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inducing inflammation in this model.

the cornea.! In general, corneal inflammation was

initiated by so called “innate immunity,” especially
neutrophils and macrophages.” They are thought to be the
possible cellular targets to analyse corneal inflammation.
Corneal expression of pro-inflammatory cytokines and
chemokines in response to injury or infection leads to the
recruitment of cells of the innate immune system.” Several
reports have recently demonstrated that bone marrow
derived antigen presenting cells (APC) existed in and
trafficked through even the non-treated cornea.*” These
cells, along with resident corneal APCs, migrate to regional
lymph nodes to induce specific immune reactions.*

The roles of chemokines in corneal inflammation have
been a focus of interest.” Corneal infection was shown to
induce CC and CXC chemokines in the stroma and in
numerous bone marrow derived inflammatory cells such as
neutrophils,® lymphocytes, and monocytes/macrophages.’

CCR2 is mainly expressed by cells of the macrophage
lineage' and is the receptor for monocyte chemoattractant
protein-1 (MCP-1)."" Despite having normal numbers of
circulating leucocytes and resident macrophages, both CCR2
KO and MCP-1 knockout (KO) mice fail to recruit macro-
phages to inflammatory sites."”* To investigate the role of
macrophage attracting chemokines in cauterised induced
corneal inflammation, we examined the phenotypes of cells
infiltrating this tissue in both CCR2 KO and MCP-1 KO mice.

E xcessive inflammation induces an irreversible opacity in

MATERIALS AND METHODS

Mice

Female 8 week old C57BL/6 mice were purchased from Japan
SLC, Shizuoka, Japan, and kept under specific pathogen free
conditions at Kyushu University. CCR2 KO (—/—) mice were
generated by homologous recombination as previously
described.” CCR2 KO mice and CCR2 WT (+/+) littermate
controls were generated from crosses between heterozygous
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Aim: To elucidate the role of CCR2/MCP-1 in corneal inflammation.

Methods: A cauterisation induced corneal inflammation model was used. The corneas were cauterised
with silver nitrate in CCR2 knockout (KO) mice, MCP-1 KO mice, and control mice. Clinical signs such as
corneal oedema and opacity were examined 96 hours affer cauterisation and the phenotypes of the cells
infiltrating the cornea were analysed by flow cytometry. Corneal inflammation in neutrophil depleted mice

ol Results: After cauterisation both CCR2 KO and MCP-1 KO mice showed the same levels of corneal
oedema and opacity as control mice. Flow cytometry revealed that in control mice most of the infiltrating
cells were neutrophils and macrophages, whereas in both CCR2 KO mice and MCP-1 KO mice, the
number of macrophages infiltrating the cornea were markedly reduced. However, prominent infiltrates of
neutrophils were still observed in the cornea in CCR2 KO mice and MCP-1 KO mice. The depletion of
neutrophils significantly reduced the oedema and opacity induced in the cornea by cauterisation.

Conclusion: The CCR2 and MCP-1 molecules are not essential for cauterisation induced corneal
inflammation. Neutrophils, rather than migrated macrophages, are the final effector cells involved in

(CCR2 +/—; 50/50 C57BL/6x129/Sv) mice. MCP-1 KO mice
were kindly provided by Dr Barrett J Rollins (Children’s
Hospital, Harvard Medical School, MA, USA)" and back
crossed for more than eight generations on a C57BL/6
background. We thus used C57BL/6 mice as controls in
experiments with MCP-1 KO mice. All animals were treated
in accordance with the ARVO statement for the use of
animals in ophthalmic and vision research.

Induction and evaluation of corneal inflammation
Corneal inflammation was induced as described previously.'®
The right cornea of each mouse was cauterised with plastic
sticks containing 0.4 g/ml silver nitrate, 1 mm in diameter at
the centre of the cornea. After 96 hours, corneal oedema and
opacity were evaluated by stereoscopic microscopy, using a
slit lamp in a double blind fashion. Lesions were scored for
corneal oedema and opacity on scales of increasing severity
from 0 to +4 as described before.” Experiments were repeated
four times with comparable results. Following clinical
evaluation, mice were sacrificed and their right eyes removed.
Three eyes were pooled and used for flow cytometry studies
and remaining eyes were used for histological evaluation.

Isolation of corneal infiltrating cells

Inflammatory cells were isolated from corneas according to
the procedure used for hepatic lymphocytes,” with some
modifications.” Three corneas were pooled to obtain enough
viable cells for flow cytometry. The corneas were teased away
with scissors and shaken at 37°C for 40 minutes with 0.5 mg/
ml collagenase type D (Boehringer Mannheim, Germany).
The supernatants were collected and viable cells were
counted using trypan blue dye exclusion. A total of 18
corneas were examined as six pools of three individual eyes.

Abbreviations: APC, antigen presenting cells; CCR2, C-C chemokine
receptor 2; FITC, fluorescein isothiocyanate; KO, knockout; MCP-1,
monocyte chemoattractant protein-1; PE, phycoerythrin; WT, wild type
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Figure 1 Corneal inflammation in CCR2 KO mice. (A) Photographs of
cauterised corneas after 96 hours. (B) The clinical evaluation of corneal
inflammation. Wild type (WT) mice (n=20), CCR2 KO mice (n=20);
NS, not significant.

Antibodies and reagents

The following reagents were used for flow cytometry:
phycoerythrin (PE) conjugated anti-CD11b mAb (clone M1/
70.15); and fluorescein isothiocyanate (FITC) conjugated
anti-F4/80 mAb (clone A3-1) from Caltag Lab Inc (South San
Francisco, CA); FITC conjugated anti-Gr-1 mAb (clone RB6-
8C5); and propidium iodide staining solution from
PharMingen (San Diego, CA, USA); FITC conjugated anti-
mouse neutrophil mAb from Cedarlane Lab (Ontario,
Canada). The antibodies used for labelling sections were
anti-F4/80 mAb (clone A3-1; Serotec, Oxford, UK) and Cy5
conjugated goat anti-rat IgG Ab (Zymed Lab, San Francisco,
CA, USA).

The anti-Gr-1 mAb for in vivo neutrophil depletion was
prepared in our laboratory. Five week old female SCID mice
were given intraperitoneal injections of pristane purchased
from Sigma (St. Louis, MO, USA). Ten days later the mice
received intraperitoneal inoculations of hybridoma cells
(RB6-8C5), which were kindly provided by Dr F Sendo
(Yamagata University, Yamagata, Japan). Two weeks after
the inoculation, anti-mouse Gr-1 mAb was purified from
ascites of SCID mice using ammonium sulfate treatment.'®

Flow cytometry

Intraocular infiltrating cells were adjusted to the designated
concentrations for two colour labelling.> Macrophages within
the intraocular infiltrate were identified as cells double
labelled with PE-anti-CD11b mAb and FITC conjugated anti-
F4/80 mAb.” ** The «cells stained with both PE-anti-
CD11b mAb and FITC-anti-Gr-1 mAb/FITC-anti-neutrophil
mAb were identified as neutrophils. Analysis was performed
on an EPICS XL flow cytometer (Beckman Coulter,
Mannheim, Germany), using FlowJo software (Tree Star,
San Carlos, CA, USA). Propidium iodide staining was used to
discriminate dead cells. The number of macrophages and
neutrophils infiltrating the cornea was calculated from the
percentage of each population measured by flow cytometry
and the total number of viable cells counted by trypan blue
dye exclusion. The gate within which the F4/80 and Gr-1
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positive cells were counted was set using an isotype matched
control antibody (FITC conjugated rat IgG2b; Caltag Lab Inc,
South San Francisco, CA, USA). It was reported that
keratocytes did not express either CD11b or F4/80.' CD11b-
F4/80 (double negative) cells, possibly containing kerato-
cytes, were constantly less than 2-3% of total isolated viable
cells.

Depletion of neutrophils

To deplete neutrophils, C57/BL6 mice were injected twice
intraperitoneally with 400 pg anti-Gr-1 mAb 24 hours before
and 24 hours after cauterisation. The effect of anti-Gr-1 mAb
administration on circulating neutrophils was assessed by
counting the total number of peripheral white blood cells,
stained with May-Grunwald Giemsa and we have confirmed
completely depletion of neutrophils.” The depletion of
neutrophils was also confirmed in the splenocytes by flow
cytometry, 2 days after treatment, and 95% of neutrophil
mAD positive cells were constantly depleted.

Fluorescent microscopy and image analysis

For microscopic analysis, eyes were enucleated and prepared
for freezing and cryostat sectioning by embedding in OCT
medium (Tissue-Tek, Sakura Finetechnical Co Ltd, Tokyo,
Japan). Cryostat sections were cut (8-10 pm), and fixed in
acetone for 2 minutes. Sections were incubated for 45 min-
utes with either F4/80 antibody or a control IgG at a 1:100
dilution. As a secondary antibody, Cy5 labelled goat anti-rat
1gG at a dilution of 1:100 was incubated with sections for
20 minutes. Cell nuclei were stained with propidium iodide
at a 1:1250 dilution. Sections were observed with an
epifluorescence microscope (BX50, Olympus, Tokyo, Japan).

Statistics

Significant differences in the grade of corneal inflammation
were assessed using the Student’s ¢ test. A value of p<0.05
was considered to be significant.
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Figure 2 Corneal inflammation in MCP-1 KO mice. (A) Photographs of
cauterised corneas after 96 hours. (B) The clinical evaluation of corneal
inflammation. WT mice (n=20), MCP-1 KO mice (n=20); NS, not
significant.
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Fi?ure 3 (A) The phenotype of cells
infiltrating corneas in CCR2 KO mice.
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RESULTS

Both CCR2 and MCP-1KO mice show equivalent level
of corneal inflammation

Initially, we examined corneal inflammation in CCR2 KO
mice. Ninety six hours after cauterisation, both control and
CCR2 KO mice showed prominent oedema and central
opacity (fig 1A). The degree of either oedema or opacity of
CCR2 KO mice was equivalent compared to the control mice
(fig 1B).

Since MCP-1 is a ligand for CCR2, we confirmed the above
CCR2 KO mice result by investigating corneal inflammation
in MCP-1 KO mice. In MCP-1 KO mice, the degree of corneal
oedema and opacity was not significantly less than in control
mice (fig 2A, 2B).

Control CCR2KO

Both CCR2 and MCP-1 KO mice reduced macrophage
infiltration but not neutrophils infiltration

The total number of cells infiltrating each cornea was
calculated. As shown in figure 3B, the total number of
infiltrating cells was not significantly lower in CCR2 KO mice
than in control mice. In both groups, the majority of
infiltrating cells were neutrophils and the number of
neutrophils in the CCR2 KO mice was not significantly
different from that in control mice. However, the number of
infiltrating macrophages was significantly lower in CCR2
KO corneas (3.0% (SD 1.2%), n=6) compared to controls
(11.3% (SD 2.1%), n=6, three eyes were pooled to
obtain enough cells for FACs; we thus used a total of 18
eyes) (fig 3A, 3B).
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Figure 5 Corneal inflammation in mice depleted of neutrophils using anti-Gr-1 antibody. (A) Photographs of the cauterised corneas after 96 hours.
(B) The clinical evaluation of corneal inflammation. C57/BL6 mice (n=20), anti-Gr-1 antibody treated C57/BL6 mice (n=20). *p<0.05; **p<0.01.
(C) The analysis of corneal cell infiltrates 96 hours after cauterisation in untreated WT mice and WT mice treated with anti-Gr-1 antibody. **p<0.01.

Similarly, in MCP-1 KO mice the number of macrophages
infiltrating the cornea was significantly lower (3.5% (SD
0.7%), n = 6) than in control mice (16.7% (SD 1.6%), n = 6)
(fig 4A), and the majority of infiltrating cells were
neutrophils (fig 4B). Thus, in both CCR2 KO and MCP-1
KO mice, macrophage migration into the inflamed corneas
was reduced.

Neutrophil depleted mice significantly reduced
corneal inflammation

Since the major infiltrating cells seen in this model were
neutrophils and the grade of the clinical effects seen were
unchanged in the absence of CCR2 or MCP-1, we next
examined corneal inflammation in neutrophil depleted mice.
We compared corneal inflammation between neutrophil
depleted and control mice. As shown in figure 5, the extent
of corneal inflammation, measured by oedema and opacity,
was significantly reduced after the depletion of neutrophils.
Corneal cell infiltrates in neutrophil depleted cells were
reduced by half compared to the control (fig 5C).
Furthermore, neovascularisation was significantly inhibited
in the neutrophil depleted mice (data not shown). This
suggested that neutrophils had a crucial role in corneal
inflammation in this study.

The existence of resident F4/80 positive cells in non-
treated cornea

The previous results showed that corneal infiltration by
macrophages was inhibited in CCR2 KO and MCP-1 KO mice
in inflammatory conditions. However, a small number of F4/
80 positive cells, whose presence in the cornea must be
independent of CCR2/MCP-1 induced migration, were
observed in these mice (fig 3B, 4B). To determine whether
the non-treated corneal stroma of the eye in CCR2 KO and
MCP-1 KO mice contained F4/80 positive cells, we performed
fluorescent immunohistology. As shown in figure 6A, F4/80
positive cells were observed in the normal corneal stroma as
previously reported. We found that the corneal stroma in
CCR2 KO and MCP-1 KO mice also contained cells expressing
the F4/80 marker (fig 6B, C).

DISCUSSION

We have demonstrated that CCR2/MCP-1 dependent, corneal
infiltrating macrophages had little effect on cauterisation
induced corneal inflammation. In contrast, we found that

neutrophils are critical to the formation of corneal opacity
and oedema in this model. Laurie ef al also identified a crucial
role for neutrophils in a helminth mediated model of keratitis
using CXCR2 KO mice.”

At the beginning of this study, it was hypothesised that
infiltrating macrophages must be crucial in corneal inflam-
mation because macrophages produce various pro-inflam-
matory cytokines and chemokines at inflammatory sites,*
and because depletion of macrophages was known to prolong
the survival of corneal allografts.** Moreover, it was known
that corneal angiogenesis induced by cauterisation was
reduced in anti-MCP-1 mAb treated mice” and in CCR2 KO
mice.”* The data observed in this study were therefore
unexpected.

Although corneal angiogenesis must be an important step
in the development of corneal oedema and opacity, they
might be separable processes. Our experiments focused on
corneal oedema and opacity, which are directly associated
with the loss of visual acuity in patients, rather than corneal
angiogenesis. We currently postulate that macrophages are
essential in the development of corneal angiogenesis but, in

100 m

Figure 6 Immunofluorescent staining of resident macrophages in
C57BL6 mice (A), CCR2 KO mice (B), and MCP-1 KO mice (C). Each
section was stained with anti-F4/80 mAb (green) and propidium iodide
(red). Original magnification x200.
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contrast, neutrophils are essential in the development of
corneal oedema and opacity.

Although we have shown that CCR2 and MCP-1 are not
essential for corneal inflammation, it does not follow that
macrophages are not required for this process. CCR2/MCP-1
deficiency only impaired the recruitment of macrophages to
the inflammatory site, having no effect on resident macro-
phages, and these MCP-1/CCR2 independent cells may still
have a role in corneal inflammation. We thus decided to
confirm the existence of resident macrophages in the cornea
of KO mice. Indeed, even in the absence of CCR2 or MCP-1,
we observed some F4/80+ cells in untreated corneas (fig 6).
The MCP-1/CCR2 independent resident macrophages could
be important to induce local inflammation.

Our current hypothesis is that resident macrophages
respond to cauterisation, leading to the recruitment of
neutrophils and corneal inflammation. Many investigators
have recently reported that bone marrow derived cells of the
macrophage lineage were present even in untreated corneas,
free from capillaries.”” We found that F4/80+ cells existed
even in the CCR2 and MCP-1 KO mice (fig 6), which suggests
that the normal tissue distribution of these cells is
independent of CCR2/MCP-1. These resident macrophages
have the potential to respond to injuries and contribute to the
initiation of a local inflammatory response.

Other explanations for our observations can be suggested,
which involve other cells resident in the cornea, in particular
keratocytes. These cells have been shown to produce pro-
inflammatory cytokines and chemokines, such as IL-8,”” and
express class II molecules.” Our data showed that neutro-
phils were the final effector cells mediating cauterisation
induced corneal inflammation. However, the transfer of
neutrophils directly into the corneal stroma has been
reported not to induce an inflammatory response.”® We thus
propose that neutrophils need to be activated by contact with
keratocytes and/or resident macrophages, to induce corneal
inflammation. Moreover, it was shown that corneal epithelial
cells and tears in the inflammatory conditions contained pro-
inflammatory cytokines.” Epithelial cells and tears can also
activate local accumulated neutrophils. Once activated,
neutrophils easily release a variety of pro-inflammatory
factors that can cause tissue damage.

Recently, the therapeutic potential of neutralising chemo-
kines in vivo has focused on various inflammatory dis-
orders.” *>' Our data imply that anti-chemokine therapy using
a MCP-1 blocking reagent may not always give good results
when applied to the eye. Blocking neutrophil infiltration
might be an alternative strategy to control corneal inflamma-
tion and prevent the development of opacity.
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