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The purpose of this study was to elucidate the expression of pro- and anti-inflammatory cytokines in mouse
corneas infected with Pseudomonas aeruginosa. Three bacterial strains (invasive, cytotoxic, or CLARE [contact
lens-induced acute red eye]) which have recently been shown to produce distinct patterns of corneal disease in
the mouse were used. The left mouse (BALB/c) corneas were scarified and infected with 2 � 106 CFU of one
of the three P. aeruginosa strains, while right eyes served as controls. Animals were examined at 1, 4, 8, 16, and
24 h with a slit lamp biomicroscope to grade the severity of infection. Following examination, eyes were
collected and processed for histopathology, multiprobe RNase protection assay for cytokine mRNA, enzyme-
linked immunosorbent assay to quantitate cytokine proteins, and myeloperoxidase activity to quantitate
polymorphonuclear leukocytes. The kinetics of appearance and magnitude of expression of key cytokines varied
significantly in the three different phenotypes of P. aeruginosa infection. The predominant cytokines expressed
in response to all three phenotypes were interleukin-1� (IL-1�), IL-1Ra, and IL-6. In response to the invasive
strain, which induced severe corneal inflammation, significantly lower ratios of IL-1Ra to IL-1� were present
at all time points, whereas corneas challenged with the CLARE strain, which induced very mild inflammation,
showed a high ratio of IL-1Ra to IL-1�. The outcome of infection in bacterial keratitis correlated with the
relative induction of these pro- and anti-inflammatory cytokines, and exogenous administration of recombi-
nant rIL-1Ra (rIL-1Ra) was able to reduce the disease severity significantly. These findings point to the
therapeutic potential of rIL-1Ra protein in possible treatment strategies for bacterial keratitis.

Keratitis induced by Pseudomonas aeruginosa is a potentially
devastating corneal inflammatory disease that may lead to per-
manent vision loss from progressive destruction of the cornea
or from scarring. The key contributing factors for bacterial
keratitis include compromised immunity, trauma, and contact
lens wear. Corneal infection in humans with P. aeruginosa is
commonly characterized by rapid infiltration of polymorpho-
nuclear leukocytes (PMNs), corneal ulceration, and various
degrees of stromal destruction (29, 52). These outcomes may
result from the effects of host factors as well as tissue-destruc-
tive bacterial enzymes (30, 31, 47). Although rapid infiltration
of PMNs is required to eliminate the infecting bacteria, the
continued presence of PMNs, implying ongoing inflammation,
appears to promote corneal damage and scarring (7).

The induction of acute inflammation is regulated by proin-
flammatory cytokines which can be induced in response to the
lipopolysaccharide component of gram-negative bacteria and
by host response factors. In the context of bacterial keratitis,
expression of proinflammatory cytokines, such as interleu-
kin-1� (IL-1�), IL-6, and tumor necrosis factor alpha (TNF-�),
may contribute directly or indirectly to corneal ulceration by
promoting the recruitment and activation of PMNs and by
induction of tissue-damaging enzymes (24, 37, 43, 55). Human
and mouse corneal tissues, including epithelium and stromal
keratocytes, express IL-1, IL-1Ra, TNF-�, and IL-6 mRNA
and protein both in vitro and in vivo (8, 11, 28, 32, 44) in

response to bacteria or proinflammatory cytokines. Our previ-
ous studies have demonstrated the presence of proinflamma-
tory cytokines in human tears collected during eye closure and
in inflammatory responses such as contact lens-induced acute
red eye (CLARE) (49–51). More recently, Rudner et al. (45)
have shown that down-regulation of IL-1� in a mouse model of
Pseudomonas keratitis may expedite the clearance of bacteria
and recovery from corneal disease.

In this study three phenotypes of P. aeruginosa which have
recently been shown to produce distinct patterns of corneal
disease in mice were used (9). The invasive and cytotoxic
phenotypes of P. aeruginosa appear to be mutually exclusive,
and this exclusivity has been shown to be dependent on pos-
session of a number of genes. Invasive strains possess the genes
exoS and exoT, which encode the ADP-ribosylating toxins ExoS
and ExoT, respectively (22, 23). Cytotoxic strains possess only
the gene exoT (23). The names cytotoxic and invasive refer to
the interactions between epithelial cells and the bacteria (20).
The cytotoxic strains cause a rapid cytotoxicity in the mamma-
lian cells, whereas the invasive strains can remain inside cells
for up to 24 h before the cells show any overt cytopathic effect
(21). While both cytotoxic and invasive strains can produce
large amounts of proteases (10, 22), the CLARE strain can
produce only low levels (10, 18). The invasive and cytotoxic
strains were isolated from human microbial keratitis. The
CLARE strain (Paer1) is not associated with tissue destruction
in the cornea but causes the self-limiting condition known as
CLARE (10).

The present study was undertaken to investigate the com-
plexity of corneal responses to bacterial infection with these
three distinct strains of P. aeruginosa. The hypothesis underly-
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ing this work was that three different strains of P. aeruginosa,
which have been shown to produce distinct pathologies during
initial stages of infection in mouse eyes and which were iso-
lated from two distinct clinical conditions in humans eyes, will
produce different levels of proinflammatory and anti-inflam-
matory cytokines (IL-1�, TNF-�, IL-1Ra, IL-6, and IL-10).

MATERIALS AND METHODS

Animal model. BALB/c mice 8 to 10 weeks old were used in this study. All
mice were subjected to baseline measurements of corneal integrity, including slit
lamp evaluation. Details of tear film, corneal transparency, hyperemia, and
anterior chamber status were assessed, and only those animals which were in the
normal range for these clinical variables were used in the study. The Association
for Research in Vision and Ophthalmology guidelines on the use of animals in
experimentation were adhered to, and appropriate institutional ethics clearance
was obtained.

Bacterial strains and growth conditions. Three bacterial strains (P. aeruginosa
strains Paer1, 6206, and 6294) were used. Bacterial cells from each strain were
grown in 10 ml of tryptone soy broth (Oxoid Ltd., Sydney, Australia) overnight
at 37°C. Bacteria were harvested, washed three times in sterile phosphate-
buffered saline (PBS) (pH 7.4), and resuspended in PBS at an infecting dose (9)
of 4 � 108 cells/ml (optical density at 660 nm of 0.5).

Animal infection. Both corneas of each animal were scarified by using a
26-gauge needle under a stereomicroscope (two parallel incisions of 2 mm in
length and 3 to 4 layers of epithelium in depth, randomly confirmed by histo-
logical evaluation). Fourteen animals were included at each time point (three
eyes for histology, three for PMN enumeration, three for enzyme-linked immu-
nosorbent assay [ELISA], and five for RNA studies) for each bacterial strain. All
experiments were repeated at least twice. The left-side corneas were challenged
topically with 2 � 106 live bacteria (P. aeruginosa) in a 5-�l dose, while the
right-side corneas received 5 �l of PBS.

Administration of IL-1Ra. Mouse recombinant IL-1Ra (rIL-1Ra) was pur-
chased from R & D Systems, Minneapolis, Minn. The lyophilized protein was
reconstituted and diluted to a concentration of 10 �g/10 �l. Anesthetized ani-
mals were injected with 20 �l of rIL-1Ra (20 �g during each injection) subcon-
junctivally 24 h and then 3 h before infection. Control mice received an equal
volume of PBS at the same time points. Both IL-1Ra- and PBS-treated animals
were challenged with the invasive strain of P. aeruginosa. These experiments were
repeated three times.

Clinical examination. Anesthetized animals were examined at 1, 4, 8, 16, and
24 h and 3, 5, and 7 days with a slit lamp biomicroscope to grade the severity of
infection, using the anterior segment variables presented in Table 1. A composite
corneal disease score was derived from the sum of the five variables in Table 1
(the maximum total score would be 20 [maximum grade of 4 � 5 variables]). The
severity of edema was also graded as 0 to 4, where 1 corresponds to no edema,
1 to very slight edema, 2 to slight edema, 3 to moderate edema, and 4 to severe
edema (bullae). Neovascularization was noted as extent (millimeters) from the
limbus.

Histopathology of mouse corneas. At various time intervals (1, 4, 8, 16, and
24 h and 3, 5, and 7 days), animals were sacrificed before eyes were removed and
fixed in 2.5% glutaraldehyde in PBS (pH 7.4) at 4°C for 4 h. After fixation, the
tissues were washed three times with PBS and then dehydrated in graded ethanol
solutions. Tissues were left in the infiltrating solution for at least 1 day before
embedding in Histo-resin plus (Leica, Heidelberg, Germany). Tissue sections of
5 �m in thickness were stained with toluidene blue and examined under light

microscopy for the presence of infiltrating leukocytes, epithelial defects, and
stromal melting.

Measurement of MPO activity. Ocular myeloperoxidase (MPO) activity was
determined by a method described previously (56). Briefly, whole eyes were
homogenized in 1 ml of hexadecyl trimethylammonium bromide buffer (0.5%
hexadecyl trimethylammonium bromide in 50 mM phosphate buffer, pH 6.0) and
sonicated for 10 s in an ice bath. The samples were freeze-thawed three times and
centrifuged at 12,000 � g for 20 min. The supernatant (0.1 ml) was mixed with
2.9 ml of 50 mM phosphate buffer (pH 6.0) containing 0.167 mg of O-dianisidine
hydrochloride per ml and 0.0005% hydrogen peroxide. The change in absor-
bance at 460 nm was continuously monitored for 5 min. Three eyes were used
each time point, and measurements were repeated at least two times. One unit
of MPO activity was determined to be equivalent to approximately 2 � 10 5

PMNs/ml (56).
Cytokine protein determination by ELISA. Cytokine levels were measured in

homogenates of control and challenged eyes at different time points by using
ELISA kits (R & D Systems) or in-house ELISAs. Samples for ELISA were
prepared by homogenizing the whole mouse eye in sterile PBS. Homogenates
were centrifuged at 4,000 � g for 20 min at 4°C. The resulting supernatants were
used to quantitate TNF-�, IL-1�, IL-6, IL-1Ra, and IL-10 proteins. Superna-
tants, diluted 1:5 in the sample diluting buffer, were added in duplicate wells.
Samples were analyzed according to the manufacturer’s instructions.

RNase protection assay. Whole eyes (five) were homogenized in Tri-solution
(Sigma-Aldrich, Sydney, Australia), and total RNA was purified. RNA was
isolated by phenol-chloroform extraction and ethanol precipitation, resuspended
in RNase-free water, and quantitated by measuring absorbance at 260 nm. A
multiprobe RNase protection assay (Pharmingen, Sydney, Australia) was used to
measure cytokine (TNF-�, IL-1�, IL-6, IL-1Ra, and IL-10) mRNAs. Briefly, a
mixture of 32P-labeled antisense riboprobes was generated from a cDNA tem-
plate. Total RNA isolated from mouse eyes was hybridized with 32P-labeled
riboprobe at 56°C overnight. After completion of hybridization, the samples were
digested with T1 nuclease and proteinase K. Protected fragments were purified
by phenol-chloroform extraction followed by ethanol precipitation. Protected
hybridized RNA samples were air dried and reconstituted in 2 �l of loading
buffer. These samples were resolved on a 4.5% polyacrylamide sequencing gel.
After separation of fragments, the gel was transferred to filter paper, dried, and
exposed to X-ray film (Kodak X-Omat; Sigma Chemical Co., St Louis, Mo.)
overnight at �70°C. The film was developed, and bands were identified by
measuring molecular masses. Relative quantities were determined using Multi-
analyst software (Bio-Rad, Sydney, Australia). Induction of cytokine mRNAs
was expressed as relative density normalized to the internal control (GAPDH
[glyceraldehyde-3-phosphate dehydrogenase]).

Statistical analysis. Statistical analysis of data was performed by using one-
way analysis-of-variance tests to assess the differences in cytokine mRNA and
protein expression in the infected corneas. In addition, Pearson’s correlations
between indices of disease severity (the composite corneal score, edema, and
neovascularization) and the ratio of IL-1� to IL-1Ra, as well as the levels of IL-6,
at 1, 3, 5, and 7 days postchallenge were sought. For the purpose of this analysis,
it was assumed that direct microbial contributions to pathogenesis were equiv-
alent in all three bacterial strains; therefore, host variables that determine phe-
notype were sought.

RESULTS

The host response to three phenotypes of P. aeruginosa was
determined by using clinical and histological examination, neu-

TABLE 1. Anterior segment variables used for corneal disease scoring

Score

Description

Corneal infiltrates Epithelial defects

Density Depth
(% of stromal thickness)

Extent
(% of corneal area)

Defect size
(mm)

Depth
(% of epithelial thickness)

0 None No infiltrates No infiltrates None No defect
1 Very slight (iris visible) 5–20 5–20 0.1–1.0 5–20
2 Slight (iris partly obscured) 30–40 30–40 1.1–2.0 30–40
3 Moderate (iris not visible) 50–70 50–70 2.1–3.0 50–70
4 Severe (opaque) 70–100 70–100 3.1–4.0 70–100
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trophil infiltration (MPO activity) of the cornea, and cytokine
assays.

Clinical examination. Mice were examined at 1, 4, 8, 16, and
24 h and 3, 5, and 7 days with a slit lamp biomicroscope to
grade the severity of infection by using the anterior segment
variables presented in Table 1. For each time point, eight
animals were subjected to clinical examination. Mouse corneas
inoculated with the CLARE strain showed a visible scratch site
but no infiltrates at 4 h postinoculation. By 8 h the scratch site
had healed in all animals, and only isolated focal infiltrates
(grade, 1) were observed (Fig. 1a, panel a). After 24 h, sparse
focal infiltrates were present, but there was no anterior cham-
ber response or epithelial defect (Fig. 1a, panel b). By day 7
postchallenge, corneas had completely recovered.

Corneas inoculated with the cytotoxic strain showed infil-
trates in a single diffuse patch at 4 h postchallenge, with a
visible scratch site. After 8 h, multiple focal lesions had ap-
peared either at the scratch site or at the periphery of the
cornea (Fig. 1a, panel c). At this time point, the anterior
chamber response was mild, and the scratch site had not
healed in the majority of animals. At 24 h postchallenge, the
cornea was markedly edematous (grade, 2.5 � 0.5). Infiltrates
covered 50 to 75% (grade, 2.4 � 1.2) of the corneal diameter,
and 50 to 75% (2.5 � 1.3) of the stroma was involved. Only a
small epithelial defect was present (0.6 � 0.5 mm) at 24 h,
notably smaller than that with the invasive strain. This ulcer-
ation involved 25% (grade, 1.4 � 1.1) of the corneal thickness.
The anterior chamber response and conjunctival injection were
mild to moderate, again less prominent than in the invasive

strain (Fig. 1a, panel d). The composite score (9.4 � 5) (Fig.
1b) for corneal inflammation was significantly lower (P �
0.005) than that for corneas inoculated with the invasive strain
(14.7 � 2) (Fig. 1b). Clinical examination on day 3 showed no
significant difference in clinical score compared to day 1 post-
challenge, except that there was slight neovascularization (ex-
tent, 0.1 � 0.2 mm). On day 5, the clinical score was reduced
significantly compared to that at day 1 postchallenge (P �
0.035). By day 7 corneas had recovered significantly, with an
overall severity score of 5.4 � 0.8 (Fig. 1a, panel e).

Corneas inoculated with the invasive strain showed diffuse
leukocytic infiltrates by 4 h postchallenge, with a visible scratch
site. At 8 h postchallenge infiltrates appeared at the periphery
of the cornea (Fig. 1a, panel f). At this time point there was a
mild anterior chamber response, and the scratch site had
healed in approximately 50% of animals. Dramatic corneal
inflammation was observed by 24 h, with severe ulceration and
large central leukocytic infiltrates covering 75 to 100% (grade,
3.2 � 0.7) of the corneal diameter, and with 100% (grade, 4)
stromal involvement. Epithelial defects were present (1.2 � 0.6
mm), notably unassociated with the scratch site. This ulcer-
ation involved 50 to 75% (grade, 2.8 � 1.07) of the corneal
thickness. There was a marked anterior chamber response, and

FIG. 1. (a) Clinical examination of mouse corneas inoculated with
the CLARE, cytotoxic, or invasive bacterial strain of P. aeruginosa.
Panel a, CLARE strain at 1 day postchallenge; few focal infiltrates
were present in the cornea. Panel b, CLARE strain at 7 days postchal-
lenge; the cornea appeared normal. Panel c, cytotoxic strain at 8 h
postchallenge; the cornea shows diffuse and focal infiltrates mostly in
the periphery (arrow). Panel d, cytotoxic strain at 1 day postchallenge;
the cornea shows dense infiltrates in the periphery, making a ring
appearance (arrow). Panel e, cytotoxic strain at 7 days postchallenge;
infiltrates are still present in the central cornea (arrow). Panel f, inva-
sive strain at 8 h postchallenge; the cornea shows infiltrates extending
from the limbus to the periphery (arrow). Panel g, invasive strain at 1
day postchallenge; the cornea shows dense infiltrates extending from
the central cornea to the periphery (arrow). Panel h, invasive strain at:
7 days postchallenge; the corneal pathology had resolved somewhat
(arrow shows infiltrates). (b) Composite clinical scores (composed of
the graded density, depth, and extent of corneal infiltrates as well as
size and depth of corneal ulceration; see Table 1 for the grading
system) for corneas challenged with the invasive (INVAS), cytotoxic
(CYTO), and CLARE bacterial strains. Error bars indicate standard
errors of the means.
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conjunctival injection was prominent (Fig. 1a, panel g). Clinical
examination on day 3 showed a prominent edematous re-
sponse (grade, 3.5 � 0.5) and the presence of neovasculariza-
tion (extent, 0.1 mm from limbus). There was no significant
difference in the composite clinical score on day 3 compared to
day 1 postchallenge. By day 5, the overall clinical score had
reduced significantly (P � 0.024) compared to day 1, but there
was a significant (P � 0.001) increase in neovascularization
(extent, 0.5 mm). At day 7 postchallenge, corneas had further
recovered in all parameters compared to day 5 postchallenge
(P � 0.003); however, the extent of neovascularization in-
creased significantly compared to day 5 (P � 0.001) (Fig. 1a,
panel h).

Histological examination. Eyes were enucleated at various
time intervals (1, 4, 8, 16, and 24 h and 3, 5, and 7 days)
following sacrification and infection and processed for his-
topathological examination in response to three phenotypes of
P. aeruginosa. Corneas inoculated with the CLARE strain

showed complete reepithelization at the scratch site, and very
few infiltrates in the corneal stroma, at 8 h postchallenge. At
24 h postchallenge, sparse focal infiltrates were seen in the
corneal stroma. The endothelium was intact and no anterior
chamber response was evident at 24 h postchallenge. The ep-
ithelium at the initial scratch site was healed completely within
24 h of challenge (Fig. 2A). At 7 days postchallenge, the cor-
neas appeared to be completely normal (Fig. 2B).

In mouse corneas challenged with the cytotoxic strain,
PMNs were seen within 8 h around the scratch site, and bac-
teria were evident in the corneal stroma. After 24 h, numerous
PMNs were apparent in the periphery of the corneal stroma
and to a lesser extent in the central cornea. This was consistent
with the macroscopic clinical finding of a broad ring appear-
ance formed by infiltrates (Fig. 2C). On day 3, these infiltrates
had extended into the central corneal stroma, in addition to
dense infiltrates which were still evident at the periphery of the
corneal stroma as well as in the anterior chamber. At this time

FIG. 2. Histological examination of mouse corneas at 1 and 7 days postchallenge. (A) Cornea inoculated with the CLARE strain showed focal
infiltrates over the anterior corneal stroma (arrow). The initial scratch site was healed completely within 24 h of challenge. (B) At 7 days
postchallenge with the CLARE strain, the cornea appeared to be completely normal. (C) Corneas inoculated with the cytotoxic strain also showed
massive PMN infiltration, with leukocytes streaming through limbus and conjunctiva into the periphery of the corneal stroma (arrow) and to a
lesser extent in the central cornea. Infiltrating cells were also present in anterior chamber (arrow). (D) At 7 days postchallenge with the cytotoxic
strain, the cornea showed infiltrates in the central region (arrow) and less so in the peripheral cornea. The epithelium had completely healed by
this time point. Stromal destruction was evident in the cornea as a result of extracellular matrix destruction, appearing as large white space (arrow).
(E) Corneas inoculated with the invasive bacterial strain showed massive PMN infiltration (arrows) into the central stroma at 24 h postchallenge.
The epithelium in the central cornea was completely destroyed (thick arrow). Large numbers of infiltrating cells were also present in the anterior
chamber (arrow). (F) At 7 days postchallenge, the corneal epithelium was healed but infiltrates were still present (arrow) and new vessel growth
was evident in the mid-periphery of the cornea. Ep, epithelium; S, stroma; En, endothelium; AC, anterior chamber; NV, new blood vessels.

2190 THAKUR ET AL. INFECT. IMMUN.



point, growth of a limited numbers of new vessels was appar-
ent. On day 5 postchallenge, the infiltrating PMNs were less
dense at the periphery of the cornea than at 1 day postchal-
lenge. By day 7, the epithelium was completely healed, al-
though infiltrating leukocytes were still abundant. Stromal de-
struction was also evident (Fig. 2D).

Histopathological examination of mouse corneas at 8 h post-
challenge with the invasive strain revealed PMNs infiltrating
from the limbus. Bacteria were evident in the anterior portion
of the corneal stroma. At 24 h, there was a massive infiltration
of PMNs, with cells streaming through the limbus and conjunc-
tiva into the central stroma, consistent with the clinical findings
described above. Bacteria were evident throughout the stroma,
with denuded stroma apparent in the central cornea. The
PMNs were aligned along Descemet’s membrane, and the cor-
neal stroma was markedly edematous (Fig. 2E). On day 3, the
corneal histology remained essentially the same as on day 1,
with large numbers of PMNs evident in the corneal stroma and
anterior chamber. The epithelium had partially healed at the
periphery of the defect. New vessel growth and marked edema
were seen in the corneal stroma. On day 5 postchallenge, the
density of infiltrating PMNs was reduced compared to that at
1 day postchallenge, but new blood vessels had extended to-
ward the periphery of the cornea. By day 7, the epithelium was
healed in the central cornea. New vessel formation was evident
((Fig. 2F). Large spaces had formed in the corneal stroma as a
result of extracellular matrix destruction.

Neutrophil infiltration in the cornea. MPO activity was as-
sayed to quantify the PMN infiltration in the whole mouse eye
at 1, 4, 8, 16, and 24 h and 3, 5, and 7 days after challenge with
each of the three P. aeruginosa strains. Corneas inoculated with
the CLARE strain showed significant differences only at 16 h
(P � 0.03) and 24 h (P � 0.02) postchallenge compared to
scratch controls. Therefore, statistical comparisons were made
between results with the CLARE strain and with the invasive
or cytotoxic strains. High levels of MPO activity were observed
in the corneas inoculated with the invasive (P � 0.001) or
cytotoxic (P � 0.03) strains as early as 8 h postchallenge com-
pared to CLARE strain-inoculated corneas. Corneas infected
with the invasive or cytotoxic strains showed peak MPO activity
at 24 h postchallenge, which remained high up to 3 days and
declined significantly (invasive strain, P 	 0.0001; cytotoxic
strain, P 	 0.0001) at 5 days compared to 24 h postchallenge
(Fig. 3).

Evidence of differential cytokine mRNA expression after
ocular challenge with P. aeruginosa strains. Cytokine mRNA
expression in ocular homogenates in response to the three
phenotypes of P. aeruginosa was measured at different time
points (1, 4, 8, 16, and 24 h and 3, 5, and 7 days) by using a
multiprobe RNase protection assay. In the CLARE strain-
inoculated corneas, transcripts of IL-1� and IL-6 peaked at 8 h
postchallenge. IL-1� expression declined substantially at 24 h
postchallenge, while IL-6 remained at similar levels. IL-1Ra
mRNA was present in low levels early during the infection but
showed a marked increase at 24 h to 3 days postchallenge (Fig.
4a).

In corneas infected with the cytotoxic strain, transcripts of
IL-1� were expressed as early as 1 h after the challenge,
reached a plateau between 8 and 16 h postchallenge, and
declined at 24 h postchallenge. IL-1Ra mRNA levels plateaued

between 24 h and 3 days postchallenge. Unlike the invasive
strain, the cytotoxic strain induced significantly higher levels
(P � 0.04) of IL-6 mRNA between 8 and 16 h postchallenge.

Transcripts for IL-1� were induced very early (1 h) in the
cornea after the challenge with the invasive strain and peaked
at 16 h postchallenge. IL-1Ra expression showed a slower
pattern of induction, with peak levels at 24 h postchallenge.
IL-6 mRNA was induced within 4 h postchallenge and re-
mained elevated until 3 days postchallenge (Fig. 4a). TNF-�
and IL-10 mRNAs were expressed only at low levels at all time
points in response to all three strains (data not shown).

Evidence of differential cytokine protein expression after
ocular challenge with P. aeruginosa strains. The examination
of cytokine proteins was done by ELISA at various time points
after infection of the cornea by three phenotypes of P. aerugi-
nosa. High levels of IL-1Ra were detected in normal eyes
(unscratched and uninfected). Cytokine expression in the
CLARE strain-inoculated corneas showed continuous in-
creases in IL-1�, IL-1Ra, and IL-6 proteins, reaching peak
levels at 24 h after the challenge. The levels of IL-1� were
significantly lower than those for invasive and cytotoxic strains
(P 	 0.0001 and P 	 0.003, respectively). IL-6 protein levels
were significantly higher (P 	 0.02) than those for the invasive
strain and significantly lower (P 	 0.004) than those for the
cytotoxic strain (Fig. 4b).

In response to the cytotoxic bacterial strain, peak levels of
IL-1� and IL-6 were reached at 16 h postinfection and dimin-
ished by 24 h postchallenge, whereas the invasive strain-inoc-
ulated corneas showed peak levels at 24 h postinfection. The
corneas inoculated with the cytotoxic strain showed signifi-
cantly lower protein levels of IL-1� (8 h, P 	 0.0001; 24 h, P 	
0.0001; day 3, P 	 0.0001) and IL-1Ra (8 h, P 	 0.001; 24 h,
P 	 0.001; day, 3 P 	 0.0001) than corneas inoculated with the
invasive strain. Levels of IL-6 were significantly higher (8 h,
P 	 0.0001; 24 h, P 	 0.044; day 3, P 	 0.02) at all time points
than those in the invasive strain-inoculated corneas (Fig. 4b).

The magnitude and kinetics of IL-1�, IL-1Ra, and IL-6
protein production in response to the invasive strain were
significantly different from those in response to the cytotoxic
and CLARE strains. The corneas inoculated with the invasive
strain showed peak levels of most cytokine proteins at 24 h
postinfection. IL-1� protein increased continuously from 8 to

FIG. 3. MPO activity in whole eyes challenged with the invasive
(INVAS), cytotoxic (CYTO), or CLARE strain and in a scratch con-
trol (SC) at 1, 4, 8, 16, and 24 h and 3, 5, and 7 days postchallenge.
Results are reported as mean (� standard error of the mean) log10
MPO activity/eye. Note that the horizontal axis is not on a linear scale.

VOL. 70, 2002 BALANCE OF CYTOKINES IN KERATITIS 2191



24 h postchallenge, declined markedly on day 3, and then
remained static until day 7 postchallenge. A similar pattern was
followed by the IL-1Ra and IL-6 proteins (Fig. 4b). Consistent
with mRNA expression, only very low levels of TNF-� and
IL-10 proteins were detected in response to all three bacterial
strains (data not shown).

Ocular IL-1�/IL-1Ra ratios correlate with severity of cor-
neal disease. IL-1�/IL-1Ra ratios in response to the three
strains of P. aeruginosa were compared at 1, 3, 5, and 7 days.
Corneas challenged with the invasive strain showed signifi-
cantly lower ratios of IL-1Ra/IL-1� at all time points (1, 3, 5,
and 7 days) than either the cytotoxic or CLARE strain. A
significant correlation was found between the IL-1Ra/IL-1�
ratio and the severity of corneal disease judged by the com-

posite corneal scores (r 	 �0.65; P � 0.02) and between this
ratio and corneal neovascularization (r 	 �0.95; P � 0.046).
Correlations between the levels of IL-6 and the composite
corneal scores (stromal infiltrates and epithelial defect), cor-
neal edema, and neovascularization were also sought. There
was no significant correlation found between the levels of IL-6
and any of the variables of the corneal disease. However, there
appeared to be a strong trend suggesting that initial higher
levels of IL-6 may lead to faster resolution of corneal disease.
The results are presented in Tables 2 and 3.

Administration of mouse rIL-1Ra reduces disease severity.
Mice were injected with 20 �g of rIL-1Ra or PBS (controls)
subconjunctivally at 24 h and then 3 h before infection with the
invasive strain of P. aeruginosa. Clinical examination was per-

FIG. 4. (a) Time-dependent expression of cytokine mRNAs in mouse corneas at 1, 4, 8, 16, and 24 h and 3, 5, and 7 days postchallenge with
the invasive (INVAS), cytotoxic (CYTO), or CLARE bacterial strain. Results are presented as the mean (� standard error of the mean) relative
intensity of each cytokine band divided by the intensity of the respective GAPDH band in the same lane. (b) Time dependent expression of cytokine
proteins in mouse corneas at 1, 4, 8, 16, and 24 h and 3, 5, and 7 days postchallenge with the invasive, cytotoxic, or CLARE bacterial strain. Results
are presented as mean (� standard error of the mean) picograms of cytokine protein/eye. Note that the horizontal axis is not on a linear scale.
SC, scratch control.
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formed on days 1, 3, and 7 postchallenge; following clinical
examination, eyes were enucleated and processed for histolog-
ical examination and PMN infiltration.

Clinical and histological examination. Clinical and histolog-
ical examinations were performed on days 1, 3, and 7 postchal-
lenge (these time points were selected because maximum se-
verity was present at 1 to 3 days postchallenge and the severity
declined significantly by day 7) in mice that received rIL-1Ra
protein subconjunctivally at 24 and 3 h before infection with
invasive strain. The third control group received rIL-1Ra in-
jection but was not infected. Mice treated with rIL-1Ra before
the infection showed few focal infiltrates at the periphery of
the cornea compared to PBS-treated infected controls, which
showed massive infiltrates in the central cornea with severe
edema at 1 day postchallenge. The composite clinical scores
were significantly (P � 0.001) reduced in mice that received
rIL-1Ra protein (6.6 � 1.2) compared to those that received
PBS (14.7 � 2.2) before infection with the invasive strain at 1
day postchallenge. In mice treated with rIL-1Ra, corneas ap-
peared normal on day 7 compared to those of PBS-treated (7.9
� 2.5) mice (Fig. 5). rIL-1Ra-injected uninfected controls did
not show any sign of inflammation at 1 day postinjection, and
therefore these data are not presented.

Histological examination also showed noticeably reduced
cellular infiltration in mice that received rIL-1Ra protein (Fig.
6A) compared to those that received PBS (control) before
infection at 1 day postchallenge. Control animals showed mas-
sive infiltration of inflammatory cells in the corneal stroma as
well as in the anterior chamber, with severe edema and de-
struction of the corneal epithelium in the central cornea (Fig.
6B). On day 7, infiltrating cells could not be seen in the corneal
stroma of mice that received rIL-1Ra protein (Fig. 6C). Con-
trol animals those that received PBS (Fig. 6D) still had large
numbers of infiltrates although corneal epithelium had healed,
but neovascularization was evident in the corneal stroma.

PMN infiltration. PMN numbers were quantitated by mea-
suring the MPO activity of the eye in mice treated with rIL-
1Ra protein and compared with those for control untreated
mice. MPO activity was significantly (P � 0.004) reduced in
IL-1Ra-treated mice compared to control mice at 1 day post-
challenge. On day 7, MPO activity reached baseline levels in
rIL-1Ra-treated mice compared to controls. These results are
presented in Fig. 7.

DISCUSSION

This study has demonstrated that the severity of corneal
disease during P. aeruginosa infection correlates with the ratio
of IL-1Ra to IL-1� and that exogenous administration of rIL-
1Ra is able to reduce the disease severity significantly. The
levels of IL-1�, IL-6, and IL-1Ra and the kinetics of appear-
ance were different in corneas challenged with strains that
produce distinct pathologies. In response to challenge with the
invasive strain, levels of IL-1Ra were initially (at 1 to 8 h)
down-regulated (compared to those in normal cornea) but rose
significantly by 24 h postchallenge. IL-1Ra is a naturally oc-
curring IL-1 isoform typically produced by the same cells that
synthesize IL-1. IL-1Ra binds IL-1 receptors with high affinity
but shows no agonist activity. The ratio of IL-1Ra to IL-1� was
significantly correlated (inversely) with the severity of corneal
disease and neovascularization. These findings suggest that
high levels of IL-1Ra or a higher IL-1Ra/IL-1� ratio are asso-
ciated with reduced inflammation. Previous studies have
shown that only a 10-fold excess of IL-1Ra over IL-1 com-
pletely inhibited IL-1-induced responses in human hepatoma
cells (6). On the other hand, the synovial fluid IL-1Ra/IL-1�
ratio in Lyme arthritis exceeded 50 in patients with fast recov-
ery, whereas the ratio was less than 30 in those with prolonged
illness (38). In experimental endotoxemia, a 100-fold molar
excess of IL-1Ra over IL-1� was required to block Escherichia

TABLE 2. Comparison of composite corneal scores (CS) (corneal infiltrates and epithelial defects), edema (E), and neovascularization (NV)
with IL-1Ra/IL-1� ratio in corneas of mice infected with three strains of P. aeruginosaa

Time
postinfection

(days)

Invasive strain Cytotoxic strain CLARE strain

CSb E NVb IL-1Ra/IL-1�
ratio CSb E NVb IL-1Ra/IL-1�

ratio CSb E NVb IL-1Ra/IL-1�
ratio

1 14.7 � 2 0 � 0 0 � 0 0.45 9.4 � 5.0 2.5 � 0.5 0 � 0 0.5 5 � 1 0 � 0 0 � 0 1.06
3 12.5 � 7 3.5 � 0.5 0.2 � 0.06 0.75 8.3 � 0.9 2.0 � 0.5 0.1 � 0.07 1.3 0 � 0 0 � 0 0 � 0 2.5
5 11.5 � 5 3.2 � 0.8 0.6 � 0.1 0.8 6.8 � 0.7 1.2 � 1.0 0 � 0 5 0 � 0 0 � 0 0 � 0 21
7 8 � 3 0.8 � 0.8 1.2 � 0.3 1.5 5.4 � 0.8 0 � 0 0 � 0 11 0 � 0 0 � 0 0 � 0 40

a CS, E, and NV values are means � standard deviations.
b P � 0.05.

TABLE 3. Comparison of composite corneal scores (CS) (corneal infiltrates and epithelial defects), edema (E), and neovascularization (NV)
with IL-6 protein levels in corneas of mice infected with three strains of P. aeruginosaa

Time
postinfection

(days)

Invasive strain Cytotoxic strain CLARE strain

CS E NV IL-6 (pg/ml) CS E NV IL-6 (pg/ml) CS E NV IL-6 (pg/ml)

1 14.7 � 2§ 0 � 0 0 � 0 320 9.4 � 5.0 2.5 � 0.5 0 � 0 510 5 � 1 0 � 0 0 � 0 425
3 12.5 � 7 3.5 � 0.5 0.2 � 0.06 125 8.3 � 0.9 2.0 � 0.5 0.1 � 0.07 175 0 � 0 0 � 0 0 � 0 65
5 11.5 � 5 3.2 � 0.8 0.6 � 0.1 0 6.8 � 0.7 1.2 � 1.0 0 � 0 75 0 � 0 0 � 0 0 � 0 0
7 8 � 3 0.8 � 0.8 1.2 � 0.3 0 5.4 � 0.8 0 � 0 0 � 0 100 0 � 0 0 � 0 0 � 0 0

a CS, E, and NV values are means � standard deviations.
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coli-induced septic shock in rabbits (39). The protein assay
used in the present study measured only free IL-1Ra, and
hence the total concentration of IL-1Ra (bound plus free) in
the ocular samples is not known.

The presence of IL-1� protein has been correlated with the
severity of various ocular inflammation models, including her-
pes simplex virus-induced corneal infection (57) and corneal
allograft rejection (13). The precise role played by IL-1� in the
cornea in response to P. aeruginosa infection is not clear. IL-1�
is a potent proinflammatory cytokine and is involved in the

effector phase of inflammatory and immune responses, includ-
ing activation of the phagocytic and killing capacities of inflam-
matory cells, as well as up-regulation and activation of vascular
adhesion molecules (36, 41) such as ICAM-1. In addition,
IL-1� can induce IL-8 and GRO� (neutrophil-attracting che-
mokines) in many cell types to facilitate recruitment of PMNs
into the cornea (4, 48). In addition to facilitating bacterial
clearance, PMNs are thought to play a crucial role in tissue
damage via activation of matrix metalloproteinases (40). Local
release and enhanced production of IL-1� by infiltrating cells
in the bacterial keratitis model may amplify the process of
PMN accumulation. Rudner et al. (45) have recently shown
that neutralization of IL-1� activity can reduce the severity of
corneal disease by down-regulating macrophage-inhibitory
protein 2(MIP-2) expression during murine keratitis induced
by a cytotoxic strain of P. aeruginosa (strain 19660).

In response to both the invasive and cytotoxic strains, prom-
inent ulceration was evident in conjunction with high levels of
IL-1�. IL-1� has been shown to induce expression of matrix
metalloproteinases (MMPs) in diverse cell culture systems,
including up-regulation of MMP-1 and MMP-3 in fibroblasts
isolated from corneal stromal (24), gingival (54), synovial (35),
colon (5), and endometrial stromal (42) cells. A more recent
study has shown IL-1�-induced up-regulation of MMPs in fi-
broblasts isolated from conjunctiva (37). MMPs have also been
implicated in pathological tissue degradation in inflammatory
diseases of the eye, notably uveitis and scleritis (14–16). The
mechanism of host-mediated corneal destruction is not clear;
we propose that IL-1� induces expression and activation of
MMPs in both infiltrating PMNs and resident corneal cells,
leading to an imbalance in the level of MMPs and tissue in-
hibitors of MMPs resulting in significant corneal tissue destruc-
tion.

IL-1� is also a potent inducer of angiogenic factors such as
IL-8 (the human counterpart of murine MIP-2/KC) and vas-
cular endothelial growth factor (VEGF) (34, 1). Recent studies
have implicated VEGF and bovine fibroblast growth factor in
the development of iris and retinal neovascularization (3). In
addition, Yoshida et al. (58) have shown that IL-8 participates
in the pathogenesis of retinal neovascularization through acti-
vation of NF-
B. In the present study, a significant correlation
between the ratio of IL-1Ra/IL-1� and the extent of new vessel
growth in the cornea was found, suggesting direct involvement
of IL-1� in the process of angiogenesis.

IL-6 was significantly up-regulated in response to the cyto-
toxic and CLARE strains and to a lesser extent in response to
the invasive strain. IL-6 is generally regarded as sharing over-
lapping functions with IL-1 and TNF (2), such as activation of
inflammatory cells and up-regulation of adhesion molecules.
On the other hand, IL-6 can also function as an anti-inflam-
matory cytokine by down-regulating the production of IL-1
and TNF (46). A recent study has also demonstrated that IL-6
can induce synthesis of IL-1Ra (53). In the present study, early
up-regulation of IL-6 was associated with less severe corneal
inflammation. This finding is consistent with a previous report
that IL-6-deficient mice had increased bacterial loads during
infection with Listeria monocytogenes (12).

Corneal damage is also likely to be attributed to the ability
of each Pseudomonas strain to produce proteolytic enzymes,
i.e., LasB elastase, LasA protease, alkaline protease, and pro-

FIG. 5. (a) Clinical examination of corneas injected with 20 �l of
rIL-1Ra (20 �g during each injection) subconjunctivally at 24 h and
then 3 h before infection with the invasive strain. Control mice re-
ceived an equal volume of PBS at same time points before the infec-
tion with invasive strain. Panel A, rIL-1Ra-treated mice at 24 h post-
challenge, showing focal infiltrates at the periphery of the cornea
(arrows). Panel B, control mice showed extensive infiltration of inflam-
matory cells (arrow) in the central cornea at 24 h postchallenge, with
severe edema and moderate anterior chamber response. Panel C,
rIL-1Ra-treated mice at 7 days postchallenge; infiltrates have com-
pletely resolved. Panel D, in control mice the epithelium had healed
but a large number of infiltrates were still present (white arrow), and
new vessel growth was evident (black arrow). (b) Composite clinical
scores (composed of the graded density, depth, and extent of corneal
infiltrates as well as size and depth of corneal ulceration; see Table 1
for the grading system) at 1, 3, and 7 days postchallenge for corneas
treated with 20 �l of rIL-1Ra (20 �g during each injection) subcon-
junctivally at 24 and 3 h before the infection with invasive strain.
Control mice received an equal volume of PBS at same time points
before the infection with invasive strain. Error bars indicate standard
errors of the means.
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tease IV (25, 26). Both the cytotoxic and invasive strains have
been shown to produce large number of proteinases (10, 22).
By contrast, the CLARE phenotype is neither invasive nor
cytotoxic and has been shown to produce low levels of protein-
ases (10, 18). Previous studies with Pseudomonas strains have
demonstrated that cytokine production in vivo is correlated to
a large extent with the virulence of the pathogen (17, 27).
Consistent with these studies, the three strains used in this
study differed significantly in the kinetics and magnitude of
cytokine induction. A recent study has shown that exoenzyme
S (present in the invasive strain, a highly virulent strain) can
rapidly induce various cytokines (IL-1�, IL-1�, and IL-6) in
host cells (17). The cytotoxic strain used in the present study
lacks the exoS gene (19). It appears likely that the greater
magnitude of the cytokine responses produced by the invasive
strain may be related to the capability of key virulence factors
in the microorganism to induce cytokine production in the
host. It is possible that the effects observed on progression of
disease and cytokine responses by the three bacterial strains
demonstrate either responses to the bacterial phenotypes in
general or responses to the bacterial strains in particular. This
was not investigated in the present study, and the use of iso-
genic mutants would be required to study this in detail. How-
ever, Kernacki et al. (33) show a clinical picture of another
cytotoxic strain, strain 19660, that is remarkably similar to the
clinical disease caused by our cytotoxic strain, 6206. Both
strains appear to produce a ring infiltrative response in
BALB/c mice (33) (Fig. 1a, panel d). Also, we have tested the
ability of two other invasive strains of P. aeruginosa (Paer24

and Paer25, isolated from contact lens wearers at the Cooper-
ative Research Centre for Eye Research and Technology) to
produce disease in BALB/c mice, and these show clinical and
histological corneal responses (unpublished data) very similar
to those seen with the invasive strain used in this study.

Based on our findings, we speculate that continued up-reg-
ulation of IL-1�, down-regulation of IL-1Ra, and relatively low
levels of induction of IL-6 are the major factors contributing to
severe corneal disease induced by Pseudomonas strains. The
balance between pro- and anti-inflammatory cytokines appar-

FIG. 6. Animals were injected with 20 �l of rIL-1Ra (20 �g during each injection) subconjunctivally at 24 h and then 3 h before infection with
the invasive strain. Control mice received an equal volume of PBS at same time points before the infection with invasive strain. (A) Histological
examination showed fewer infiltrates in the anterior stroma (arrow) and no epithelial defect at 1 day postchallenge in the corneas treated with
rIL-1Ra protein. (B) Control mice had enormous infiltrates (thin black arrows) with complete loss of epithelium in the central cornea (thick arrow)
at 1 day postchallenge. (C) In rIL-1Ra-treated mice, corneas were completely recovered by day 7 postchallenge. (D) In control mice, infiltrates
have reduced compared to those at 1 day postchallenge and epithelium has healed (thick arrow) in the central cornea. Neovascularization is evident
in the corneal stroma (arrow).

FIG. 7. MPO activity in rIL-1Ra-treated and control (PBS-treated)
mouse eyes challenged with the invasive strain at 1, 3, and 7 days
postchallenge. Results are reported as mean (� standard error of the
mean) log10 MPO activity/eye. Note that the horizontal axis is not on
a linear scale.
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ently determines the net effect of the inflammatory response in
this model. Administration of rIL-1Ra significantly reduced
disease severity. Therapies based on better understanding of
these host-pathogen interactions may help save vision in severe
bacterial keratitis.
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