P. aeruginosa T3SS (45), in en-
abling keratitis while epithelial cells covered the stroma. Both
PAO1 (invasive) and PA103 (cytotoxic) could cause keratitis in
this model, but ExsA influenced colonization and entry into the
stroma for only the cytotoxic strain. While this suggested that
ExsA was dispensable for bacteria to traverse the healing corneal
epithelium in the case of the invasive strain, several caveats need to
be considered. The first is that the bacteria entered the stroma,
showing that the basal lamina barrier between the epithelium and
stroma (41), not only the epithelial barrier, remained compro-
mised at the 6-h time point. Indeed, the speed and number of
bacteria entering the stroma showed that compromise of both
“barriers” was severe. Second, the study was carried out more than
a decade ago, when we lacked methods for accurately localizing
bacteria within the epithelium and were limited to studying (and
extrapolating from) representative thin sections. Thus, there
might have been differences we could not detect. Further, we per-
formed the bacterial inoculation step in vivo, so host factors, such
as eyelids, blinking, and tear fluid, could have influenced the out-
come beyond their role in modulating epithelial defenses.

More recently, we developed a suite of in vivo and ex vivo mod-
els to allow early steps in pathogenesis to be studied, requiring no
or minimal injury to the epithelium (46, 47). We have also ad-
vanced our imaging methods and analysis software to allow accu-
rate localization/quantification of all bacteria in corneas of live
eyeballs, without need for fixation or sectioning (47). Our pub-
lished data obtained using these models suggest that multiple lev-
els of defense protect the healthy cornea. They show that unin-
jured normal mouse ocular surfaces rapidly cleared P. aeruginosa,
even when enormous inocula (�1011/ml) were applied (48, 49),
contrasting scratch injury, after which the corneas succumb to
destructive keratitis with 6 to 8 orders of magnitude fewer bacteria
(28, 30, 31, 50). We showed that blotting the corneal surface with
tissue paper (Kimwipe), which disrupts tight junctions while oth-
erwise leaving corneas morphologically similar, made corneas
susceptible to bacterial adhesion without subsequent epithelial
traversal. When blotting was followed by 1 h of EGTA treatment

(100 mM in phosphate-buffered saline [PBS]), the bacteria could
traverse the epithelium all the way to the underlying basal lamina
(46). Using gene knockout mice, we have found that MyD88 is
important for protecting the corneal epithelium against both ad-
hesion and subsequent traversal (47) and that mBD3, the mouse
equivalent of human hBD2 and a MyD88-dependent factor (51,
52), is involved in this protective effect (49). We further showed
that these novel methods for studying traversal of in situ-grown
corneal epithelium could be adapted for ex vivo use, which allows
exclusion of tear fluid and infiltrating phagocytic responses when
desirable.

Here, we examined the role of ExsA in invasive P. aeruginosa
traversal of the corneal epithelium using these new models of su-
perficial injury (blotting plus EGTA) and immunocompromise
(MyD88�/�), which both make the epithelium permissive to tra-
versal while retaining the basal lamina barrier (46, 47), and out-
comes were assessed using our new imaging methods (47). This
was done using PAO1, an invasive strain that traverses the corneal
epithelium to the level of the basal lamina in both models, and ex
vivo conditions to exclude direct effects of tear fluid, blinking, and
other extracorneal factors during bacterial inoculation (46, 47).

MATERIALS AND METHODS
Bacteria. P. aeruginosa strain PAO1 encodes three known T3SS effectors:
ExoS, ExoT, and ExoY. Three different sources of wild-type PAO1 were
used. PAO1 source A was used by us previously in our in vivo and ex vivo
studies of P. aeruginosa traversal of murine corneal epithelia (46, 47).
PAO1 source B was used as the parent of the isogenic exsA mutant
(PAO1exsA::�) that cannot transcriptionally activate the T3SS (53).
PAO1 source C was included for additional comparison of T3SS expres-
sion in vitro and traversal ex vivo in both models. For imaging, all bacteria,
including the exsA mutant, were complemented (by electroporation) with
plasmid pSMC2 encoding green fluorescent protein (GFP) and grown on
Trypticase soy agar (TSA) supplemented with 300 �g/ml carbenicillin
overnight (�18 h) at 37°C. The exsA mutant of PAO1 source B was com-
plemented with pEB124 kindly provided by Timothy Yahr, University of
Iowa (54). For use in experiments, bacteria were resuspended in serum-
free tissue culture medium (Dulbecco’s modified Eagle medium
[DMEM]; Gibco) without antibiotics to a concentration of �1011 CFU/
ml, confirmed by viable count. Plasmid-complemented strains grew
equally well in vitro (data not shown).

P. aeruginosa strain 6206 was used for testing the antimicrobial activity
of corneal cell lysates. TSA-grown bacteria (�18 h, 37°C) were resus-
pended in serum-free keratinocyte basal medium (KBM) (Lonza, Inc.) to
a concentration of �108 CFU/ml (absorbance of 0.1 at 650 nm) and then
diluted in sterile water or lysate fractions to a final concentration of 106

CFU/ml for use in experiments.
Ex vivo murine models of P. aeruginosa epithelial traversal. All pro-

cedures were approved by the Animal Care and Use Committee of the
University of California, Berkeley. Wild-type C57BL/6 mice (6 to 8 weeks
old) or MyD88 gene knockout (MyD88�/�) mice of the same strain and
age were used for all experiments. All experiments were performed ex vivo.
Thus, after sacrifice, eyes were enucleated, rinsed three times with PBS,
and placed in a 96-well tissue culture plate (Corning). Eyes were incubated
at 37°C (5% CO2) or for microscopy in a chamber slide with a water-
jacketed heater set to 37°C. For each model described below, each exper-
imental group contained 4 to 8 eyes.

For experimental model 1 (tissue paper blotting plus EGTA treat-
ment), eyes of wild-type mice were blotted with a Kimwipe (Kimtech)
before incubation in EGTA (100 mM in PBS) for 1 h at 37°C. Eyes were
then rinsed three more times in PBS, transferred to bacterial suspension,
and then incubated for 6 h. After bacterial exposure, eyes were rinsed with
PBS to remove nonadherent bacteria, affixed to a glass coverslip with
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cornea facing up, and submerged in Ham’s F-12 medium (Lonza) for
imaging.

For experimental model 2, eyes from C57BL/6 MyD88�/� mice were
used. The mice were kindly provided by Greg Barton (University of Cal-
ifornia, Berkeley) and bred in our facilities. These eyes were not blotted or
EGTA treated, but following three rinses with PBS, they were placed in
bacterial suspension for 6 h. After bacterial exposure, eyes were rinsed
with PBS to remove nonadherent bacteria, affixed to a glass coverslip with
the cornea facing up, and submerged in Ham’s F-12 medium (Lonza) for
imaging.

Imaging of murine eyes by confocal and 2-photon microscopy. The
imaging method used was previously described (47). Briefly, eyes were
imaged using a Zeiss LSM 510 NLO META Axioplan confocal and 2-pho-
ton microscope equipped with a Spectra-Physics MaiTai HP DeepSee
laser for 2-photon imaging (700 to 1,020 nm), and 458-nm, 488-nm,
514-nm, 543-nm, and 633-nm laser lines (Molecular Imaging Center,
University of California, Berkeley). W Plan-Apochromat (63�/1.0, M27;
working distance [WD] � 2.1 mm) and Achroplan IR (40�/0.80, W;
WD � 3.6 mm) dipping objectives were used. A 720-nm laser was used to
visualize autofluorescence of NADPH inside live cells. Corneal cells were
also imaged without chemical fixing and labeling by using a 633-nm laser
to obtain reflection of all cells (live or dead). For each eye, optical slices
were taken at 0.5-�m intervals from the apical surface of the corneal
epithelial cells (if present) through the entire thickness of the epithelium
and into the anterior stroma (to an �50-�m depth). Reconstruction of
three-dimensional (3D) and transverse images for each sample was done
using imaging software described previously (47).

Measurement of corneal epithelial thickness and bacterial traversal.
Corneal thickness was measured using the Zeiss LSM imaging software.
Reflectance and autofluorescence confocal overlaid images were divided
into a 3-by-3 grid, and the thickness of the epithelium was measured using
measurement tools provided within the software package. At least 9 mea-
surements were averaged across 4 to 8 corneas per test group, and means
and standard deviations were calculated. Bacterial traversal was measured
as previously described (47). In some instances, a lack of epithelial uni-
formity required an alternate method for measuring epithelial thickness
and bacterial traversal. Briefly, 3D models of epithelial surfaces and bac-
teria were generated using IMARIS (Bitpane, South Windsor, CT), and
distances between the epithelial surfaces and bacteria were computed us-
ing a distance transformation via a MATLAB (Mathworks Torrance, CA)
plug-in within IMARIS. Distances to both the apical epithelial surface and
bacteria were measured from the basal lamina to compute epithelial thick-
ness and bacterial traversal, respectively.

RT-PCR. To determine exsA gene expression in vitro, bacteria were
grown under T3SS-inducing conditions, i.e., tryptic soy broth (TSB) con-
taining glycerol (1% [vol/vol]), monosodium glutamate (50 mM), EGTA
(5 mM), and MgCl2 (50 mM) (55) at 37°C, to exponential growth phase
and harvested by centrifugation (�11,000 � g, 10 min). Non-T3SS-in-
ducing conditions (TSB alone) were used for controls. RNA was isolated
from bacteria using TRIzol (Life Technologies, Grand Island, NY). A
DNase I kit (Fermentas) was used to eliminate contaminating DNA, and
cDNA was made for real-time PCR (RT-PCR) using an Ambion Message-
Amp II bacterial kit (Life Technologies). RT-PCR was performed on an
Applied Biosystems Step One Plus (Life Technologies). Primers were de-
signed using Applied Biosystems Primer Express software and verified by
a BLAST search. Gene sequences were obtained from the Pseudomonas
genome database (www.pseudomonas.com). RT-PCR primers were 16S
rRNA for PAO1 (forward, GGCGCTAATACCGCATACGT, and reverse,
TGATAGCGTGAGGTCCGAAGA) and exsA (forward, CATGGAGGCG
GGCTTTT, and reverse, CGAAACGGCGGCGATAG). Primers were syn-
thesized by IDT (Coralville, IA).

Antimicrobial activity assay. Whole corneas from enucleated mouse
eyes were exposed to P. aeruginosa antigens (supernatant of P. aeruginosa
PAO1 source B culture [56]; 5 �l/eye for 3 h) or a Trypticase soy broth
control, then ground/homogenized in distilled water with micropestles,

and spun at 14,000 � g for 2 min to remove cell debris and remaining
stromal tissue. Crude lysates were confirmed to have equal total protein
concentrations using a BCA (bicinchoninic acid) assay kit (Pierce Bio-
technology, Inc., Thermo Scientific, Rockford, IL). Serial fractionation of
crude lysates was performed at 4°C using sterile-water-prerinsed Micro-
con centrifugal filter devices with membrane cutoffs at 100, 30, and 10
kDa (Millipore). Fresh vehicle was added to all lysate fractions to maintain
a volume equal to that of their original crude lysates. Bacteria (60 �l; 106

CFU/ml of suspended lawn culture of P. aeruginosa strain 6206) in lysate
fractions or water were incubated in triplicate at 37°C for 3 h. Serial dilu-
tions of the samples at time zero and 3 h were plated on nutrient agar
plates and incubated at 37°C overnight for viable bacterial counts (CFU/
ml). The percent survival at 3 h was determined as follows: (bacterial
counts of lysate fraction at 3 h/bacterial counts of distilled water at 3 h) �
100%.

Mass spectrometry. Corneal lysate fractions were prepared as de-
scribed above, except that corneas were ground/homogenized in 100 mM
Tris-HCl (pH 8.5). Mass spectrometry was performed at the Proteomics/
Mass Spectrometry Laboratory at University of California, Berkeley. A
nano-liquid chromatography (nano-LC) column was packed in a 100-
�m-inner-diameter glass capillary with an emitter tip. The column con-
sisted of 10 cm of Polaris C18 5-�m packing material (Varian, Lake Forest,
CA). The column was loaded by use of a pressure bomb and washed
extensively with buffer A (5% acetonitrile– 0.02% heptafluorobutyric acid
[HBFA]). The column was then directly coupled to an electrospray ion-
ization source mounted on a Thermo-Fisher LTQ XL linear ion trap mass
spectrometer. An Agilent 1200 high-performance liquid chromatograph
(HPLC) equipped with a split line so as to deliver a flow rate of 30 nl/min
was used for chromatography. Peptides were eluted with a 90-min gradi-
ent from 100% buffer A to 60% buffer B (80% acetonitrile– 0.02% HBFA).
Collision-induced dissociation (CID) and electron transfer dissociation
(ETD) spectra were collected for each m/z. The programs SEQUEST and
DTASELECT were used to identify peptides and proteins from the murine
database. A minimum cutoff two different peptides was set to identify
proteins, and total spectral counts from each protein were used to calcu-
late relative abundance (57). A 2-fold difference or more was considered
significant. Heat maps were generated using the CIMminer tool (http:
//discover.nci.nih.gov/cimminer).

Statistics. Data are expressed as the mean 	 standard deviation (SD)
for each sample group. Statistical significance between three or more
groups was determined using analysis of variance (ANOVA) with Tukey’s
multiple-comparison post hoc analysis. Unpaired Student’s t test was used
for two-group comparisons of normally distributed data. P values of

0.05 were considered significant.

RESULTS
ExsA is required for invasive P. aeruginosa to traverse the mu-
rine corneal epithelium ex vivo after superficial injury. The
T3SS of P. aeruginosa is regulated by the transcriptional activator
ExsA (53, 58). To explore its role, mouse corneas were inoculated
with an exsA mutant of P. aeruginosa strain PAO1 (�1011 CFU/
ml) ex vivo for 6 h, and results were compared to those for corneas
infected with the wild type (source B). Before inoculation, corneas
were blotted and EGTA treated to enable bacterial adhesion and
subsequent traversal of the corneal epithelium (46). Figure 1
shows the contrast between wild-type- and exsA mutant-infected
corneas. Surprisingly, PAO1 source B was found to be highly de-
structive to the corneal epithelium and almost completely re-
moved it from the cornea, allowing bacteria (Fig. 1A, green) to
adhere directly to the basal lamina. Still, bacteria were not seen
within the stroma, showing that despite the destruction/loss of
epithelium, the basal lamina barrier remained competent. In con-
trast, the epithelium was relatively intact after exposure to the exsA
(T3SS) mutant (Fig. 1B), with bacteria (green) adhering only to
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the epithelial surface. Controls were included to confirm that the
epithelium remained intact if the blotting-EGTA treatment was
done without bacterial inoculation (Fig. 1C) and if the cornea was
untreated, i.e., it underwent no blotting or EGTA treatment and
was not exposed to bacteria (Fig. 1D). Quantification of the data
collected showed that there was an �6-fold difference in corneal
epithelial thickness after exposure to wild-type PAO1 compared
to its exsA mutant (P � 0.016; t test) (Fig. 1E). There was also a
significant difference in the percentage traversal between PAO1
and its exsA mutant (Fig. 1F) (P � 0.008; t test).

Under experimental conditions similar to those described for
Fig. 1, complementation of the exsA mutant of PAO1 source B
with exsA was associated with an �54% reduction in epithelial
thickness compared to the exsA mutant alone (analysis of 3 eye-
balls across central and peripheral corneas) (P � 0.037; t test).
Controls using cultured corneal epithelial cells revealed that exsA

complementation restored the ability of the exsA mutant to cause
cell rounding, verifying that the T3SS was expressed and func-
tional (data not shown).

PAO1 isolates from different sources vary in their capacity to
traverse mouse corneal epithelium, and this capacity is corre-
lated with exsA gene expression. The above data suggested a role
for the ExsA-regulated T3SS in mediating bacterial traversal of the
corneal epithelium. However, the magnitude of the epithelial
damage observed with this source of PAO1 was far greater than in
our published studies using PAO1-GFP source A (46, 47). Thus,
PAO1-GFP source B was compared to two other isolates of PAO1
from different laboratories (see Materials and Methods) in the
same assay. Three-dimensional and transverse section images
show significant variations between the three sources of PAO1
(Fig. 2). PAO1 source A demonstrated behavior similar to that
seen in our previous studies by binding to, and partially traversing,

FIG 1 P. aeruginosa traversal of the murine corneal epithelium in the tissue paper blottting-EGTA model. In each instance, eyeballs were blotted with tissue paper
and treated with EGTA (100 mM in PBS, 1 h) prior to bacterial exposure. (A) Invasive P. aeruginosa strain PAO1-GFP (green) source B caused significant damage
to the murine corneal epithelium after 6 h exposure ex vivo, denoted by the absence of epithelial cell autofluorescence (red) by confocal and 2-photon microscopy.
(B) In contrast, exposure to a T3SS (exsA) mutant (PAO1exsA::�-GFP) left the corneal epithelium relatively intact, and bacteria (green) adhered. (C) Control
showing murine corneal epithelium after blotting-EGTA treatment but without bacterial inoculation. (D) Untreated murine corneal epithelium. (E) An �6-fold
difference in corneal epithelial thickness was seen after exposure to PAO1 compared to the exsA mutant (*, P � 0.016, t test). (F) Percent traversal of PAO1-GFP
compared to PAO1exsA::�-GFP (*, P � 0.008, t test). Representative images from six independent experiments are shown. A Zeiss LSM 512 Meta W Plan-
Apochromat (63�/1.0) objective lens was used. White, host cell reflectance at 633 nm.
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the corneal epithelium, which remained relatively intact (Fig. 2A
and E). The greater destruction of the corneal epithelium by PAO1
source B was evident (Fig. 2B and F [transverse section]). This
bacterium-mediated damage was absent in the exsA (T3SS) mu-
tant (Fig. 2C [experiment whose results are shown in Fig. 1B]),
and transverse sections showed little or no bacterial traversal by
the exsA mutant (Fig. 2G). In contrast, 6 h exposure to PAO1
source C caused little or no damage to the corneal epithelium, and
bacteria adhered without penetrating the epithelium (Fig. 2D
and H).

Quantitative measurements of corneal epithelial thickness
(Fig. 3A) and bacterial traversal of the epithelium (Fig. 3B) after 6
h bacterial exposure were consistent with the images shown in Fig.
1 and 2. Corneal epithelial thickness data from Fig. 1E for PAO1
source B and its exsA mutant were included in Fig. 3A for com-
parison. Exposure to PAO1 source A and PAO1 source C for 6 h
left the corneal epithelium at a thickness similar to that of the exsA
mutant of PAO1 source B, and although these groups were not
significantly different from each other, they were all significantly
different from the PAO1 source B group (P 
 0.05; ANOVA).
Indeed, while epithelial thickness was lower in all bacterium-
treated groups, only PAO1 source B-treated corneal epithelium
was significantly different from uninoculated corneal epithelium
with or without blotting and EGTA treatment (Fig. 3A). PAO1
source A showed greater traversal than PAO1 source C and the
exsA mutant of PAO1 source B, but these groups were not signif-
icantly different from each other (Fig. 3B). PAO1 source B showed

significantly greater traversal than its exsA mutant and PAO1
source C (P 
 0.05; ANOVA) (Fig. 3B).

Quantification of exsA gene expression under T3SS-inducing
conditions in vitro by RT-PCR (Fig. 4) showed a positive correla-
tion with epithelial traversal by P. aeruginosa ex vivo. PAO1
sources A and B both displayed significant induction of exsA gene
expression in vitro under T3SS-inducing conditions relative to
noninducing conditions (Fig. 4). However, PAO1 source C
yielded little or no induction of exsA gene expression, consistent
with the lack of epithelial traversal and/or damage ex vivo.

Traversal of MyD88�/� mouse corneal epithelium is inde-
pendent of ExsA. Another way we enabled P. aeruginosa to tra-
verse the corneal epithelium involved the use of MyD88�/� mice
(47). In this case, there is no need to blot or to EGTA treat the eye,
as P. aeruginosa can adhere to and penetrate the intact untreated
epithelium. Here, we tested the hypothesis that ExsA would also
be required for P. aeruginosa to traverse MyD88�/� mouse cor-
neal epithelium.

As expected wild-type PAO1-GFP source B (green) caused sig-
nificant damage to the corneal epithelium of MyD88�/� mice, as
indicated by complete loss of epithelial cell autofluorescence (red)
(Fig. 5A). What was not expected was that the exsA (T3SS) mutant
of P. aeruginosa PAO1 source B caused a similar amount of dam-
age to the MyD88�/� epithelium (Fig. 5B), showing that ExsA was
not required for bacteria traversal/damage in the case of MyD88
deficiency. Another difference between MyD88 deficiency and
blotting-EGTA treatment was results obtained with PAO1 source

FIG 2 Three-dimensional images (A to D) and cross-sectional images (E to H) comparing three variants of P. aeruginosa strain PAO1-GFP and an exsA mutant
(PAO1exsA::�-GFP) for their interaction with tissue paper-blotted and EGTA-treated (100 mM in PBS, 1 h) murine corneal epithelium ex vivo. (A and E) After
6 h, PAO1-GFP source A (46, 47) adhered to and partially traversed the corneal epithelium, which remained intact. (B and F) PAO1-GFP source B caused nearly
complete loss of the corneal epithelium (as shown in Fig. 1). (C and G) The exsA mutant of strain PAO1-GFP source B showed binding but no traversal (as shown
in Fig. 1). (D and H) PAO1-GFP source C showed binding to the murine corneal epithelium but no traversal, and the epithelium remained intact. Representative
images from three independent experiments are shown. A Zeiss LSM 512 Meta W Plan-Apochromat (63�/1.0) objective lens was used. Images were acquired by
confocal and 2-photon microscopy. Green, PAO1-GFP; red, epithelial cell autofluorescence.
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C. As discussed above, wild-type PAO1-GFP source C was unable
to traverse the epithelium even after blotting-EGTA treatment.
However, it was able to traverse the epithelium in MyD88�/�

mice, even without blotting-ETGA treatment. This traversal left
the epithelium relatively intact (Fig. 5C). As expected, control
corneas of MyD88�/� mice appeared healthy and intact in the
absence of bacterial inoculation (Fig. 5D). Exposure to PAO1
source C did not significantly affect epithelial thickness of
MyD88�/� corneas (Fig. 5E), and bacterial traversal was evident
throughout the corneal epithelium (Fig. 5F).

MyD88�/� corneal epithelium has reduced antimicrobial ac-
tivity against P. aeruginosa. The susceptibility of MyD88�/� cor-
neas to ExsA-independent traversal led us to investigate if MyD88
deficiency impaired antimicrobial activity of the corneal epithe-
lium. Our choice to focus on antimicrobial activity, rather than
other potential defense factors, was based on our earlier discover-
ies that corneally expressed antimicrobials (including mBD3 and
keratin-derived antimicrobial peptides [KDAMPs]) contribute to

maintaining the corneal epithelial barrier against P. aeruginosa
(49, 59). Thus, the corneal epithelium of normal healthy wild-type
and MyD88�/� mice was homogenized, and crude lysates were
fractionated by molecular weight prior to bactericidal activity
screening against P. aeruginosa. We observed that the 10- to 100-
kDa and the 
10-kDa lysate fractions of untreated wild-type but
not MyD88 knockout mice retarded growth of P. aeruginosa (Fig.
6A) (P 
 0.0001 and P � 0.005, respectively; t test), showing that
MyD88 is critical for constitutive antimicrobial activity of the cor-
nea. This activity was concentration dependent, since it was re-
duced or eliminated after 2-fold dilution of the �10- to 100-kDa
and 
10-kDa wild-type corneal lysate fractions, respectively (Fig.
6A).

After exposure to P. aeruginosa antigens, the wild-type 
10-
kDa fraction remained antibacterial, while the activities of the 10-
to 30-kDa and the 30- to 100-kDa fractions were magnified (Fig.
6B). In addition, the 
10-kDa and the 10- to 30-kDa fractions
from MyD88�/� mice also became antimicrobial (Fig. 6B), indi-
cating that MyD88-independent pathways also contribute to an-
tigen-activated antimicrobial activity. Nevertheless, all three cor-
neal lysate fractions (30 to 100 kDa, 10 to 30 kDa, and 
10 kDa)
from antigen-challenged wild-type mice showed significantly
more antibacterial activity than those derived from MyD88�/�

mice (Fig. 6B) (P 
 0.05, t test).
Analysis of corneal lysates by mass spectrometry. To begin to

investigate potential determinants for the observed differences in
antimicrobial activity between murine corneal lysates, we per-
formed mass spectrometry on the 30- to 100-kDa corneal lysate
fractions, which showed the greatest reduction in antimicrobial
activity in MyD88�/� mice compared to wild-type mice (Fig. 6).
Figure 7 shows that 120 different proteins were detectable only in
unstimulated wild-type corneal lysates and not in the knockout
(Fig. 7A). Similarly, 46 proteins were specific to wild-type-anti-
gen-stimulated corneas compared to the knockout (Fig. 7B).
Among the proteins shared between wild-type and knockout
mice, 29 were more abundant under wild-type unstimulated con-
ditions and 21 upon antigen stimulation (Fig. 7A and B). Proteins
that were present or more abundant only in the wild-type corneal

FIG 3 (A) Murine corneal epithelial thickness and (B) percentage epithelial
traversal after 6 h exposure to three different sources of P. aeruginosa strain
PAO1-GFP and an exsA mutant of PAO1-GFP source B (Fig. 1 and 2). Unin-
oculated controls included normal murine corneal epithelium and tissue pa-
per-blotted and EGTA-treated (100 mM in PBS, 1 h) murine corneal epithe-
lium. Data are means 	 SD from three independent experiments. PAO1
source B and its exsA mutant data from Fig. 1E and F are shown in panels A and
B, respectively, for comparison purposes. The single asterisk indicates a signif-
icant difference versus uninoculated corneas (normal cornea thickness), tissue
paper-blotted and EGTA-treated corneas (no bacteria), and other bacterium-
inoculated corneas (P 
 0.05; ANOVA with Tukey’s multiple-comparison post
hoc analysis). The double asterisk indicates a significant difference versus tra-
versal of exsA mutant and PAO1-GFP source C (P 
 0.05; ANOVA with
Tukey’s multiple-comparison post hoc analysis).

FIG 4 RT-PCR of exsA gene expression in three different sources of P. aerugi-
nosa strain PAO1-GFP under T3SS-inducing conditions in vitro (see Materials
and Methods) compared to noninducing conditions. PAO1-GFP source C
showed significantly reduced T3SS induction compared to source B (*, P 

0.05; ANOVA with Tukey’s multiple-comparison post hoc analysis). Results
from one of two independent experiments are shown.
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FIG 5 P. aeruginosa traversal of MyD88�/� murine corneal epithelium without prior tissue paper blotting or EGTA treatment. After exposure to P. aeruginosa
strain PAO1-GFP source B (A) or its exsA mutant (PAO1exsA::�-GFP) (B), the corneas of MyD88�/� mice showed extensive and equivalent binding of wild-type
and exsA mutant bacteria (green), with both causing significant damage to the murine corneal epithelium, as indicated by the absence of epithelial cell
autofluorescence (red), determined by confocal and 2-photon microscopy. In panels A and B, reflectance (white) indicates the corneal stroma. Images are
representative of three independent experiments. A Zeiss LSM 512 Meta W Plan-Apochromat (63�/1.0) objective lens was used. (C) P. aeruginosa strain
PAO1-GFP source C (green) traversed the corneal epithelium of MyD88�/� mice after 6 h. (D) Control showing the MyD88�/� cornea without bacterial
inoculation. In panels C and D, the epithelium remained intact, as indicated by epithelial cell autofluorescence (red). Images are representative of two
independent experiments. (E and F) Murine corneal epithelial thickness (E) and percent epithelial traversal (F) for MyD88�/� corneas 6 h after exposure to
PAO1-GFP source C compared to uninoculated controls.
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lysates could account for the antimicrobial activity observed in
this fraction both with and without bacterial antigen stimulation
(Fig. 6A and B). Of interest, we found that (i) histones (H2a and
H2b) and tubulin (alpha and beta subunits) were more abundant

in unstimulated wild-type corneas than in MyD88�/� corneas and
(ii) glutathione S-transferase and annexin were both more abun-
dant in antigen-stimulated wild-type corneas. When we com-
pared antigen-stimulated and unstimulated wild-type corneas, we

FIG 6 Antimicrobial activity of untreated (A) and antigen-exposed (B) wild-type (WT) and MyD88�/� (KO) mouse corneal lysate fractions. (A) Under normal healthy
conditions, the 10- to 100-kDa and the 
10-kDa fractions of wild-type but not MyD88-deficient mice inhibited the growth of P. aeruginosa. This activity was reduced
or eliminated by 2-fold dilution of the fractions. (B) After exposure to P. aeruginosa antigens, the 
10-kDa fractions of both wild-type and MyD88�/� mice were
antipseudomonal. In addition, the antibacterial activities of the 30- to 100-kDa and the 10- to 30-kDa fractions of wild-type mice postinoculation were increased
compared to that of 10- to 100-kDa fraction preinoculation. Means 	 SD are shown. *, P 
 0.05; **, P 
 0.01; ***, P 
 0.001 (t test).

FIG 7 Venn diagrams showing comparison of protein content in the 30- to 100-kDa fraction of the corneal lysates. (A and B) Wild-type and MyD88�/� mice under
normal healthy conditions without antigen challenge (A) and after antigen exposure (B). (C) Baseline versus antigen-activated expression in the wild-type mice.
Numbers in each intersection represent proteins present in both categories that are up- or downregulated in the wild-type (A and B) or in the stimulated condition (C).
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found 63 protein species (47 � 16) present or more abundant only
in the antigen-stimulated condition (Fig. 7C). These proteins are
candidates for participation in the observed increase in antimicro-
bial activity of the wild-type corneas when stimulated with bacte-
rial antigens.

The full list of proteins detected in the 30- to 100-kDa corneal
lysate fractions and their relative abundance between wild-type
and MyD88�/� mice and with and without antigen stimulation is
presented in Fig. S1 in the supplemental material. In addition to
the proteins mentioned above, two other groups of proteins
(boxes in Fig. S1) were of interest: (i) nine proteins that were more
abundant in P. aeruginosa antigen-challenged wild-type corneas
than in antigen-challenged MyD88�/� corneas or in either type of
untreated cornea, i.e., antigen upregulated and MyD88 dependent
(blue box) (e.g., dermatopontin), and (ii) four proteins that were
more abundant in wild-type than MyD88�/� corneas with and
without antigen challenge, i.e., constitutively present (black box)
(e.g., lumican).

DISCUSSION

In this study, we explored the role of the transcriptional activator
ExsA, a regulator of the P. aeruginosa T3SS (58, 60), in epithelial
traversal by the invasive P. aeruginosa strain PAO1 using multiple
methods. For this, we used imaging and analysis strategies which
we developed specifically for the purpose of studying bacterial
traversal through the corneal epithelium of intact live mouse eye-
balls (47). These methods allow the exact location of individual
bacteria to be accurately determined while the topography of the
cornea is monitored, yielding quantifiable data related to both
features. This study was done utilizing unfixed and unlabeled
whole live eyeballs but ex vivo to exclude extracorneal in vivo fac-
tors at the time of bacteria inoculation, thereby preventing them
from confounding the outcome.

For corneas superficially injured by tissue paper blotting and
subsequent EGTA treatment, we found that P. aeruginosa invasive
strain PAO1 required ExsA to traverse the epithelium. This was
shown using exsA mutants and was supported by a correlation
found between exsA gene expression and the capacity for epithelial
traversal for three separate isolates of PAO1 obtained from differ-
ent sources. In stark contrast, P. aeruginosa remained able to tra-
verse the corneal epithelium of MyD88-deficient mice indepen-
dently of ExsA, even in the absence of any type of injury or
treatment. A summary of these findings is shown in Table 1.

Given that ExsA is a transcriptional activator of the P. aerugi-
nosa T3SS, the data suggested that the T3SS is required for invasive
P. aeruginosa strain PAO1 to traverse the mouse corneal epithe-
lium in the context of superficial epithelial injury involving tissue

paper blotting and EGTA treatment but not in the context of
immunocompromise relevant to MyD88 deficiency. Results ob-
tained using the blotting-EGTA method also contrasted with our
published findings obtained using the 6-h healing model dis-
cussed above, in which we found no role for ExsA in corneal entry
into the stroma when the same invasive strain (PAO1) penetrated
both healing corneal epithelium and basal lamina after scratching
(45). Thus, the role of ExsA (and presumably the T3SS) in tra-
versal of corneal epithelium by invasive P. aeruginosa is condi-
tional upon the nature of epithelial compromise. Whether the role
of ExsA/T3SS is conditional for other epithelium-lined tissue sur-
faces will need to be determined. Further studies will also be
needed to pinpoint which T3SS effectors expressed by P. aerugi-
nosa are involved in corneal epithelial traversal in vivo or ex vivo in
situations where ExsA is required and for determining other inva-
sive P. aeruginosa strain virulence factors contributing to traversal
when ExsA is not needed. Candidate ExsA-independent factors
driving epithelial traversal include various virulence factors
shown to be involved in passaging through cultured cells, such as
proteases, rhamnolipids, exotoxin A, and the MexAB/OprM an-
timicrobial efflux pump (27, 38, 39, 41, 61). Whatever the case,
ExsA-independent factors driving traversal could differ in the 6-h
healing corneas and MyD88-compromised corneas considering
that (i) the barrier function with regard to fluorescein is lost in the
former (45) but not in the latter (47) situation and (ii) that
MyD88-deficient epithelia are defective in expression of many de-
fense factors (51, 52, 62, 63), including those identified in this
study.

Obvious candidate mechanisms for why MyD88 deficiency al-
lows P. aeruginosa to penetrate the corneal epithelial barrier even
when the bacteria lack their T3SS include defects in junctional
integrity or expression of antimicrobial peptides. However, epi-
thelial barrier function with regard to the small molecule fluores-
cein remains intact in the corneas of MyD88-deficient mice (47),
making the former unlikely. Since we had found that antimicro-
bial peptides can contribute to defense against epithelial traversal
in the cornea (49, 59), we explored antimicrobial activity of
MyD88�/� corneal epithelium and found that it was reduced
compared to that in wild-type mice, both with and without anti-
genic challenge.

Differences in antimicrobial activities of corneal epithelial cell
lysates between wild-type and MyD88�/� corneas were greatest in
the 30- to 100-kDa lysate fractions, especially after antigenic chal-
lenge, suggesting that factors involved were both constitutively
expressed and inducible. Interestingly, differences in protein con-
tent without antigen stimulation in this fraction included histones
2A and 2B. Histone 2A is a known precursor of a potent antimi-
crobial peptide, e.g., parasin I (19-mer), which is generated in the
wounded skin mucosa of catfish by cathepsin D (64), and the
related peptide hipposin (51-mer), which is found in the skin
mucus of Atlantic halibut (65). Thus, there is good evidence that
histone-derived antimicrobials can participate in host defense
(66). Interestingly, lumican was less abundant in MyD88�/� sam-
ples with and without antigen stimulation. This extracellular ma-
trix protein was previously shown to be important for Toll-like
receptor 4 (TLR 4)-mediated proinflammatory responses to lipo-
polysaccharide (67) and clearance of P. aeruginosa from infected
murine corneas (68). Our data suggest that lumican is also regu-
lated by MyD88 in the murine cornea. Also intriguing was that
antigen-challenged MyD88�/� corneas expressed significantly

TABLE 1 Summary of findings regarding the relationship between
P. aeruginosa traversal of the murine corneal epithelium ex vivo and
expression of the T3SS in the presence and absence of MyD88

Mouse ocular genotype
ex vivo Pretreatment exsA expression Traversal

C57BL/6 Blotting-EGTA Yes Yes
C57BL/6 Blotting-EGTA No No
C57BL/6 Blotting-EGTA High level Yes
C57BL/6 Blotting-EGTA Low level No
C57BL/6 myd88�/� None Yes Yes
C57BL/6 myd88�/� None No Yes
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less glutathione S-transferase than wild-type corneas. Previous
studies have shown increased susceptibility to bacterial infection
in glutathione S-transferase gene knockout mice (mGSTA4-4)
(69), and GST2 gene knockout Drosophila organisms display in-
creased susceptibility to P. aeruginosa infection (19). Thermal in-
jury, which increases susceptibility to P. aeruginosa infection, de-
creases hGSTA4 expression in humans and mGSTA4 in mice (70).
Further, glutathione is associated with antimicrobial activity
against Mycobacterium tuberculosis in macrophages (71). Finally,
dermatopontin, another extracellular matrix protein, was also less
abundant in MyD88�/� corneas after antigen challenge and at
baseline in both wild-type and MyD88�/� corneas. The dermato-
pontin gene was upregulated 900-fold after Vibrio parahaemolyti-
cus challenge in an invertebrate model (72), and the protein was
shown to promote keratinocyte migration (73), which is impor-
tant for re-epithelialization during wound healing. Future studies
will explore the involvement of these potentially interesting fac-
tors impacted by MyD88 deficiency (and others listed in Fig. S1 in
the supplemental material), in both constitutive and activated de-
fense of the corneal epithelium.

The capacity of PAO1 and other P. aeruginosa strains to ad-
vance their fitness to adapt to different environments has been
well documented and has been shown to be due to both general
and inducible hypermutation (74). The intrastrain variability in
T3SS expression in vitro between P. aeruginosa PAO1 sources A, B,
and C and correlated major differences in how they interacted
with the epithelium found in this study provide a functional ex-
ample. This highlights the importance of using appropriate paren-
tal wild-type bacteria when mutants are used to study bacterial
pathogenesis. It also raises concerns about comparing studies be-
tween laboratories and potentially even in the same laboratory
over time.

In conclusion, the data presented in this study show that a
single invasive P. aeruginosa isolate can use multiple mechanisms
for traversing the corneal epithelium conditional on the nature of
host susceptibility. Some forms of superficial injury can promote
ExsA-dependent traversal, which likely involves one or more T3SS
effectors, while immunocompromise caused by MyD88 defi-
ciency can make the T3SS dispensable for penetrating an epithelial
multilayer, even when barrier function with regard to the small
molecule fluorescein remains intact. The fact that multiple viru-
lence factors can allow one strain to penetrate protective epithelial
barriers suggests that strategies that target only one virulence de-
terminant (e.g., the T3SS) might not be effective under all circum-
stances. The data also question the value of using immunocom-
petent animal models for studying infections associated with
immunocompromise.

Contact lens wear is the most common cause of corneal infec-
tion caused by P. aeruginosa and has the potential to suppress
MyD88-modulated defenses, at least in cultured cells (56). Fur-
ther, lens wear can also cause superficial epithelial defects (75, 76),
while lens care products can contain calcium chelators similar to
EGTA (77). Whether any of the models or results obtained with
them presented here relate directly to why or how P. aeruginosa
sometimes penetrates the corneal epithelium during contact lens
wear remains to be determined.
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