(data from three selected lines), consistent with stable differentiation.
Furthermore, we confirmed rod induction by labeling with lentiviral
vectors driving GFP from the Rhodopsin and Nrl promoters, either of
which is specifically expressed in rod photoreceptors (Fig. 2L~M).
Whole-cell patch-clamp recording demonstrated that the rod
photoreceptor cell membrane contains voltage-dependent channels,
suggesting that differentiated patient-derived rod cells are electro-
physiologically functional (Fig. 2N-0). Meanwhile, the excluded iPS
cell lines (ones that showed spontaneous differentiation during
maintenance, or had a high copy number of transgenes), demon-
strated a significant diversity of differentiation (Fig. §7). Together,
these data show that patient-derived iPS cells can differentiate into
cells that exhibit many of the immunochemical and electrophysio-
logical features of mature rod photoreceptor cells.

Patient-specific rod cells undergo degeneration in vitro

As compared with normal iPS cells, there is no significant
difference in rod cell differentiation efficiency at day 120 in
K21(RP1)-, PI01(PRPH2)-, and P59(RHO)-iPS cell lines (Fig. 3).
iPS cells from both K11(RP9) and K10(RP9) carried a RP9 mutation;
however, rod cell number was significantly lower than in normal iPS
cells (Fig. 3). We asked whether early death of precursor cells leads to
a smaller number of mature rod photoreceptor cells. To determine
whether genetic mutations induce degeneration in photoreceptors
cells in vitro, we extended the culture period and evaluated the number
of rod photoreceptors at day 150. In differentiated iPS cells from
patient K21(RP1) at day 150, the number of Rhodposin+ cells was
significantly decreased (Fig. 3). For the KI1I-iPS cells, no
Rhodposin+ cells were found at day 150 (Fig. 3). Importantly, some
K11-cells at day 150 were positive for Recoverin (10.3%1.99%) and
Crx, markers for the rod, cone photoreceptors, and/or bipolar cells
(Fig. 2K and data not shown), strongly suggesting that cone
photoreceptor and/or bipolar cells survived, whereas the rod
photoreceptors underwent degeneration i vitro. In addition, we
detected cells positive for Islet] (a marker for retinal amacrine, bipolar
and ganglion cells), again consistent with the survival of other types of
retinal cells (Fig. S6F). From these results, we concluded that mature
rod photoreceptors differentiated from patient iPS cells selectively
degenerate in an RP-specific manner i wtro.
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Figure 3. RP patient-derived rod photoreceptors undergo
degeneration in vitro. iPS cells were differentiated into Rhodopsin+
rod photoreceptors in serum-free culture of embryoid body-like
aggregates (SFEB culture). The percentages of Rhodopsin+ rod
photoreceptors were evaluated at both day 120 and day 150,
respectively. Data were from three independent iPS cell lines derived
from the patients. ANOVA followed by Dunnett’s test. * p<0.05;
*#%p<0,001. Values in the graphs are means and s.e.m.
doi:10.1371/journal.pone.0017084.g003
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Cellular stresses involved in patient-derived rod cells

We next asked how the patient-derived rod photoreceptors
degenerate. We evaluated apoptosis and cellular stresses in each
cell line at both day 100 and day 120, respectively. Interestingly, in
the RP9-iPS (K10 and K11) cells, a subset of Recoverin+ cells co-
expressed cytoplasmic 8-hydroxy-2’-deoxyguanosine (8-OHdG), a
major oxidative stress marker, indicating the presence of DNA
oxidation in RP9 patient-derived photoreceptors by differentiation
day 100 (Fig. 4A and Fig. S$8). More caspase-3+ cells were
presented in the Crx+ photoreceptor cluster of RP9-iPS than in
those from other lines (Fig. 4C-D). After maturation of the rod
photoreceptors from RP9-iPS cells, Rhodopsin+ cells co-expressed
Acrolein, a marker of lipid oxidation (Fig. 4E), while no
Rhodopsin+/Acrolein+ cells were observed in iPS cells derived
from other patients carrying different mutations or in normal iPS
cells (Fig. 4F). This pattern was similar to the cases of 8-OHdG
and activated caspase-3. Thus, we conclude that oxidation is
involved in the RP9-rod photoreceptor degeneration.

In differentiated RHO-iPS (P59) cells, we found that Rhodopsin
proteins were localized in the cytoplasm (Fig. 4G), as determined
by immunostaining with anti-Rhodopsin antibody (Ret-P1). This
pattern is unlike the normal localization of Rhodopsin at the cell
membrane in photoreceptors derived from normal iPS or other
patient-derived iPS cells (Fig. 4H and data not shown). This result
suggests accumulation of unfolded Rhodopsin, as reported
previously in rhodopsin mutant mice cells [13]. We next examined
the possible involvement of endoplasmic reticulum (ER) stress in
RHO-iPS cell line degeneration. The Rhodopsin+ or Recoverin+
cells co-expressed immunoglobulin heavy-chain binding protein
(BiP) or G/EBP homologous protein (CHOP), two conventional
markers of endoplasmic reticulum (ER) stress, from day 120
(Fig. 4K and Fig. 89), while cells derived from control iPS or
other mutant iPS cells were negative for BiP and CHOP
(Fig. 4J,L). Taken together, these results demonstrate that ER
stress is involved in rod photoreceptors carrying a RHO mutation.

Drug evaluation in patient-specific rod cells

The antioxidant vitamins a-tocopherol, ascorbic acid, and B-
carotene have been tested in clinical trials as dietary therapies for
RP [2] and in another major retinal degenerative disease, age-
related macular degeneration [14]. Thus far, mostly due to the
lack of appropriate validation models, there has been no evidence
supporting the beneficial effects of these compounds on rod
photoreceptors. We therefore assessed the effects of these agents
on rod photoreceptors derived from patient iPS cells. In mouse
retinal culture, short-term treatment with o-tocopherol, ascorbic
acid and B-carotene at 100 pM, 200 pM and 1.6 pM, respective-
ly, exerted no significant toxic effects on rod photoreceptor cells
(Fig. $10). Since the differentiated rod photoreceptors underwent
degeneration after day 120, we treated the cells for 7 days with
these agents starting at day 120 (Fig. 2A). a-Tocopherol treatment
significantly increased the number of Rhodopsin+ cells in iPS cells
derived from K11- and K10-iPS with the RP9 mutation, while it
had no significant effects on iPS cells with the either the RP1,
PRPH2 or RHO mutation (Fig. 5). In contrast, neither ascorbic
acid nor B-carotene treatment had any effect on iPS cells of any
genotype (Fig. S11). We cannot currently explain the discrepancy
between the effects of these antioxidants. It has been reported that
under certain circumstances, anti-oxidants can act as “pro-
oxidants” [15]. Taken together, our results indicate that treatment
with a-tocopherol is beneficial to RP9-rod photoreceptor survival,
and causes different effects on Rhodposint cells derived from
different patients.
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P59 (RHO) K21 (RP1)

_K11(RP9) K21 (RP1)

Rho

Rho/Acrolein/DNA Crx/Cas-3/DNA Rec/8-OHdG/DNA

Figure 4. Cellular stress in patient-derived rod photoreceptor cells. Oxidative stress and apoptosis in differentiated rod photoreceptor cells
derived from RP9-iPS (A,C,E) and RP1-iPS (B,D,F). (A) 8-OHdG, a marker for DNA oxidation, was found in K11- or K10-iPS—derived differentiated cells
(day 100), but not in K21-iPS (B). Arrow indicates a cell double-positive for 8-OHdG and Recoverin. (C) The number of activated Caspase-3+ cells was
greater in K11-iPS differentiation than in K21-iPS (D). From day 120, rod photoreceptor cells (Rhodopsin+) derived from RP9-iPS co-expressed the
oxidative stress marker Acrolein (E); whereas RP1-iPS derivatives did not (F). (G-L) Abnormal cellular localization of Rhodopsin proteins and
endoplasmic reticulum stress in RHO-iPS—derived rod photoreceptors. High magnification revealed cytoplasmic localization of Rhodopsin in rod
photoreceptor cells carrying a RHO mutation (G) and a normal localization in the cell membrane in K21 cells (H). Rod cells derived from RHO-iPS co-
expressed the ER stress markers BiP (I) and CHOP (K). K21-iPS—derived rod cells did not express BiP (J) or CHOP (L). Arrows indicate double-positive
cells. Rec, Recoverin; Rho, Rhodopsin. All scale bars are 50 pm except for G and H (20 pm).

doi:10.1371/journal.pone.0017084.g004

been reported previously in any animals or cell models.
Furthermore, we have demonstrated that the antioxidant o-

By using patient-derived iPS cells and in vitro differentiation tocopherol exerts a beneficial effect on RP9-rod cells. Additionally,
technology, we have shown that RP9-retinitis pigmentosa is we have clearly shown that rod photoreceptors derived from
involved, at least in part, in oxidative stress pathways; this has not patients with a RHO mutation are associated with ER stress; this is

Discussion
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Figure 5. Disease modeling of patient-derived rod photoreceptor cells. a-Tocopherol treatment of patient-specific rod photoreceptors
yielded a significant beneficial effect in RP9 mutant cells. Two-way ANOVA Bonferroni post-test showed no significance in other group (n=3-8). Data
represent 1-2 selected iPS cell lines of each patient. ***p</0.001. Values in the graphs are means and s.e.m.
doi:10.1371/journal.pone.0017084.9005
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the first report of ER stress in a cell culture model for human rod
cells. These cell models will be very useful for disease mechanism
dissection and drug discovery. By screening several drugs that had
already been tested in RP patients, we have revealed that rod
photoreceptor cells derived from RP patients with different genetic
subtypes exhibit significant differences in drug responses. Among
the different types of antioxidants, a-tocopherol has either
beneficial or non-beneficial effects on diseased photoreceptors,
depending on the genetic mutation. This is the first report of the
utilization of iPS cells related to personalized medicine, which will
be helpful for routin clinical practice. Our results also provided
cvidence that genctic diagnosis is csscnfial for optimizing
personalized treatment for patients with retinal degenerative
diseases {11]. An important future study made possible by this
work is the screening of a compound library for drugs that could
be used to treat RP. Patient-derived iPS cells revealed dillerences
in pathogenesis and the efficacy of antioxidants among patients
with different disease-causing mutations. Although the microen-
vironment affects the pathogenesis of diseases, and i witro
evaluation is not perfect, this study suggests that iPS cells could
be used to select between multiple available treatments, allowing
physicians to advise each patient individually. The weakness of our
method for disease modeling is that differentiation requires a long
period of time. Shortening the induction period and identifying
appropriate surface markers for rod cells will improve disease
modeling using patient-specific iPS cells.

In brief, we generated pluripotent stem cells from retinitis
pigmentosa patients and induced them into retinal cells.
Compared with normal cells, patient-derived rod cells simulated
the discase phenotype and exhibited different responses to specific
drugs. We found that patient-specific rod cells underwent
degeneration i vitro, which maybe related to different cellular
stresses. To our knowledge, this is the first report of disease
modeling of retinal degeneration using patient-derived iPS cells.

Supporting Information

Figure S1 Pedigrees of K21 (A), P59 (B), Ki0 and K11 (C).
Families of P59 (B) and K10 and K11 (C) show autosomal
dominant mode of inheritance. (C) Mutation analysis was
performed in four patients and two normal relatives in the RP9
family. The H137L mutation in RP9 gene was co-segregated with
the disease in the family. Closed symbols indicate individuals with
RP and open symbols indicate unaffected subjects. Question
marks indicate symptom unknown. The bars above the symbols
indicate examined subjects. Arrow, proband; slash, deceased.

(TIF)

Figure 82 Mutation in the RPY gene. (A) Alighment of RP9
sequence and pseudo-gene shows the same nucleotide in the
mutated location. (B) Sequence chromatogram of cDNA sequence
demonstrates the ¢.410A>T (H137L) mutation in the RPY gene,
instead of the paralogous variant in pseudo-gene which was
documented in RetNet (www.sph.uth.tmc.edu/retnet/disease.
htm).

(JPG)

Figure S3 Selection by colony morphology. (A) iPS colony
(K2154) shows ES-like morphology. (B) Spontaneous differentia-
tion in the colony during maintenance (K21814). Scale bars,
50 pm.

(TTF)

Figure $4¢ Quantification of transgene copy number.
Total copy number of four transgenes in the selected iPS lines.
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Selected iPS cells with fewest integrations and two high copy
number lines used for in vitro differentiation.

(TIF)

Figure 85 Efficiency of RPE induction in patient-iP§
cells. RPE production of the five patient-iPS cells showed no
significant differences (n=4). Data represent the percentage of
RPE area at differentiation day 60. One-way ANOVA followed by
Dunnett’s test. Values are mean and s.e.m.

(TIF)

Figure $6 Induced retinal cells from patient iP$ cells
(K2184). Crx+ photoreccptor precursor cells present in the cell
cluster on differentiation day 60 (A). Crx+ cells co-expressed
Recoverin, indicating differentiation into photoreceptor cells (B).
Rhodopsint cells had a long process at day 150 (C). In the
differentiated cells, we also observed cells positive of PKCa (a
marker for bipolar cells) (D). Cells positive for Math5 and Brn3b
(markers for ganglion progenitor or ganglion cells (day 60) (E).
Cells positive for Islet-I (a marker for amacrine, bipolar and
ganglion cells) (F). Scale bars, 50 um (A, D, E, and F); 20 pm (B
and C).

(TIF)

Figure 87 Differentiation of the patient-iPS cells. iPS
colony was cut into uniform sized pieces (A} and subjected to a
floating culture (P59M8, day 20) (B). RPE (pigmented) and
recoverin+ (green) cells were efficiently induced (P59M8, day 60)
{C). D) An excluded iPS line, P59M16, with high number
transgenes showed a striking lentoid formation during the floating
culture (day 20). Scale bars, 50 ym.

(TIF)

Figure §8 Oxidative stress in photoreceptor cells with
the RP9 mutation (K11). (A) Recoverin, (B) 8-OHdG, (C)
Recoverin/8-OHdG, (D) Recoverin/8-OHdG/DNA. Arrows
indicate cells with weak Recoverin signal positive for 8-OHdG;
Arrowheads represent cells with strong Recoverin signal positive
for 8-OHdG; Asterisks represent Recoverin+ cells negative for 8-
OHJG. Scale bar, 50 pm.

J2G)

Figure S9 ER stress in photoreceptor cells with the
RHO mautation (P59), (A) CHOP, (B) Recoverin, (C)
Recoverin/CHOP, (D) Recoverin/ CHOP/DNA. Arrows indicate
cells with weak Recoverin signals positive for CHOP in nuclei;
Arrowheads represent cells with strong Recoverin signals positive
for CHOP; Asterisks represent Recoverint+ cells negative for
CHOP. Scale bar, 50 pm.

0FG)

Figure S10 Toxicity testing of the antioxidants in
murine retina-derived rod photoreceptor cells. Primary
culture of mouse retinal cells treated with 100 pM a-tocopherol,
200 uM ascorbic acid or 1.6 pM B-carotene for 24 hours and the
rod photoreceptors were counted using flow cytometry. Value
represents the ratio of treated-rod photoreceptors compared with
control cells. n =4. One-way ANOVA followed by Dunnett’s test.
Values are mean and s.e.m. NS, not significant.

JPG)

Figure §11 Differentiated rod cells from normal and
patient iPS cells treated with 200 uM ascorbic acid or
1.6 tM B-carotene did not show statistically significant
differences. Two-way ANOVA Bonlferroni post-test. Values are
mean and s.c.m.

JreG)
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Table §$1 Phenotypic data of the RP patients, M, male; F,
female; AD, age at diagnosis; BCVA, best corrected visual acuity;
HM, hand motion.

(DOC)
Table §2 Antibodies used in the present study.
(DOC)
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Chapter 9

Suppression of Drusen Formation by Compstatin,
a Peptide Inhibitor of Complement C3 activation,
on Cynomolgus Monkey with Early-Onset
Macular Degeneration

Zai-Long Chi, Tsunehiko Yoshida, John D. Lambris, and Takeshi Iwata

Abstract For the past 10 years, number of evidence has shown that activation of
complement cascade has been associated with age-related macular degeneration
(AMD). The genome wide association study in American population with domi-
nantly dry-type AMD has revealed strong association with single nucleotide poly-
morphism (SNP) of complement genes. Protein composition of drusen, a deposit
observed in sub-retinal space between Bruch’s membrane and retinal pigment epi-
thelial (RPE), contains active complement molecules in human and monkey. These
evidences have leaded us to consider the possibility of suppressing complement
cascade in the retina to delay or reverse the onset of AMD. To test is hypothesis
we used the C3 inhibitor Compstatin on primate model with early-onset macular
degeneration which develop drusen in less than 2 years after birth. Our preliminary
result showed drusen disappearance after 6 months of intravitreal injection.

1 AMD and Association of Complement Related Genes

The most prevalent eye disease for elderly Europeans and Americans 1s AMD.
AMD is a blinding disorder characterized by a marked decrease in central vision
associated with retinal pigment epithelial (RPE) atrophy with or without choroidal
neovascularization (CNV). The non-neovascular type is called the dry-type AMD
and includes more than 80% of the cases, and the neovascular type is called the
wet-type AMD which is progressive with a higher probability of blindness. In some
cases of CNV, the new vessels penetrate Bruch’s membrane and pass into the sub-
retinal space. The progressive impairment of the RPE and damage to Bruch’s
membrane and choriocapillaris results in retinal atrophy and photoreceptor
dysfunction.
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Genetic, behavioral, and environmental factors are believed to be involved for
the onset of this disease. The prevalence of AMD differs considerably among the
different ethnic groups, but the incidence increases with age in all groups.
Epidemiological studies have shown that genetic factor play critical role for AMD.
However, only a small proportion of the families with AMD show Mendelian
inheritance, and the majority of the individuals inherit AMD in a complex multi-
gene pattern. With the help of the haplotype marker project (HapMap Project),
genome wide scanning has identified at least 13 loci linked to AMD on different
chromosomes (Iyengar et al. 2004; Schick et al. 2003; Majewski et al. 2003). Other
risk factors such as cigarette smoking, obesity, hypertension, and atherosclerosis
are also associated with the disease.

Recently, a polymorphism of complement factor H (CFH) gene (Y402H) was
shown to be associated with an increased risk for AMD (Klein et al. 2005; Edwards
et al. 2005; Haines et al. 2005; Hageman et al. 2005). These results were confirmed
in many of the countries with large Caucasian populations but not in Japan
(Okamoto et al. 2006; Gotoh et al. 2006). This gene is located on chromosome
1g25-31 where one of the candidate loci was identified by whole genome associa-
tion studies by linkage markers. Another recent study reported that a haplotype
association of tandemly located complement 2 and factor B (Gold et al. 2006) was
protective and C3 (Yates et al. 2007) as risk for AMD. HTRAL, a serine protease
11 was recently discovered to be strongly associated with AMD (Yang et al. 2006;
Dewan et al. 2006). Unlike the CFH, our study shows strongly association with this
gene for Japanese AMD patients (Yoshida et al. 2007). This difference of gene
association is probably related to the difference of AMD type dominant in each
country. Our genome wide association study on Japanese population with typical
wet-type AMD and polypoidal choroidal vasculopathy (PCV) shows significant
association at p-value of 10™'¢ and 107 respectively for ARMS2/Htral locus.
However when much lower associated SNPs of CFH or C3 or combined the odds
. ratio significantly increased (Goto et al. 2009)

2 Activated Complement Component in Drusen

The early stage of the dry-type AMD is characterized by thickening of Bruch’s
membrane, aggregation of pigment granules, and increasing numbers of drusen.
Drusen are small yellowish-white deposits that are composed of lipids, proteins,
glycoproteins, and glycosaminoglycans. They accumulate in the extracellular space
and the inner aspects of Bruch’s membrane. Drusen are not directly associated with
visual loss but represent a risk factor for dry-type AMD. The classification of hard
and soft drusen is based on their size, shape, and color; hard drusen are yellowish
with diameters <50 pum and are found in eyes that are less likely to progress to
advanced stages of the disease, while soft drusen are darker yellow and larger in
size, and are found in eyes more likely to progress to more advanced stages of
AMD.
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Both immunohistochemistry and proteomic techniques have shown that drusen
are composed of molecules that mediate inflammatory and immune processes
(Russell et al. 2000; Mullins et al. 2000). These molecules include components of
the complement pathway and modulators of complement activation, viz., vitronectin,
clusterin, membrane cofactor protein, and complement receptor-1. In addition, mol-
ecules triggering inflammation, amyloid P component, a.1-antitrypsin, and apolipo-
protein E, were identified in drusen. Cellular debris from macrophages, RPE cells,
and choroidal dendritic cells has been also identified in drusen. Additional proteins
such as crystallins, EEFMP1, and amyloid-beta have been found in drusen. The
presence of immunoreactive proteins and the oxidative modifications of many pro-
teins in drusen imply that both oxidation and immune functions are involved in the
pathogenesis of AMD. Finding of these molecules suggest that complement activa-
tion triggers innate immune responses in the subretinal space.

3 Cynomolgus Monkey with Early-Onset
Macular Degeneration

Over the past years non-human primates with well-defined fovea has been the tar-
get for AMD research. A monkey with macular degeneration was first described by
Stafford et al. in 1974. They reported that 6.6% of the elderly monkeys they exam-
ined showed pigmentary disorders and drusen-like spots (Stafford et al. 1984). We
also observed at approximately the same rate of disorder in elderly cynomolgus
monkeys in the Philippines primate facility (SICONBREC) (Umeda et al. 2005a,
b). El-Mofty et al. (1978) reported that the incidence of maculopathy was 50% in a
colony of rhesus monkeys at the Caribbean Primate Research Center of the
University of Puerto Rico. In 1986, a single cynomolgus monkey (Macaca fascicu-
laris) with large number of small drusen in the macula was found in Tsukuba
Primate Research Center at Tsukuba City, Japan (Nicolas et al. 1996a, b; Suzuki
et al. 2003). This single affected monkey has been bred to a large pedigree of more
than 300 monkeys (Fig. 1). Drusen are observed in the macula as early as 2 years
after birth, and the number increase and spread toward the peripheral retina
throughout life (Figs. 2-3). Histological abnormalities of the retina and abnormal
electroretinogram (ERG) were observed in sever case showing physiological dys-
function of the macula.

Immunohistochemical and proteomic analyses of the drusen from these monkeys
showed that the drusen were very similar to those in other monkeys with aged macu-
lar degeneration sporadically found in older monkeys and also with human drusen
(Umeda et al. 2005a, b; Ambati et al. 2003). These observations have shown that
TPRC monkeys produce drusen that are biochemically similar to those in human
AMD patients, but the development of the drusen occurs at an accelerated rate.

More than 240 loci are being investigated to try to identify the disease causing
gene and to understand the biological pathways leading to complement activation.
Simultaneously, we have been studying a colony of aged monkeys in SICONBREC,
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Fig. 1 Fundus photography of affected monkey at TPRC

Left Right

Fig. 2 Fundus photograph of affected monkey showing accumulation of drusen in macula of
both eyes

which develop drusen after 15 years of birth. Drusen components of these sporadically
found affected monkeys were compared with human and TPRC monkeys by
immunohistochemistry and proteomic analysis using ion spray mass spectrometer.
Significant finding was that drusen contained protein molecules that mediate
inflammatory and immune processes. These include immunoglobulins, components
of complement pathway, and modulators for complement activation (e.g., vitronectin,
clusterin, membrane cofactor protein, -and complement receptor-1), molecules
involved in the acute-phase response to inflammation (e.g., amyloid P component,
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Fig. 3 Retinal histological section of affected monkey showing the accumulation of drusen

oul-antitrypsin, and apolipoprotein E), major histocompatibility complex class II
antigens, and HLA-DR antigens (Umeda et al. 2005a, b). Cellular components have
also been identified in drusen, including RPE debris, lipofuscin, and melanin, as well
as processes of choroidal dendritic cells, which contribute to the inflammatory
response. The presence of immunoreactive proteins and oxidative modified proteins
implicate both oxidation and immune functions in the pathogenesis of affected
monkeys.

4 Suppression and Reversal of Drusen Formation
by Compstatin

To test the effect of long term suppression of complement activation in the retina,
an cyclic analogue (Ac-I[CV(IMeW)QDWGAHRC]T-NH2) of the small cyclic
synthetic peptide compstatin (Katragadda et al. 2006) was intravitreally injected
into eight affected monkeys at different dose and intervals. Four affected monkeys
were injected at 1 mg dose at 1 month interval while other four atfected monkeys
at 50 pg dose at 1 week interval. Both 1 mg or 50 pg dose were dissolved in 100 pl
of saline solution, filtrated and intravitreally injected using 30G needle.
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Due to the unique molecular characteristic of compstatin, immediately after
injection, compstatin precipitate and form gel-like structure in the vitreous. This gel
will gradually dissolve and disappear after 6 months. Four monkeys injected with
1 mg for 3 months developed significant opacity to the point where fundus observa-
tion was impossible. These monkeys were halted for further injection. On the other

a Affected Monkey 1 (% 16 years old)

0 month 12 month

Baseline 9 month 12 month

b Affected Monkey 2 (¢ 4 years old)

Baseline 9 month 12 month

Fig. 4 Suppression and reversal of drusen formation after 9 months of intravitreal injection of
50 pl compstatin at 1 week interval
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hand, vitreous of four monkeys with 50 pg dose were clear within 2 days. After 6
months of injection, we noticed diffusion of drusen in the macula and by 9 months
partial disappearance of drusen was observed in all four monkeys (Fig. 4). This
preliminary experiment has shown reversal of drusen formation by suppression of
complement activation. To explain this reversal phenomenon, which has not been
observed in untreated affected monkeys, will require further experiments including
identification of disease causing gene and pathway leading to complement activa-
tion. The information should benefit for development of improved drug and therapy
for future AMD prevention.

All experimental procedures for this primate study were approved by the Animal
Welfare and Animal Care Committee of the TRPC and the Experimental Animal
Committee of the National Tokyo Medical Center. The facilities are accredited by
the Association for Assessment and Accreditation of Laboratory Animal Care
International (AAALAC International). Monkeys were routinely examined for
physical and ophthalmic conditions by veterinarians and by ophthalmologists,
respectively.
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Editor,

targardt disease (STGD) has a

juvenile to young-adult onset,
a rapid decrease of central vision and
a progressive bilateral atrophy of the
sensory retina and retinal pigment epi-
thelium (RPE) in the macula. Yellow-
orange flecks are often detected
around the macula, the midretina and
or both (Rotenstreich et al. 2003).
Mutations in the gene encoding the
ATP-binding cassette transporter gene
(ABCA4) are responsible for autoso-
mal recessive STGD (Allikmets 1997,
Webster et al. 2001). We examined a
patient who had the characteristic
signs of STGD but had good visual
acuity.

A 66-year-old man complained of
photophobia and a paracentral sco-
toma which was present since his
teens and had not worsened. None of
his family members had similar symp-
toms. His visual acuity was 20/15
OU, and ophthalmoscopy identified a
dark brown, well-demarcated area at
the fovea surrounded by RPE atrophy
and flecks (Fig. 1A). Fluorescein angi-
ography showed window defects at

Patient

§ N - 5

10" e

s -\,/-’\,-——;
t0ns (G) 0o

Fig. 1. Fundus photograph (A), fluorescein angiogram (FA) (B), optical coherence tomography
(OCT) (C, D). Humphrey static perimetry (E), and focal macular electroretinograms
(FMERG:S) (F) of an eye of a patient with Stargardt disease. (A) Fundus photograph showing
dark brown, well demarcated area in the fovea surrounded by orange-yellow fiecks in the mac-
ula. (B) FA showing blockage in the foveal area, ring-shaped mottled hyperfluorescence in the
macula, and dark choroid. (C, D) OCT images (C; horizontal, D; vertical) showing well-pre-
served sensory retina and retinal pigment epithelium (RPE) layer in the fovea. In the juxta-
foveal region, an atrophy of both sensory retina and RPE can be seen. The enlarged images
within the red lines are attached. (E) Humphrey static perimetry showing ring-shaped paracen-
tral relative scotoma (10-2 strategy). (F, G) FMERGs showing normal responses elicited by a
S-degree stimulus spot and severely reduced responses elicited by 10-degree and 15-degree spots,

when compared with the age-matched control.

the flecks and a dark choroid
(Fig. 1B). The optical coherence
tomographic (OCT) images showed a
well-preserved sensory retina and nor-
mal thickness RPE at the fovea
(Fig. 1C, D). The foveal area was sur-
rounded by atrophic sensory retina
and RPE. Static perimetry showed
ring-shaped paracentral relative sco-
toma which surrounded the normal
area seeing area of 5° (Fig. 1E). Focal
macular electroretinograms
(FMERGs) also demonstrated a well-
preserved retinal function at the fovea
{Fig. 1F). Compared to age-matched
controls, the FMERGs had normal
responses elicited by a 5-degree stimu-
lus  spot and severely reduced
responses elicited by 10-degree and
15-degree spots (Fig. 1F, G). Genetic
analysis with direct DNA sequencing
of amplified products revealed four
reported polymorphisms (Allikmets

1997; Briggs et al. 2001; Webster et al.
2001; Fukui et al. 2002) and one novel
mutation, Met280Thr, in exon 7 of
the ABCA4 gene (Table 1).

Our patient had clinical findings
that were pathognomonic of typical
STGD, except that the clinical course
was stationary and he had 20/15
vision because of well-preserved foveal
function. The preserved foveal area
was small and well demarcated. Visual
acuity, fundus appearance, OCT
images, static perimetry and FMERGs
supported the well-preserved foveal
function. We report our case because
the patient had a unique phenotype
with a novel putative mutation in the
ABCA4 gene, not yet shown to segre-
gate with the disease.

The well-demarcated dark brown
foveal RPE appeared to be hyperpig-
mented although the thickness mea-
sured by OCT was 29 yum which was
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Table 1. ABCA4 GENE MUTATION AND Polymorphisms.

Nucleotide
Exon Change Effect Changes Het/Hom References
Mutation
7 c.839T>C p-Met280Thr Het Present study
Polymorphisms
10 c.1269C>T p-His424His Hom Webster AR et al.
45 c.6249C>T p.Ile20831le Het Allikmets R et al.
46 c.6285T>C p.Asp2095Asp Het Briggs CE et al.
49 c.6764G>T p-Ser22551le Het Allikmets R et al.

The translational start codon ATG/methionine is numbered as +1. One novel disease-associ-
ated mutation [c.839T >C (p.Met280Thr)] was found. References of previously reported poly-

morphisms are indicated.
Het, heterozygote; Hom, homozygote.

within normal limits. The findings in
our case could indicate that the non-
atrophic foveal RPE had an effect in
preserving the foveal morphology and
function.

The inheritance of STGD is autoso-
mal recessive; however, our patient
had four polymorphisms and one het-
erozygous gene mutation ¢.839T>C
in exon 7 in the ABCA4 gene. A sec-
ond mutation was not found, but it
may well exist outside of the coding
sequence of the ABCA4 gene. The
new mutation in our patient was
located outside the known functional
domains of ATP-binding or trans-
membrane site (Lewis etal. 1999),
which may explain the mild effect of
the missense mutation. We should

also consider a modifier gene effect in
our patient.

Although the relationship between
the new mutation of the ABCA4 gene
and the well-preserved foveal structure
is unresolved, the unique phenotype
and genotype of our patient may give
additional information on the mecha-
nism of photoreceptor degeneration in
eyes with STGD.

References

Allikmets R (1997): A photoreceptor cell-spe-
cific ATP-binding transporter gene (ABCR)
is mutated in recessive Stargardt macular
dystrophy. Nat Genet 17: 122.

Briggs CE, Rucinski D, Rosenfeld PJ,
Hirose T, Berson EL & Dryja TP (2001):

Mutations in ABCR (ABCA4) in patients
with Stargardt macular degeneration or
cone-rod degeneration. Invest Ophthalmol
Vis Sci 42: 2229-2236.

Fukui T, Yamamoto S, Nakano K etal.
(2002): ABCA4 gene mutations in Japanese
patients with Stargardt disease and retinitis
pigmentosa. Invest Ophthalmol Vis Sci 43:
2819-2824.

Lewis RA, Shroyer NF, Singh N ctal.
(1999): Genotype/Phenotype analysis of a
photoreceptor-specific  ATP-binding  cas-
sette  transporter gene, ABCR, in
Stargardt discase. Am J Hum Genet 64:
422-434.

Rotenstreich Y, Fishman GA & Anderson
RJ (2003): Visual acuity loss and clinical
observations in a large series of patients
with Stargardt disease. Ophthalmology
110: 1151-1158.

Webster AR, Heon E, Lotery AJ etal
(2001): An analysis of allelic variation in
the ABCA4 gene. Invest Ophthalmol Vis
Sci 42: 1179-1189.

Correspondence:

Kazushige Tsunoda, MD
Laboratory of Visual Physiology
National Institute of Sensory Organs
2-5-1 Higashigaoka

Meguro-ku

Tokyo 152-8902

Japan

Tel: + 81 33411 0111 ext. 6615
Fax: + 81 3 3412 9811

Email: tsunodakazushige@kankakuki.go.jp




Exp. Anim. 59(2), 171-182, 2010

—Original —
Comparative Proteomic Analyses of Macular and

Peripheral Retina of Cynomolgus Monkeys
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Abstract: The central region of the primate retina is called the macula. The fovea is located
at the center of the macula, where the photoreceptors are concentrated to create a neural
network adapted for high visual acuity. Damage to the fovea, e.g., by macular dystrophies
and age-related macular degeneration, can reduce central visual acuity. The molecular
mechanisms leading to these diseases are most likely dependent on the proteins in the
macula which differ from those in the peripheral retina in expression level. To investigate
whether the distribution of proteins in the macula is different from the peripheral retina,
proteomic analyses of tissues from these two regions of cynomolgus monkeys were compared.
Two-dimensional gel electrophoresis and mass spectrometry identified 26 proteins that were
present only in the macular gel spots. The expression levels of five proteins, cone photoreceptor
specific arrestin-C, y-synuclein, epidermal fatty acid binding protein, tropomyosin 1a chain,
and heterogeneous nuclear ribonucleoproteins A2/B1, were significantly higher in the macula
than in the peripheral retina. Immunostaining of macula sections by antibodies to each
identified protein revealed unique localization in the retina, retinal pigment epithelial cells
and the choroidal layer. Some of these proteins were located in cells with higher densities
in the macula. We suggest that it will be important to study these proteins to determine their
contribution to the pathogenesis and progression of macula diseases.
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Introduction

The macula is an oval-shaped, highly pigmented spot
near the central region of the primate retina. It is ap-
proximately 2.0 mm in diameter in humans [31] and 1.0
mm in macaque monkeys [36-38]. The fovea is located
at the center of macula where the retinal thickness is
reduced to approximately 0.1 mm and consists of only
the retinal pigment epithelium (RPE), photoreceptor
layer, external limiting membrane, outer nuclear layer,
outer plexiform layer, and inner limiting membrane [30].
The cone density in the foveal pit is the highest in the
retina, and rods, retinal ganglion cells (RGCs), and blood
vessels are not present. These cones are connected to
large numbers of RGCs, which are highly dense at the
parafovea [31]. The cone-dense fovea mediates high-
acuity central vision, and any damage to the macula can
lead to severely depressed central visual acuity as ob-
served in patients with macular dystrophies and age-
related macular degeneration (AMD).

Because of the unique cellular organization of the
macula, investigators have performed comprehensive
gene expression studies of the macula and peripheral
retina using DNA microarray analysis or Serial Analysis
of Gene Expression (SAGE). Sharon et al. used SAGE
to show that several genes are preferentially expressed
in the human macula and RPE. Most of these genes are
associated with the function of the RGCs, and were pre-
sumably detected because of the high density of RGCs
in the macula [35). Bowes Rickman et al. also performed
SAGE on human retinas and isolated RPE cells and
identified genes that are abundantly expressed in cones,
RGCs, and RPE cells [3]. Ishibashi et al. performed 4
K DNA microarray analysis on RPE cells from the
macula and reported five differentially expressed genes
which were confirmed by real-time PCR [18]. Recently,
Radeke ef al. [32] and van Soest et al. [48] used 22 K
DNA microarray analyses and identified a number of
genes that were differentially expressed in the macula
and peripheral retina. In each study, five of these genes
were found to be highly expressed in RPE cells in the
macula. van Soest et al. showed by immunohistochem-
istry that the WAP four-disulfide core domain 1, one of
the highly expressed proteins, is present in the RPE cells
in the macula. However, the expression level of the

mRNAs does not always correlate with the expression
levels of the proteins.

Recent technical advances in proteomics allow the
direct determination of the protein profile of body fluids
and tissue homogenates. Proteomic analyses of the
retina were first performed by Nishizawa et a!. [28], and
several groups have catalogued the retinal proteins using
single or two-dimensional (2D) gel electrophoresis fol-
lowed by mass spectrometry (MS) analysis [I, 5, 50].
Ethen et al. examined cadaver eyes with AMD by pro-
teomic analyses and reported that the expression of
proteins changed with the progression of AMD, and the
changes in the macula were different from those in the
peripheral retina [10]. These findings indicate that the
macular region of the retina is different from the periph-
eral retina not only in its morphology but also in its
protein content.

Proteomic studies of the macula are difficult to per-
form because of the lack of fresh human eyes, and small
sample size of the macula. To overcome these problems,
we selected non-human primate eyes of the cynomolgus
monkey (Macaca fascicularis). The retina and visual
system of macaque monkeys are quite similar to those
of humans [14, 29], and monkeys with characteristics of
macular diseases have been reported by many investiga-
tors [9, 16, 19, 25, 39, 40] as well as our previous stud-
ies [26,27,44-47]. Thus, the purpose of this study was
to identify proteins present at high levels in the macula
to better understand the biology of this unique tissue.
To accomplish this task, we performed proteomic anal-
yses on retinal tissues obtained from the macular region
and the periphery for comparison.

Materials and Methods

Preparation of cynomolgus monkey eyes

All experiments on monkeys were approved by the
Animal Ethics Committee of the Tsukuba Primate Re-
search Center (TPRC) and were conducted in accordance
with The Association for Research in Vision and Oph-
thalmology Statement for the Use of Animals in Oph-
thalmic and Vision Research. Eight eyes from eight
normal female cynomolgus monkeys (Macaca fascicu-
laris) whose ages ranged between 13 to 19 years were
studied. Eyes were removed approximately one hour
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after death and treated with RNAlater (Applied Biosys-
tems, Tokyo, Japan). Other tissues from these animals
were used by other research groups at the TPRC. Three-
millimeter-diameter pieces of macular and peripheral
retina containing neural retina, RPE and choroidal layer
were punched out and frozen until use. The proteins
extracted from the tissues of eight eyes were pooled for
the analyses.

Protein extraction and 2D-gel electrophoresis

The proteins from the macula and peripheral retina
were extracted after homogenization and sonication in
sample buffer [7 M urea, 2 M thiourea, 4% CHAPS, 50
mM DTT, 40 mM Tris, 0.2% Bio-Lyte 3/10 (Bio-Rad,
Hercules, CA, USA)]. After centrifugation for 15 min
x 3 at 14,000 rpm (20,800 x g), the supernatant was
collected. The lysate was precipitated using Ready Prep
2D cleanup kit (Bio-Rad) and redissolved in sample buf-
fer. The protein concentration was determined with the
RC-DC protein assay kit (Bio-Rad) according to the
manufacturer’s instruction. Protein samples (300 ug)
were separated by isoelectric focusing (IEF) using 17-cm
immobilized pH gradient (IPG) strips. After 12to 16 h
of rehydration at 20°C, the 1EF sample was used for the
first dimension with an initial voltage of 250 V for 15
min and then increased to 10,000 V for 3 h and held
until 60,000 V-h was reached. Immediately after the IEF,
the IPG strips were stored at —20°C until the equilibration
step was carried out. The IPG strips were equilibrated
for 20 min in buffer containing 6 M urea, 2% SDS,0.375
M Tris (pH 8.8), and 20% glycerol under reduced condi-
tions with 2% DTT, followed by another incubation for
10 min in the same buffer under alkylating conditions
with 2.5% iodoacetamide. The equilibrated IPG strips
were electrophoresed for the second dimension using
12% acrylamide gels. Two dimensional gel electropho-
resis was performed at four different pH ranges, viz., pH
3-10, 4-7, 5-8, and 7-10. After the 2D gel electropho-
resis, the proteins were stained with SYPRO Ruby (Bio-
Rad). The images for the macula and peripheral retina
were compared with ImageMaster 2D Platinum ver.5.0
(GE Healthcare Bio-Sciences, Piscataway, NJ, USA) fol-
lowed by visual inspection. The gel spots numbered in
Fig. 1 were excised. Two dimensional gels of peripheral
retina were stained with Bio-safe Coomassie (Bio-Rad).

Then, 46 spots from the Coomassie-stained gel were
excised (Fig. 1, Peripheral Coomassie).

In gel digestion and LC-MS/MS analyses

Each gel piece was cut into approximately one cubic
millimeter and washed twice with 50 mM ammonium
bicarbonate/50% acetonitrile. After destaining, the gel
pieces were rinsed with distilled water, and incubated
with acetonitrile for 20 min. The supernatant was dis-
carded and the gel pieces were completely dried before
incubation with 10 mM DTT in 100 mM ammonium
bicarbonate for 45 min at 56°C. The supernatant was
discarded and the pieces were incubated in the dark with
35 mM iodoacetamide in 100 mM ammonium bicarbon-

. ate (30 min, at room temperature). The supernatant was

discarded, and the gels were washed three times. Fi-
nally, the gel pieces were completely dried before tryptic
digestion in sequencing grade trypsin solution (12.5 ng/
u}; Promega, Madison, WI, USA) in 50 mM ammonium
bicarbonate. The digestion was performed at 37°C over-
night, and the extraction step was performed once with
25 mM ammonium bicarbonate, twice with 5% formic
acid, and finally with distilled water. The extracted pep-
tides were pooled and dried. After re-suspending in 40
plof aqueous 0.01% trifluoroacetic acid/2% acetonitrile,
the samples were analyzed by LC (liquid chromatography)-
MS/MS. LC-MS/MS was performed with a combined
Paradigm MS4 (Michrom BioResources, Auburn, CA,
USA) and an ESI mass spectrometer (LCQ Deca XP plus
or Finnigan LTQ, Thermo Fisher Scientific, Yokohama,
Japan; assembled by AMR Inc., Tokyo, Japan). For the
LCQ analysis, sample peptides were separated in nano
column (AMR Inc.) with solvent A (2% acetonitrile/0.1%
formic acid) and B (90% acetonitrile/0.1% formic acid)
at flow rate of 0.6 ul/min, gradient of 5 to 95% solvent
B over 40 min. For the LTQ analysis, peptides were
separated on Magic C18 (Michrom BioResources) with
solvent A and B, a flow rate 1.5 ul/min, gradient of 5 to
95% solvent B over 30 min. The identification of the
proteins from the MS/MS spectra was performed using
protein identification software (Bioworks ver.3.1, Thermo
Fisher Scientific) and UniProtKB/Swiss-Prot database
(Release 48.8) which was preliminarily extracted by the
species “human” (13,361 entries). Peak list generation
and database searches were performed with the following



174 H. OKAMOTO, ET AL,

parameters: mass tolerance for precursor ions, 2.5 amu;
mass tolerance for fragment ions, 0.00 amu; enzymatic
cleavage position, after lysine or arginine; number of
missed cleavage sites permitted, 2; fixed modification,
carbamide-methylation (+57.02 Da) for cysteine; variable
modification, oxidation (+16 Da) for methionine. The
peptide sequences were filtered by delta Cn score and
peptide Cross Correlation (XC) score. The threshold
level of delta Cn scores was >0.1 for peptide sequences
from both measurement devices. The threshold levels of
XC scores for each charge (+1/+2/+3) were >1.5/2.0/3.7
for LCQ and >1.9/2.2/3.7 for LTQ. Then, the correlations
between the observed in gel images and the theoretical
molecular weight and pl were considered. When peptides
matched multiple members of the protein family, the
protein which had the most number of peptides that
matched the amino acid sequence was selected. In case
of equal numbers, both proteins were listed.

Western blotting and immunohistochemical analysis of
macula

Five to fifteen micrograms of macula or peripheral
retinal homogenates were diluted in a double volume of
SDS buffer and separated by 1D-PAGE followed by
transfer to PVDF (polyvinylidene difluoride) membrane.
Membranes were blocked with blocking solution (Block-
ing Solution Concentrate, KPL, Gaithersburg, MD,
USA), skim milk, or BSA dissolved in PBS and probed
with one of the following primary antibodies (Abs):
chicken Ab to human arrestin-C (GenWay Biotech, San
Diego, CA, USA), rabbit Ab to human synuclein gamma
(Novus Biologicals, Littleton, CO, USA), rat Ab to hu-
man epidermal fatty acid binding protein (E-FABP)
(R&D Systems, Minneapolis, MN, USA), rabbit Ab to
tropomyosin Br-1, Br-3 (CHEMICON International,
Temecula, CA, USA), mouse Ab to chicken tropomyosin
TM311 (Abcam, Cambridge, UK), and goat Ab to human
heterogeneous nuclear ribonucleoproteins (hnRNPs) A2/
B1 (Santa Cruz Biotechnology, Santa Cruz, CA, USA).
The specific signals were detected with one of the fol-
lowing secondary antibodies: horseradish peroxidase
(HRP)-conjugated goat Ab to mouse IgG (Jackson Im-
munoResearch Laboratories, West Grove, PA, USA),
HRP-conjugated goat Ab to rabbit IgG (Pierce, Rockford,
IL, USA), HRP-conjugated rabbit Ab to chicken/turkey

1gG (Zymed Laboratories, South San Francisco, CA,
USA), HRP-conjugated donkey Ab to goat IgG (Jackson
ImmunoResearch Laboratories), HRP-conjugated goat
Ab to rat IgG (Zymed Laboratories). The signals were
made visible by chemiluminescence reactions and exam-
ined with a chemiluminescence imager (Lumi-Imager
F1; Roche Diagnostics, Tokyo, Japan). An enucleated
eye from a normal female cynomolgus monkey (age 13
years) was fixed in 10% neutralized and buffered form-
aldehyde solution at 4°C overnight and then dehydrated.
The specimens were embedded in paraffin and serially
sectioned at 4 ym thickness. The specimens were treat-
ed for antigen retrieval by autoclaving in Target Re-
trieval Solution (Dako, Carpinteria, CA, USA) for 20
min at 121°C. The sections were thén blocked with Dako
Protein Block (Dako) or skim milk or BSA in PBS. The
primary antibodies were the same as used for the western
blotting, and rabbit Ab to human platelet/endothelial cell
adhesion molecule (PECAM]1) (Proteintech Grroup,
Chicago,IL, USA). For signal detection after rinsing off
the primary antibodies, the sections were incubated with
one of following secondary antibodies: Alexa 488-con-
jugated goat Ab to anti-mouse I1gG, Alexa 568-conju-
gated goat Ab to anti-mouse IgG, Alexa 488-conjugated
goat Ab to anti-rabbit IgG, Alexa 568-conjugated goat
Ab to anti-rabbit IgG, Alexa 488-conjugated donkey Ab
to anti-goat IgG, Alexa 568-conjugated goat Ab to anti-
chicken IgG, and Alexa 488-conjugated goat Ab to anti-
rat IgG (all secondary antibodies from Invitrogen, Tokyo,
Japan). After rinsing off the antibodies, the sections were
examined by confocal laser scanning microscope (Radi-
ance 2100, Bio-Rad). The cell nuclei were stained with
DAPI (4’ 6-diamino-2-phenylindole). To determine the
location of the signals, one of the sections was stained
with hematoxylin and eosin.

Results

Identification of macula enriched proteins
Approximately 700 spots were detected in the macular
and peripheral retinal tissues in the 2D gel stained with
SYPRO Ruby (pH range 3-10; Fig. 1A). Sixty percent
of these spots were found in both samples. Butt et al.
have described the difficulties of IEF separation by
RNAlater contaminations [4]. Our samples were de-
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Fig. 1. Separation of monkey retina proteins on 2D gels. Proteins extracted from the peripheral retina and macula (300 g each) were
isoelectric focused at four different pH ranges; pH 3-10 (A), 4-7 (B), 5-8 (C), 7-10 (D). Then the IPG strips were separated
on 12% SDS-page gels and stained by SYPRO Ruby. Forty spots marked by spot IDs were unique to the macula gel images
and identified by LC-MS/MS. Boxed areas (a-f, Peripheral-SYPRO Ruby; a’~f’, Macula-SYPRO Ruby) correspond to the
enlarged images in Fig. 2. Two dimensional gels of peripheral retina were also stained by Bio-safe Coomassie. Forty-six spots
marked by spot number were identified by LC-MS/MS.



