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Lack of interleukin-6 (IL-6) during Pseudomonas aeruginosa corneal infection leads to more severe disease
with changes in neutrophil recruitment. Exogenous IL-6 leads to increased efficiency of neutrophil recruitment
and reduced bacterial loads in corneal infection in both IL-6 gene knockout and wild-type mice. This may be
mediated by IL-6 increasing the production of corneal macrophage inflammatory protein 2 and intercellular
cell adhesion molecule 1. We conclude that effective recruitment of neutrophils into the cornea is dependent on
the production of IL-6 and that early augmentation of IL-6 may be protective in corneal infection.

Pseudomonas aeruginosa is a leading cause of corneal infec-
tion, often resulting in blindness (13). The host inflammatory
responses, which are orchestrated by cytokines and chemo-
kines, are critical in determining the outcome of ocular infec-
tion with P. aeruginosa (8, 10). Our studies have shown that
interleukin-6 (IL-6) is important in protecting the cornea dur-
ing P. aeruginosa infection (15). Its role appears to be central
to the regulation of leukocyte recruitment into the avascular
cornea (15). This is consistent with findings in other infection
models in IL-6 gene knockout (gko) mice (6, 7, 12). Other
studies using systemic administration of IL-6 in septic shock
(3) and listeriosis (14) also support the protective role of IL-6.
We have examined the effects of local administration of IL-6
on the outcome of P. aeruginosa infection of the cornea in IL-6
gko and wild-type mice. Our results indicate that effective
recruitment of polymorphonuclear neutrophils (PMN) into the
cornea is dependent on production of IL-6 and that early
augmentation of IL-6 may be protective in corneal infection.

IL-6 gko in a C57BL/6 3 Sv 129 background and the corre-
sponding wild-type mice were obtained from the Jackson Lab-
oratory (Bar Harbour, Maine). Inbred 8-week-old mice were
challenged with P. aeruginosa strain 6206 as previously de-
scribed (4). Solutions of murine IL-6 for injection (2) were
prepared in pyrogen-free saline and were administered as
20-ml subconjunctival injections containing 100 ng of IL-6. IL-6
was administered 4 h prior to challenge, at the time of chal-
lenge, and 6 h postchallenge. Control animals were injected
subconjunctivally with 20 ml of pyrogen-free, phosphate buff-
ered saline (PBS) on the same schedule. Mice were sacrificed
12 h postchallenge, and their eyes were collected and either
formalin fixed or stored at 270°C for the enzyme-linked im-
munosorbent assay and the PMN and bacterial number assays.
These experiments were performed on at least 12 mice per
group and repeated at least twice.
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FIG. 1. Histopathology of corneas from IL-6 gko and wild-type
mice 12 h after challenge with P. aeruginosa. All sections are stained
with hematoxylin and eosin. Magnification of all sections, 3176. (A)
Cornea of IL-6 gko mouse 12 h after challenge with P. aeruginosa after
subconjunctival injection of PBS. The central cornea contains only the
occasional inflammatory cell. There are numerous PMN in the ante-
rior chamber. (B) Cornea of wild-type mouse 12 h after challenge with
P. aeruginosa after subconjunctival injection of PBS. The cornea con-
tains infiltrating inflammatory cells, predominantly PMN. (C) Cornea
of IL-6 gko mouse 12 h after challenge with P. aeruginosa after sub-
conjunctival injection of IL-6. The central cornea contains inflamma-
tory cells, predominantly PMN. There are numerous PMN in the
anterior chamber. (D) Cornea of wild-type mouse 12 h after challenge
with P. aeruginosa after subconjunctival injection of IL-6. The infiltrat-
ing inflammatory cells in the cornea are more numerous than in panel B.
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Sections (5 mm) of formalin-fixed and paraffin-embedded
eyes were stained with hematoxylin and eosin for histopathol-
ogy. Frozen sections (8 mm) of eyes were cut using a cryostat
microtome and examined for intercellular cell adhesion mole-
cule 1 (ICAM-1) production by immunohistochemistry, as pre-
viously described (1), using rat anti-mouse ICAM-1 monoclo-
nal antibody kindly supplied by Nicholas King. IL-6, gamma
interferon (IFN-g), tumor necrosis factor alpha (TNF-a), mac-

rophage inflammatory protein 2 (MIP-2), and KC were quan-
titated by ELISA (R & D Systems, Bioscientific, Sydney, Aus-
tralia). PMN in whole eyes were quantitated by determining
myeloperoxidase activity (11). Viable bacteria in whole eyes
(n 5 5) were quantitated as described by Cowell et al (5). Data
were examined statistically using an unpaired Student t test.

IL-6 subconjunctival injection was well tolerated by the
mice, and in the absence of infection it produced only mild and

FIG. 2. Numbers of viable bacteria and PMN and cytokine production in the eyes of IL-6 gko and wild-type mice 12 h after challenge with P.
aeruginosa after treatment with either PBS or IL-6. Histograms represent the mean of observation from the experiment, and vertical bars indicate
standard errors. p, P , 0.05. (A) Viable bacteria; (B) PMN; (C) IL-6; (D) MIP-2; (E) KC; (F) IFN-g; (G) TNF-a.
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transient recruitment of PMN at the site of injection (data not
shown). Eyes of IL-6 gko mice injected with PBS 12 h post-
challenge showed few infiltrating PMN in the cornea (Fig. 1A);
however, these eyes showed numerous PMN in the anterior
chamber. In contrast, eyes from similarly treated wild-type
mice showed PMN penetration into the corneal stroma but few
PMN in the anterior chamber (Fig. 1B). Corneas from IL-6
gko mice treated with IL-6 showed large numbers of PMN
penetrating the cornea (Fig. 1C), as well as in the anterior
chamber. Corneas of wild-type mice, treated with IL-6, show
increased infiltrating PMN but no appreciable peratration into
the anterior chamber (Fig. 1D).

Significantly more IL-6 was present in the eyes from IL-6-
treated mice than in the eyes from PBS-treated mice in both
groups (Fig. 2C) (P , 0.05) 12 h postchallenge. The eyes from
IL-6-treated wild-type mice contained approximately twice the
concentration of IL-6 than did the eyes from PBS-treated mice
IL-6-treated gko mice had detectable levels of IL-6 protein
(approximately half that produced by wild-type mice), while
the levels of IL-6 found in PBS-treated IL-6 gko mice were
below the limits of detection for this assay. This indicates that
the method of administration has provided effective local de-
livery of IL-6 to the eye and that IL-6 is stable over the time
frame of this experiment.

Bacterial numbers in the eyes of IL-6 gko mice were more
than 10-fold higher than in those of wild-type mice treated with
PBS only (Fig. 2A). Bacterial numbers were significantly re-
duced (P , 0.05) in the eyes of both wild-type and gko mice
treated with IL-6, by 3- and 10-fold, respectively, compared
with those in the eyes of mice treated with PBS (Fig. 2A).

There was no significant difference in PMN numbers in
whole eyes of IL-6 gko and wild-type mice at 12 h postinfec-
tion, although there were obviously histopathological differ-
ences between these groups (Fig. 1). This results from the
differing distribution of PMN in the eyes of wild-type and gko
mice. In the IL-6 gko mice, the PMN were found in the ante-
rior chamber and did not penetrate the cornea (Fig. 1A).
There was increased PMN infiltration in the eyes of both gko
and wild-type mice treated with exogenous IL-6 (Fig. 1C and
D).

Levels of MIP-2 and KC (murine homologues of IL-8) in the
eyes of PBS-treated wild-type mice correlated well with those
found by others at this time point (11). The level of MIP-2 was
more than fourfold higher in the eyes of wild-type mice than in
those of IL-6 gko mice in response to the challenge (Fig. 2D).
More importantly, the level of MIP-2 was significantly in-
creased (P , 0.05) by approximately 8- and 4-fold in the
wild-type and gko mice, respectively, that received IL-6 treat-
ment compared with the level in those that received PBS. This
suggests that IL-6 may be involved in the up-regulation of
MIP-2 in the early stages of P. aeruginosa infection of the
cornea and may thereby contribute to the recruitment of neu-
trophils into the avascular cornea (11). No significant differ-
ence in KC was detected in the eyes of wild-type and IL-6 gko
mice at 12h post-challenge (Fig. 2E). There was a 3.5-fold
increase in KC in the eyes of wild-type mice receiving IL-6
treatment, but no change was detected in the gko mice treated
with exogenous IL-6 (Fig. 2E). We speculate that excess IL-6
may result in increased KC production, and we are currently
investigating this possibility. There was no significant differ-

ence between wild-type and gko mice or between treated and
control groups in the levels of the cytokines IFN-g (Fig. 2F) or
TNF-a (Fig. 2 G) at 12 h postchallenge.

Representative examples of positive staining for ICAM-1 in
IL-6 gko and wild-type mouse corneas 12 hours after challenge
are shown in Fig. 3. ICAM-1 expression in the corneas of IL-6
gko mice appeared to be reduced (Fig. 3A) compared to that
in the corneas of wild-type mice 12 h postinfection (Fig. 3B).
This apparent reduction in ICAM-1 staining was seen partic-
ularly in the epithelium of gko mice. The epithelium was
strongly stained in wild-type mice. ICAM-1 expression was
increased in the corneas of IL-6 gko mice (Fig. 3C) in the
presence of exogenous IL-6. This induction was seen in the
epithelium and stromal keratocytes adjacent to the endothe-
lium, whereas additional staining was seen only in keratocytes
adjacent to the endothelium in the wild-type mice after treat-
ment with IL-6 (Fig. 3D). Up-regulation of ICAM-1 may con-
tribute locally to the recruitment of leukocytes into infected
cornea (9). The above observations suggest a possible role for
IL-6 in the up-regulation of adhesion molecules in the cornea.

In this study we have confirmed the role of IL-6 in corneal
defense against P. aeruginosa infection and found that local
administration of IL-6 during corneal infection may be protec-
tive in this disease. While several mechanisms are likely to be
involved, reflecting the pleotropic nature of IL-6, the findings
in IL-6 gko mice suggest that the role of IL-6 is closely linked
to recruitment of PMN into the cornea. Our results indicate
that the protective effects of IL-6 may in part be due to in-

FIG. 3. ICAM-1 expression in the corneas of wild-type and IL-6
gko mice 12 h after challenge with P. aeruginosa. Magnification of
sections, 3200. (A) Cornea of IL-6 gko mouse 12 h after challenge
with P. aeruginosa after subconjunctival injection of PBS. (B) Cornea
of wild-type mouse 12 h after challenge with P. aeruginosa after sub-
conjunctival injection of PBS. (C) Cornea of IL-6 gko mouse 12 h after
challenge with P. aeruginosa after subconjunctival injection of IL-6.
(D) Cornea of wild-type mouse 12 h after challenge with P. aeruginosa
after subconjunctival injection of IL-6.

4118 NOTES INFECT. IMMUN.



creasing production of the chemokine MIP-2 and up-regula-
tion of the expression of ICAM-1. The data presented suggest
that pharmacological augmentation of IL-6 may represent a
rational approach for the development of adjunct therapies to
improve patient outcome in this potentially blinding disease.
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