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Regenerative medicine in cornea
. Motokazu Tsujikawa, Kohji Nishida
Department of Ophthalmology, Osaka University Graduate School of Medicine

Abstract 4

Cornea is unique organ in its transparency. It consists of three different layers epithelium,
stroma, and endothelium. Defect of each layers decrease the transparency resulting in
blindness. Corneal transplant from donors is performed for these conditions. However it
sometimes does not work because of immuno-rejection and shortage of donors is still
problem. Regenerative medicine resolves these problems. According to epithelium, we had

* succeeded in making epithelial sheet from oral mucosa epithelium. The sheet is clear and
very resembles normal corneal epithelium in histology. We have auto transplantation of
this epithelial sheet to severe corneal deficiency patients and obtained good clinical
results. According to endothelium, we are trying to make the sheet from various stem sells

including iPS cells.

Key words: regenerative medicine, cornea, epithelium, endothelium
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Abbreviations: AMD, age-related macular degeneration; CNV, choroidal neovascularization;
MCP-1, monocyte chemoattractant protein-1; RPE, retinal pigment epithelium; ON-PC (oxidized
phospholipids), 9-oxononanoic acid esters of 2-lyso-phosphatidylcholine; PL-PC (non-oxidized
phospholipids), 1-palmitoyl-2-linoleoyl-sn-glycero-3-phosphatidylcholine; Cer2, C-C chemokine

receptor2; PBN, a-phenyl-N-tert-butylnitrone; VEGF, vascular endothelial growth factor; PEDF,

pigment epithelium-derived factor; Cx3crl, C-X3-C chemokine receptor 1
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Summary

Age-related macular degeneration (AMD) is the leading cause of blindness among the elderly in
developed countries. Although pathogenic factors, such as oxidative stress, inflammation, and
genetics are thought to contribute to the development of AMD, little is known about the
relationships and priorities between these factors. Here, we show that chronic photo-oxidative
stress is an environmental factor involved in AMD pathogenesis. We first demonstrated that light
exposure induced phospholipid oxidation in the mouse retina, which was more prominent in aged
animals. The induced oxidized phospholipids led to an increase in the expression of monocyte
chemoattractant protein-1, which then resulted in macrophage accumulation, an inflammatory
process. Antioxidant treatment prevented light-induced phospholipid oxidation and the
subsequent increase of monocyte chemoattractant protein-1, which are the beginnings of the
light-induced changes. Subretinal application of oxidized phospholipids induced choroidal
neovascularization, a characteristic feature of wet-type AMD, which was inhibited by blocking
monocyte chemoattractant protein-1. These findings strongly suggest that a sequential cascade
from photic stress to inflammatory processes via phospholipid oxidation has an important role in
AMD pathogenesis. Finally, we succeeded in mimicking human AMD in mice with low level,
long-term photic stress, in which characteristic pathological changes, including choroidal
neovascularization formation, were observed. Therefore, we propose a consecutive pathogenic
pathway involving photic stress, oxidation of phospholipids, and chronic inflammation, leading
to angiogenesis. These findings add to the current understanding of AMD pathology and suggest
protection from oxidative stress or suppression of the subsequent inflammation as new potential

therapeutic targets for AMD.
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Introduction

Age-related macular degeneration (AMD) is the leading cause of blindness among the elderly in
developed countries (Beatty et al., 2000). AMD is a progressive, polygenic, and multifactorial
disease with a poorly understood etiology, although numerous studies have suggested the
involvement of factors such as oxidative stress, inflammation, immune response, and genetics in
the onset of AMD (Baba et al., 2010; Edwards et al., 2005; Grossniklaus et al., 2002; Haines et
al., 2005; Klein et al., 2005; Yates et al., 2007).

Some age-related diseases may have pathologically common molecular mechanisms, and we
focused on the histopathologic similarities between AMD and atherosclerosis. We previously
demonstrated that photoreceptor phospholipids in the macula are more oxidized in eyes with
AMD than in age-matched normal eyes (Suzuki et al., 2007) and that accumulated macrophages
in AMD lesions express scavenger receptors for oxidized phospholipids (Kamei et al., 2007).
Other studies analyzing human eyes with AMD also suggest the involvement of lipid uptake
(Malek et al., 2003) and an immune response to oxidized lipids produced by oxidative stress
(Hollyfield et al., 2008). Oxidized phospholipids stimulate the expression of vascular endothelial
growth factor(VEGF) (Bochkov et al., 2006), which induces inflammatory gene expression
(Furnkranz et al., 2005) as well as neovascularization. The detailed mechanisms underlying the
involvement of oxidized phospholipids in AMD, however, remain unknown. Therefore, in the
present study, we examined the molecular mechanisms underlying the involvement of oxidized
phospholipids in AMD pathogenesis and compared them with the pathogenic mechanisms of
atherosclerosis.

AMD affects the macula, the center area of the retina, where light is focused throughout life. We
hypothesized that light causes oxidative stress to the macula. Although there are numerous
reports that intensive light irradiation causes retinal damage, known as phototoxicity, we
evaluated low-intensity, long-term, light exposure as an enhanced model of the effects of light in
daily life.

In this paper, we propose a pathogenic pathway from light exposure to choroidal
neovascularization (CNV) formation, a characteristic feature of AMD, involving oxidative stress

and chronic inflammation.
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Results

Light induces phospholipid oxidation in the retina.

We first investigated whether subacute mid-level light exposure (1000 lux for 1 week, Fig. 1A)
induces lipid oxidation in the retina. After light exposure in the mouse retina, mass spectrometry
analyses revealed a significant increase in 9-oxononanoic acid esters of 2-lyso-
phosphatidylcholine (ON-PC; p<0.001), 4,7-dioxohept-6-enoic acid esters of 2-lyso-
phosphatidylcholine (KOHA-PC; p=0.037), and succinic acid esters of 2-lyso-
phosphatidylcholine (S-PC; p=0.006), and no changes in azeleic acid esters of 2-lyso-
phosphatidylcholine (A-PC; p=0.642), 4-hydroxy-7-oxohept-5-enoic acid esters of 2-lyso-
phosphatidylcholine (HOHA-PC; p=0.533) and 4-oxobutyric acid esters of 2-lyso-
phosphatidylcholine (OB-PC; p=0.812; Fig. 1B). Therefore, ON-PC was used as a representative
oxidized phospholipid. Oxidized phospholipids were observed in the retinas of untreated normal
animals (Fig. 1C,E), but seemed more prominent in aged animals (Fig. 1E), and their distribution
involved the entire sensory retina from the nerve fiber layer to the photoreceptor outer segments,
the retinal pigment epithelium (RPE), and the choroid. Light irradiation increased
immunostaining for oxidized phospholipids in the retinas of both 2-month-old and 12-month-old
mice (Fig. 1D,F). Oxidized phospholipids in the outer plexiform layer, the photoreceptor outer
segments, RPE, and the choroid were more prominent in the older mice (Fig. 1F) compared with
the younger mice (Fig. 1D). A competitive enzyme-linked immunosorbent assay (competitive
ELISA) revealed a significant increase in oxidized phospholipids in the retinas of irradiated mice
compared with non-irradiated mice in both 2-month-old and 12-month-old mice (p<0.001; Fig.

1G). Irradiated older mice had significantly more oxidized phospholipids than irradiated

younger mice (p=0.003). Although the sleep duration of irradiated mice was not monitored

closely, there was no obvious interruption of normal sleep patterns because they didn't show any

weight loss, epilation, abnormal behavior, or early mortality compared with control mice. Thus,
photic stress induced phospholipid oxidation in the retina, and older animals were more

susceptible to photic stress than younger animals.

Oxidized phospholipids induce monocyte chemoattractant protein-1 (MCP-1) in RPE cells
and light irradiation elicits MCP-1 in the retina in vivo.
We next investigated reactions induced by phospholipid oxidation in the retina. We examined

5
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whether oxidized phospholipids induce MCP-1 (also known as CCL2), an important chemotactic
factor for macrophages (Lu et al., 1998), which have a key role in human AMD (Grossniklaus et
al., 2002). Both oxidized phospholipids (ON-PC) and non-oxidized phospholipids ( I-palmitoyl-
2-linoleoyl-sn-glycero-3-phosphatidylcholine [PL-PC]), increased the amount of MCP-1 protein
released by RPE cells in a dose-dependent manner. RPE cells released more MCP-1 following
treatment with oxidized phospholipids compared with non-oxidized phospholipids
(concentrations up to 50 pg/ml, Fig. 2A). In the in vivo analysis, MCP-1 mRNA and protein
significantly increased after light irradiation in both 2-month-old and 12-month-old mice
(p<0.001; Fig. 2B,C). The increase was more evident in older mice. MCP-1 immunostaining in
the RPE was notable in the retinas of light-irradiated 12-month-old mice, whereas there was no
apparent staining in non-irradiated retinas (Fig. 2D). Macrophages accumulated in the choroid of
the 12-month-old mice after long-term low-intensity light irradiation (500 lux for 2 months; F ig.
2E). These findings suggest that photo-oxidative stress induces the expression of MCP-1 via the
oxidation of phospholipids, which have an important role in inducing inflammation, especially in

older animals.

Oxidized phospholipids induce CNV,

To confirm that the cascade subsequent to photo-oxidative stress has an important role in AMD
development, oxidized phospholipids (ON-PC) or non-oxidized phospholipids (PL-PC) were
injected into the subretinal space of wild-type mice. Although CNV was not observed in the
control eyes injected with non-oxidized phospholipids (Fig. 3A), all eyes receiving oxidized
phospholipids exhibited apparent CNV formation within 4 weeks following the subretinal
injection (Fig. 3B).

Oxidized phospholipids induce CNV in wild-type retinas but not in CCR2™” and MCP-1""
mice.

We then injected oxidized phospholipids into the subretinal space of two different knockout
(KO) mouse lines, MCP-1"" and CCR2™" (MCP-1 receptor KO), to examine the involvement of
the MCP-1 pathway in CNV formation. CNV did not develop after subretinal injections of
oxidized phospholipids into MCP-1"" mice (Fig. 3D) or CCR2™ mice (Fig. 3F), whereas CNV
developed in the eyes of their wild-type siblings (Fig. 3B). CNV was not observed in any eyes
6
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injected with non-oxidized phospholipids (Fig. 3A,C,E). These results indicated that activation
of the MCP-1 pathway by oxidized phospholipids has a pivotal role in CNV formation in vivo.

Long-term, low-intensity photo-oxidative stress induces basal laminar deposits,
macrophage accumulation, and CNV formation.

The results of the above experiments confirmed that the cascade from photic stress to MCP-1
activation via phospholipid oxidation in the retina could have a pivotal role in CNV formation in
vivo. We, therefore, attempted to mimic human AMD in mice using long-term, low-level light
irradiation. Basal laminar deposits, an essential histopathologic feature of AMD, were observed
in the eyes of animals exposed to low-level blue-light irradiation (500 lux) every 2 days for 4 to
6 months (Fig. 4A). Subsequently, in 4 of 8 eyes, CNV was observed by fundus examination (Fig.
4B). Fluorescein angiography revealed that the CNV was the occult-dominant type (Fig. 4C), the
major CNV type observed in human AMD, and typical histopathologic features of CNV in
human AMD, including a thickened and proliferated vascular lesion between the RPE and
Bruch's membrane (Fig. 4D). Electron microscopic and immunohistochemical examinations
showed that macrophages accumulated around the CNV and engulfed the photoreceptor outer
segments, including the oxidized phospholipids (Fig. 4E), as observed in human CNV lesions
(Lu et al., 1998). The lack of CNV in both MCP-17" (n=4) and CCR2"" mice (n=6) under the
same irradiating conditions confirmed that the MCP-1 pathway is key in CNV development
induced by long-term low-intensity light irradiation (Fig. 4F).

Prevention of oxidative changes and monocyte chemoattractant protein-1 (MCP-1)
induction by g-phenyl-N-tert-butylnitrone (PBN).

To confirm that oxidative stress itself is the cause of light-induced changes, o-phenyl-N-tert-
butylnitrone (PBN), an antioxidant, was daily injected intraperitoneally to 12-month-old mice
during light irradiation (1000 lux for 1 week). PBN (Fig. 5C) suppressed the increased
immunostaining for oxidized phospholipids after light irradiation (Fig. 5A, B). The light-induced
increases of MCP-1 immunoreactivity (Fig. 5D, E), mRNA (Fig. 5G), and protein (Fig. SH) were
significantly suppressed by the PBN treatment (p<0.05; Fig. 5SF,GH).

VEGF expression in the light-induced CNV and decrease of VEGF expression by MCP-1
7
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siRNA treatment in RPE cells

To investigate whether VEGF, a major angiogenic cytokine, and PEDF, a potent angiogenic
inhibitor, are involved in CNV formation by long-term, low-intensity light exposure, the
expression of VEGF and PEDF were examined in light-induced CNV. Strong VEGF
immunoreactivity was detected in light-induced CNV lesions (Fig. 6A), where strong VEGFR2
immunoreactivity was also detected (Fig. 6B). PEDF immunoreactivity was weak in light-
induced CNV lesions (Fig. 6C). Next, we examined whether or not RPE-derived MCP-1
mediates the expression of VEGF and PEDF. RPE cells released VEGF with both oxidized and
non-oxidized phospholipids in a dose-dependent manner, and more VEGF was released
following treatment with oxidized phospholipids than with non-oxidized phospholipids
(concentrations 10, 25 and 50 pg/ml, p<0.001) (Fig. 6D). These elevated VEGF levels were
significantly decreased by MCP-1 siRNA treatment (p<0.05, n=6; Fig. 6D). PEDF protein levels
did not differ significantly in RPE cells treated with either oxidized or non-oxidized
phospholipids (concentrations 10, 25, and 50 pg/ml). MCP-1 siRNA treatment did not affect
PEDF production following treatments with either oxidized or non-oxidized phospholipids (Fig.
6E).

Discussion
The development of an AMD animal model following long-term, low intensity light exposure in
the present study suggests that light exposure is an environmental factor that contributes to AMD
pathogenesis. Light exposure inevitably causes oxidative stress to the retina, especially in
modern life, as we are surrounded by artificial lights such as indoor illumination, computer
monitors, and television. Some epidemiological studies suggest that light exposure is linked to
AMD (Cruickshanks et al., 1993; Taylor et al., 1992), while others do not (Clemons et al., 2005).
Even the study finding no apparent link between light exposure and AMD development, however,
reported that low levels of dietary antioxidants, including lutein and vitamin C, are associated
with an increased risk for AMD, which is supported by other studies (Age-Related Eye Disease
Study Research Group et al., 2007; Tan et al., 2008; van Leeuwen et al., 2005).

The present findings demonstrated that blue light exposure induces oxidative stress and

chronic inflammation, which are more prominent in aged animals. These effects seem to be due

to light directly and not to the interruption of normal sleep patterns by continuous irradiation

8
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because the mice in the experiments appeared to have normal sleep/wake patterns. In addition,

these changes are suppressed by an antioxidant. This suggests that AMD is more likely to
develop in persons who are more susceptible to oxidative stress due to decreased antioxidant
activity or in persons who have an exaggerated immune response to oxidized products.

Our results also demonstrate that elevated VEGF expression by oxidized phospholipids in RPE
cells is suppressed by MCP-1 siRNA. Therapeutic strategies to protect phospholipids from
photic stress-induced oxidation or to suppress the subsequent inflammation induced by
biologically active lipid peroxidation products warrant further investigation.

The present study suggests that photic stress induces MCP-1 via the oxidation of
phospholipids in the retina, which may have an important role in inducing inflammation in AMD
pathogenesis. The mechanism of the oxidized phospholipid-mediated inflammatory response
plays an important role in other age-related diseases, including atherosclerosis (Bochkov et al.,

2006), where MCP-1 plays a key pathogenic role. In the current study, MCP-1or its cognate Ccr-

2 KO mice did not show obviously cardinal features of AMD, including drusen, which are

deposits of a protein/lipid complex, photoreceptor atrophy and CNV, as previously reported
(Ambati et al. 2003), although in both wild-type and MCP-1 or Ccr-2 KO mice, the white spots
increased with age at the same level. The role of MCP-1 in AMD pathogenesis is controversial;
some research groups reported that downregulation of MCP-1 suppressed CNV formation
(Yamada et al., 2007), while others showed the AMD-like phenotype in Ccl-2 (identical to MCP-
1) KO mice (Ambati et al., 2003). The former demonstrated that the downregulation of MCP-1
decreased CNV size via reduction of macrophage infiltration, while the latter showed that MCP-
1 deficiency caused less macrophage accumulation and allowed accumulation of C5a and IgG,
which induces VEGF production by RPE and provides an environment permissive for CN'V.
Ccl-2/Cx3crl-deficient mice with aberrant MCP-1 signaling show retinal angiomatous
proliferation, a type of CNV in AMD (Zhou et al., 2011). Considering these previous reports and
our current study together, we speculate that MCP-1 impairment can serve both pro-and anti-
angiogenesis roles depending on the circumstances.

The findings of the present study make a significant contribution to AMD research by
providing an animal model that mimics the human disease. Mimicking human CNV in model
animals has been difficult to date. Laser-induced CNV is currently the only widely used model.
The CNV in the laser-induced model, however, is pathologically different from human CNV
9
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