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Abstract Retinal pigment epithelial (RPE) cells play
an important role in normal functioning of retina and
photoreceptors, and some retinal degenerations arise due to
malfunctioning RPE. Retinal pigment epithelium transplan-
tation is being explored as a strategy to rescue degenerating
photoreceptors in diseases such as age-related macular de-
generation (AMD) and retinitis pigmentosa (RP). Addition-
ally, RPE-secreted factors could rescue degenerating
photoreceptors by prolonging survival or by their ability to
differentiate and give rise to photoreceptors by transdiffer-
entiation. In this study, we have explored what role cell
density could play in differentiation induced in a human
retinal progenitor cell line, in response to RPE-secreted
growth factors. Retinal progenitors plated at low (1x
10* cells/cm?), medium (2-4x10* cells/cm?), and high
(1x10° cells/cm?) cell density were exposed to various
dilutions of RPE-conditioned medium (secreted factors) un-
der conditions of defined medium culture. Progenitor cell
differentiation was monitored phenotypically (morphologi-
cal, biochemical analysis, and immunophenotyping, and
western blot analysis were performed). Our data show that
differentiation in response to RPE-secreted factors is mod-
ulated by cell density and dilutions of conditioned medium.
We conclude that before embarking on RPE transplantation
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as a modality for treatment of RP and AMD, one will have
to determine the role that cell density and inhibitory and
stimulatory neurotrophins secreted by RPE could play in the
efficacy of survival of transplants. We report that RPE-
conditioned medium enhances neuronal phenotype (photo-
receptors, bipolars) at the lowest cell density in the absence
of cell—cell contact. Eighty percent to 90% of progenitor
cells differentiate into photoreceptors and bipolars at 50%
concentration of conditioned medium, while exposure to
100% conditioned medium might increase multipolar
neurons (ganglionic and amacrine phenotypes) to a small
degree. However, no clear-cut pattern of differentiation in
response to RPE-secreted factors is noted at higher cell
densities.

Keywords Retinal progenitors - Retinal pigment
epithelium - Secreted factors - Differentiation - Density

Introduction

Various ocular diseases, including retinitis pigmentosa, cone
dystrophy, and age-related macular degeneration, are char-
acterized by a loss of photoreceptor cells, leading to blind-
ness [1]. Some of the strategies currently being explored for
treatment of retinal diseases (RP, AMD) are tissue replace-
ment and the rescue of degenerating photoreceptors by
exogenously provided neurotrophins.

Cells/tissues being tested for replacement include retinal
progenitors, sheets of photoreceptors from cadavers, and
retinal/retinal pigment epithelial (RPE) sheets, including
some thoughts to transplantation of RPE which could rescue
degenerating retina by secretion of neurotrophins or by
transdifferentiation into photoreceptors after transplantation
[2-9]. Other suggestions are transplantation of partially
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differentiated progenitors to transplantation of 3-D constructs
of retina generated from progenitors in a 3-D bioreactor
culture [7, 10-12]. Others are proposing transplantation of
RPE induced from pluripotent stem cells, which could differ-
entiate into photoreceptors in vivo [13].

Photoreceptors have a highly evolved phenotype, and
cell—cell interaction is critical to maintenance of this pheno-
type. A potential source of interaction is cells within the
retina (Muller, horizontal, bipolar, etc.), as well as adjacent
tissue such as the RPE [14—17]. Retinal/RPE interactions are
critical not only during development but also vital for nor-
mal functioning of adult retina. Soluble secreted signals
could induce or modify interaction between various retinal
cell types, specifically photoreceptors [18]. In vivo retina
develops from multipotential progenitors in which cell—cell
interaction seems to play a critical role.

Although cell—cell interactions have been reported, there
are also reports to confirm that in chick, primate, and human
retinal cell lines, photoreceptors could develop independent
of cell—cell interaction, which could be a specific trait of
cone-rich retina. However, for rodent photoreceptor
development, cell—cell interaction seems vital [19, 20].
Others have reported photoreceptor differentiation in chick
retinal cultures and human retinal cell lines in the absence of
cell—cell contact [21-23].

Short-range signals, such as growth factors and hormones,
appear to be necessary to induce specific retinal cell types [16,
24-27]. In particular, fibroblast growth factor (FGF) signaling
has been implicated in retinal cell fate choice. Members of the
FGF family [28-31] and their receptors [32, 33] are expressed
in the developing retina of many species.

Of these, only the effects of basic fibroblast growth factor
(bFGF) on retinal cell genesis in vivo and in culture have
been investigated in detail. Basic fibroblast growth factor
influences the specification of several different retinal cell
types including retinal ganglion cells [34, 35] and Muller
glia [36]. In Xenopus, pigment epithelium treated with
bFGF transdifferentiates, generating all retinal cell types
including both neural retina and glia [37]. We have reported
that bFGF and transforming growth factor alpha (TGFx)
induce photoreceptor differentiation in this retinal progenitor
cell line in a density-dependent manner [23, 38].

It has been suggested by some that chick photoreceptor
differentiation seen in low-density cultures reported by
Adler and Hatlee [21] could be due to signaling molecules
provided from culture medium in the form of growth fac-
tors. It has been suggested that growth medium itself con-
tains both stimulatory and inhibitory molecules and some
factors could have opposing effects across species [27].
Some of the factors implicated in photoreceptor differentia-
tion and maintenance are bFGF, ciliary neurotrophic factor
(CNTF), TGF«, etc. [23, 39, 40]. Ezeonu et al. [23] have
shown density-dependent photoreceptor differentiations in

response to bFGF and TGF« in their in vitro studies with a
human progenitor cell line.

Multipotential retinal progenitors have been induced to-
ward photoreceptor phenotype by transfection with recep-
tors and exposure to growth factors (bFGF, TGFx, CNTF,
etc.) In vivo signaling molecules, necessary for differentia-
tion, could be provided by retina or RPE.

The RPE is developmentally and anatomically close to
the neural retina. Unlike retinal neurons, RPE cells are non-
neural and can reenter the cell cycle on stimulation. Further-
more, their progenies may differentiate into cell types other
than RPE. Classical experiments show that embryonic chick
RPE at early developmental stages can be triggered to trans-
differentiate into a neural retina. This RPE-to-retina trans-
differentiation occurs in vivo and in vitro under the
induction of fibroblast growth factor. We have shown that
adult RPE can be induced into neuronal phenotype by
transfection of H-ras Val [12] gene [41].

Cultured RPE cells secrete numerous growth factors in-
cluding pigment epithelium-derived factor (PEDF), bFGF,
epithelial growth factor, nerve growth factor (NGF), vascu-
lar endothelial growth factor, brain-derived neurotrophic
factor (BDNF), etc. We have shown that a higher degree
of differentiation in retinal progenitor cells cultured in a
bioreactor is mediated by upregulation of bFGF, TGF«,
CNTF, and BDNF [42].

We have a well-characterized system of human multipo-
tential retinal progenitor cell lines in which retinal cell
differentiation can be monitored in response to neurotro-
phins [10, 11, 23, 42—44] or 3-D culture models of growth
[10]. Our results show that in monolayer culture, photore-
ceptor differentiation occurs in response to bFGF and TGFx
in a density-dependent manner confirming the studies of the
default model of cone photoreceptor differentiation estab-
lished by Belecky-Adams et al. [22].

Also, in a 3-D model of retinal progenitor differentiation,
we have shown that retinal progenitors and RPE cells ex-
press bFGF, TGF«, CNTF, and BDNF levels that are much
higher in 3-D culture when compared to monolayers [42]. In
the present study, we have explored the role of RPE-secreted
factors in monolayer cultures (conditioned media on a non-
transformed human retinal cell line) [43, 44] characterized
in monolayer culture [23, 38] and 3-D culture [10, 11, 42].

In this study, we report:

1. Conditioned medium from RPE enhances neuronal
differentiation in this progenitor cell line in a dose- and
density-dependent manner, inducing neurons with long,
extended neurites. The majority of the neurons generated
have photoreceptor or bipolar phenotype. The degree of
differentiation is inversely proportional to cell density.
The highest degree of differentiation is seen at the lowest
cell density.
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2. Cells with neuronal phenotype express photoreceptor and
bipolar cell markers AaNAT, D, receptor, rhodopsin, and
PKCa.

3. Also, the RPE-secreted factor effect on photoreceptor
differentiation is maximum at 50% dilution of conditioned
medium, suggesting that RPE-conditioned medium
contains both stimulatory and inhibitory signals for
photoreceptor differentiation.

4. We suggest that one of the factors responsible for
photoreceptor differentiation could be bFGF.

Materials and methods

The spontaneously immortalized human progenitor cell line
in passages 50 and 52 was used in this study. The well-
characterized cell line [23, 43, 44] is from a clone, which
became spontaneously immortalized. The cell line has been
tested and is negative for SV-40T antigens. D407 [45], a
retinal pigment epithelial cell line, was a generous gift from
Dr. Richard Hunt (Department of Microbiology University
of South Carolina at Columbia). The cells used in this study
were at passage 72 [45].

Cell culture

Both of the cell lines were maintained routinely in Dulbecco
modified Eagle medium (DMEM): nutrient mixture F-12
1:1(Ham) (Bethesda, MD, USA) supplemented with 10%
fetal bovine serum (Hyclone Laboratories, Logan, UT,
USA), 10% serum plus supplement (JRH Biosciences,
Lenexa, KS, USA), 2 mM L-glutamine, 0.075% sodium
bicarbonate, penicillin 100 U/ml, and streptomycin
100 pg/ml (GIBCO) [43, 44].

Mitogenic and differentiation potential of RPE-secreted
factors

To determine the role of RPE-secreted growth factors
on cell proliferation and differentiation, cells were plat-
ed at three densities. To determine the potential role of
growth factors in cell differentiation and proliferation,
cells were plated at a density of 1x10* cells/cm? (low),
2-4x10* cells/cm® (medium), or 1x10° cells/cm® (high)
on plastic culture dishes or glass coverslips placed in
tissue culture wells. The cells were allowed to attach in
serum-containing medium for 6 h and subsequently
switched to serum-free defined medium comprising
DMEM: F-12 (Ham) nutrient mixture (1:1) supple-
mented with 2 mM HEPES buffer, putrescine 8.8 ng/
ml, transferrin 10 pg/ml (Sigma Chemical, St. Louis,
MO, USA), 2 mM L-glutamine, insulin 5 pg/ml, and
penicillin (100 U/ml)-streptomycin (100 pg/ml).
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Collection of RPE-conditioned medium

Retinal pigment epithelial cells in passages 7071 were plated
in 75-cm® flasks in complete medium (serum and serum
supplement) described above and allowed to grow to conflu-
ency. At this time, serum-containing medium was discarded,
and excess 40-ml serum-free DMEM/F12 (1:1) with antibi-
otics was added for 24 h. After this point, medium was
discarded. Additional serum-free medium (40 ml) was added
to the flask for an additional 24-36 h and discarded. To collect
RPE-secreted factors from these confluent RPE serum-
depleted cultures, 7-8 ml of serum-free medium was added
and conditioned medium collected twice. The twice collected
conditioned medium was pooled and filtered through 22-um
Millipore filter and frozen at —20°C. Conditioned medium
was added, either straight (100%) or diluted (50%, 25%,
12.5%), for various analyses to be performed.

Mitogenic potential of RPE-secreted factor

To determine the mitogenic potential, the cells were plated at a
density of 1x10* or 4x 10 cells/cm?® and allowed to attach in
5% serum-containing medium for 4-6 h and subsequently
switched to serum-free medium for an additional 18-24 h.
The medium was discarded and cells were cultured in condi-
tioned medium at 100%, 50%, 25%, and 12.5% concentration.
Controls included serum-containing and serum-free cultures.

After overnight equilibration in defined medium, the cells
were exposed at 100%, 50%, 25%, and 12.5% in RPE-
conditioned medium. Tritiated thymidine (NEN, Boston,
MA, USA) was added to the cultures (4 uCi/ml) for 24 h.
Trichloroacetic acid (TCA) precipitation was performed by
lysing the cells with 0.3 M sodium hydroxide and trapping the
DNA on GS filters (0.22 um) (Millipore Corporation, Bed-
ford, MA, USA). The filters were washed twice with cold
10% TCA before counting in a Beckman scintillation counter
(Beckman Instruments, Inc., Fullerton, CA, USA). Total pro-
tein content was measured by Lowry’s method. The mean
counts per minute and standard deviations were calculated,
and values were expressed as counts per minute per milligram
of protein. Increased counts per minute values were correlated
with increased cell proliferation and mitogenic activity of
growth factors. The experiment was repeated at least three
times, and each experiment had three to five replicates. The
data represent a single experiment with five samples.

Morphological analysis of the retinal progenitors exposed
to RPE-conditioned medium

To determine the effects of growth factors on cell differentia-
tion, retinal cells in passages 50-52 were plated at different
densities on plastic culture dishes or on dishes coated with
polylysine (Sigma). The cells were allowed to attach in serum-
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containing medium before being switched to serum-free de-
fined medium. After overnight equilibration in defined medi-
um, the cells were treated with different dilutions of
conditioned medium.

Cells plated at low, medium, and high cell density were
exposed to varying concentrations of conditioned medium and
scored by counting various neuronal cell types. The scoring
was done by two separate individuals in a blind study. Simul-
taneously, phase contrast morphology and scanning electron
micrographs were generated. Cultures were monitored and
scored at days 1, 2, and 3. The experiment was repeated three
times. Current data are from a single experiment average of
three to five flasks/culture/dose condition.

Progenitors have epithelial morphology; ganglions have
large cell body and multiple processes. Bipolar cells have
small, rounded cell bodies and two very thin-cell processes
on both sides. Cones have short neurites on one side and
rods elongated with a slender shape.

Immunophenotyping of neurons generated in response
to RPE-conditioned medium

Immunophenotyping was performed on cells plated at a den-
sity 1x 10 cells/cm?. This density revealed the highest degree
of neuronal differentiation, and the RPE-conditioned medium
was tested at 50%. Cells were plated on polylysine-coated
coverslips and exposed to conditioned medium for 3648 h
and processed for immunolabeling by our previously published
protocols [23, 38]. Cells plated at low density in serum-free
culture were exposed to 50% conditioned medium and
assessed for the expression of various antigens by western blot
analysis to confirm immunophenotyping data at the same time.

Immunophenotyping of cells

Cells were fixed in 4% paraformaldehyde in phosphate-
buffered saline (PBS) for 20 min at room temperature and
permeabilized with 0.2% Triton X-100 at 37°C for 10 min.
Nonspecific binding was blocked by treatment with 10% goat
serum overnight at 4°C or 37°C for 1 h. Controls were
included in each determination by the omission of primary
and secondary antibodies. Cells were reacted with the primary
antibody at room temperature for 1 h and the secondary
antibody for 1 h at room temperature. Secondary antibodies
used were goat anti-rabbit Alexa Fluor 488 dilution (1:500)
color green and goat anti-rabbit Alexa Fluor 594 dilution
(1:500) color red (Source, Molecular Probes, Eugene, OR,
USA). Nuclear staining is DAP1 blue. All proteins were green
except neurofilament protein, which is identified by the color
red. Superimposed blue (DAP1) over red neurofilament pro-
teins looks purplish in color. Primary antibodies PKC«x, D4
receptor, calbindin, tyrosine hydroxylase, and thy 1.1 were
procured from Santa Cruz, (Santa Cruz, CA, USA) and were

used at a dilution of 1:50 and 1:200 for immunohistochemistry
and 1:200 and 1:2,000 for western blot analysis. Antibodies
AaNat, rhodopsin 1D4, Nr»e3, and GNB3 were procured from
Chemicon (Temecula, CA, USA) and used at a dilution of
1:200 for immunohistochemistry and at 1:1,000 for western
blot analysis. Actin antibody from Sigma-Aldrich Corp., St.
Louis, MO, USA was used at a 1:500 dilution [10, 11, 42].

Western blot analysis

For western blot analysis, our previously published proto-
cols were used [11]. Whole-cell extracts were prepared from
cells treated with various dilutions of conditioned medium.
The cells were washed thrice with PBS and were lysed with
lysis buffer, which consisted of 20 mM Tris, pH 7.5,
150 mM sodium chloride (NaCl), 1 mM ethylenediaminete-
traacetic acid, 1 mM ethylene glycol tetraacetic acid, 1%
Triton X-100, 0.2 mM 4(2 aminoethyl) benzene sulfonyl
fluoride hydrochloride, 0.5 mM benzamidine, 2 mg/ml
aprotinin, 0.5 mM leupeptin, and 5 mg/ml pepstatin A. Cell
debris and detergent insoluble material were removed by
centrifugation at 15,000 rpm for 15 min at 48°C. The protein
content of the whole-cell extract was determined using the
BCA protein assay reagent kit (Pierce, Rockford, IL, USA)
according to manufacturer’s instructions. Whole-cell extract
containing 50 mg proteins was separated by electrophoresis
on 10% sodium dodecyl sulfate—polyacrylamide gels. After
the separation, the proteins were electrophoretically trans-
ferred to a polyvinylidene difluoride membrane (Immobilon
R; Millipore, Bedford, MA, USA). The nonspecific binding
sites were blocked by immersing the membrane in 5% (W/V)
nonfat dry milk powder in Tris-buffered saline Tween-20
(25 mM Tris—HCI1, pH 6.5, 150 mM NacCl, and 0.05%
Tween-20) for 2 h at room temperature. The antibody for
neuron-specific enolase was obtained from Zymed, and all
other primary and secondary antibodies were purchased
from Chemicon. Expression of specific proteins was deter-
mined by binding to specific primary antibodies (dilution is
as indicated), PKCo (1:500), TH (1:100), calbindin (1:500),
and dopamine receptor D4 antibodies (1:300). Detection
was done with enhanced chemiluminescence (Amersham,
Arlington Heights, IL, USA) using secondary antibodies
conjugated with peroxidase and exposed to X-ray film.
The level of expression was determined using densitometer
and Scion Image analysis software (Frederick, MD, USA).

Results
Description of human progenitor cell line

We have previously reported the characterization of a hu-
man progenitor cell line, which became spontaneously
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immortalized (clone 208). The cell line is from first trimester
spontaneously aborted fetus [23, 38, 43, 44]. The cell line
grows in a contact inhibited manner and is SV40T antigen
negative (data not included). The cell line was used in 52
passages. The precursor cells form a flat layer (arrowheads)
overlay of occasional neurons with neuritic processes
(arrows) (Fig. 5a (a)). The cell line is very similar to another
cell line established by us and is multipotential [44].

Mitogenic potential of RPE-conditioned medium on retinal
progenitor cell line

Retinal progenitors were plated at low (1x10* cells/cm?),
medium, (4x10* cells/cm?), and high density (1x10° cells/
cm?) and cultured in serum-containing medium, serum-free

medium, and RPE-conditioned medium straight at 100%,
50%, 25%, and 12.5%. Culture medium contained 4 puCi/ml
of tritiated thymidine. Twenty-four hours later, TCA-
precipitated counts were expressed per milligram protein.
The experiment was repeated three times. Representative
data from a single experiment average of five samples is
represented in Fig. la, b. At low cell density, conditioned
medium reduced cell proliferation only slightly at 100%
concentration; however, significant reductions were noted
at 50% and 25% concentrations. At 12.5% concentration of
conditioned medium, the cell proliferation was very similar
to serum-containing medium (Fig. 1a).

In cells plated at medium density (Fig. 1b), there were no
differences in cell proliferation/differentiation in serum-
containing serum-free or various dilutions of conditioned

Mitogenic Potential of Conditioned Media
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Fig. 1 Mitogenic potential of RPE-conditioned medium on retinal
progenitors plated at low and medium cell density. Retinal progenitors
plated at 1x10* cells/em?® (low) and 4x10* cells/cm? (medium) were
treated with various dilutions of conditioned medium (100%, 50%,
25%, 12.5%). Also, 4 uCi/ml of tritiated thymidine was included in the
cultures. Serum-treated and serum-free control cultures were also in-
cluded. Trichloroacetic acid precipitated samples were evaluated for
3Htdr incorporation at 24 h. Data are from five separate samples for
each condition. a, b *HTdr incorporation in low- and medium-density
cultures. Data represent an average of five samples. Note in a that
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Htdr incorporation, reflecting cell proliferation, is the highest in
serum-treated cultures followed by serum-free cultures, followed by
cells treated with 100% conditioned medium. Mitogenic potential was
less in cells treated with 50% and 25% conditioned medium, suggest-
ing that these dilutions inhibited cell proliferation, whereas exposure to
12.5% conditioned medium had no inhibitory effect. b Medium-
density cultures treated in similar fashion. Note that *Htdr incorpora-
tion at this cell density is similar to serum-containing cultures and
various dilutions of conditioned medium had no effect
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medium. This suggests that the cells plated in medium
density are making their growth factors thus overriding the
effects of RPE-conditioned growth factors. At high cell
density, cells were contact inhibited and very little *Htdr
incorporation was noted under all culture conditions. Simi-
lar results were seen in high-density cultures (data not
included).

Conditioned medium induced differentiation in progenitors
in low-density culture

To determine the role of cell density and dose of conditioned
medium on progenitor cell differentiation, cells plated at a
density of 1x10* cells/cm? in 25-cm flasks were exposed to
serum-containing medium, serum-free medium, and RPE-
conditioned medium (100%, 50%, 25%, and 12.5%).

Emerging phenotypes were scored by two independent
investigators in a blind study. Data presented are from three
to five flasks (700—800 cells scored/flask). The experiment
was repeated three times. Cells were scored by the morpho-
logical criterion described in the “Materials and methods”
sections. Additionally, 100-200 cells exposed to RPE-
conditioned medium were immunophenotyped and scored
for the presence of various retinal antigens. Photoreceptors
(Fig. 5a, b, arrows) were identified by phase contrast mi-
croscopy on the basis of elongated shape, the presence of
single short neurite and elongated axon. Also, apparent was
the polarized appearance and characteristic structure at the
distal position of the inner segment showing some
microvilli.

It was easy to distinguish photoreceptors (arrows) from
multipolar neurons (ganglion and other neurons). These
neurons were identified by a large cell body and multiple
processes. Bipolars mostly had a small rounded cell body,
two very thin processes on both sides, as opposed to short
neurites seen in cones and elongated slender shape of rod
photoreceptors. The progenitor cells had very epithelial
phenotype. The composite represents photoreceptors (rods
and cones), multipolar neurons with multiple processes
(ganglion and amacrine cells), and progenitors with flat
epithelial cell morphology and lack of processes.

In the low-density culture exposed to conditioned medi-
um, no significant differences in emerging phenotypes were
noted on day 1 (progenitors vs. photoreceptors or multi-
polars). On day 2, between 24 and 48 h, there was a
significant drop in the number of progenitors exposed to
50% conditioned medium, accompanied by a simultaneous
increase in the number of cells with photoreceptor pheno-
type reaching as high as 68%. There was also a slight
increase in the number of cells with multipolar neuronal
phenotype in cultures exposed to 100% conditioned medi-
um. Between days 2 and 3, the number of cells with photo-
receptor phenotype had reached close to 90% in flasks

exposed to 50% conditioned medium, with a corresponding
drop in the number of cells with progenitor cell phenotype

(Fig. 2).
Medium-density cultures

Medium density cells (4x10* cells/em?) in cultures were
exposed to various dilutions of RPE-conditioned medium
and were scored for differentiation as in Fig. 2. There were
no dramatic changes noted under various culture conditions
between days 1 and 3 other than a slight increase in the
number of cells with multipolar neuronal phenotype in cells
exposed to 100% condition medium. The number of multi-
polar neurons was close to 40% on day 1, followed by a
slight drop on days 2 and 3, suggesting that 100% condi-
tioned medium along with some unknown factor made by
progenitors themselves is inducing multipolar neuronal phe-
notype (possibly ganglionic or amacrine phenotype, Fig. 3).
This increase in the number of cells with neuronal pheno-
type was accompanied by a drop in the number of progen-
itor cells in these flasks. Very similar results were noted in
high-density cultures (1x10° cells/cm?) treated similarly

(Fig. 4).

Morphological phenotype of progenitors exposed
to RPE-conditioned medium: scanning electron micrography

Figure S5a represents data on low-density cultures (1 x
10* cells/cm?) exposed to various dilutions of conditioned
medium. Cells plated at 1x10* cells/cm® were exposed to
conditioned medium at various dilutions. The composite
depicts scanning electron micrograph at 36-48 h post-
treatment.

In Fig. 5a (a), note the epithelial cell-like morphology of
the cells cultured in serum-free medium (arrowheads). Note
in Fig. 5a (b, ¢) the multipolar neuronal phenotype of cells
exposed to 100% conditioned medium (arrowheads). Note
the photoreceptor-like phenotype with elongated axonal
processes seen in cells plated at low density exposed to
50% and 25% conditioned medium (arrows). Progenitors
are identified by arrowheads (Fig. 5a (a—g)).

In Fig. 5b, note the morphological analysis by phase
micrography of cells plated at different cell densities. Cells
were processed in a manner similar to Figs. 2, 3, 4, and Sa.
Cells plated at low (1 x 10* cells/cm?), medium (4 x 10* cells/
cm?), and high (1x10° cells/cm?) density were treated with
50% conditioned medium and 700-800 cells scored in the
blind study. Note that the cell differentiation is indirectly
proportional to cell density with the highest number of cells
with neuronal phenotype seen at the lowest cell density
(arrows; Fig. 5b (b, c)) and progenitors (arrowheads). This
level of differentiation is followed by medium-density cul-
tures (e, f), and there is hardly any differentiation at the
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Fig. 2 Conditioned medium
induced differentiation in
retinal progenitors in low-
density cultures. Retinal pro-
genitors plated at a density of
1x10* cells/em?® were treated
with RPE-conditioned medium
(100%, 50%, 25%, 12.5%) and
analyzed on days 1-3 for dif-
ferentiation. Seven hundred to
800 cells were scored for phe-
notypic analysis by phase mi-
croscopy/photomicrographs
and analysis in a blind study by
two investigators. Emerging
phenotype grouped as progeni-
tors, multipolars (ganglion and
amacrine cells), and photore-
ceptors (rods and cones) as de-
scribed in “Materials and
methods” section and results.
This figure is the composite of
data collected. Note that no
significant differences were
noted on day 1. Note on day 2
that a drop in the number of
progenitors is seen in cells
treated with 50% conditioned
medium accompanied by a si-
multaneous increase in the
number of photoreceptors
reaching as high as 70%. There
was a slight increase in the
number of cells with multipolar
neuronal phenotype in cells ex-
posed to 100% conditioned
medium. On day 3, the number
of cells with photoreceptor
phenotype in cells treated with
50% conditioned medium was
close to 90% with a simulta-
neous drop in the number of
progenitors
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Fig. 3 Conditioned medium Retinal Progenitor Cells Exposed to RPE
induced differentiation in o - < s
medium-density retinal cul- Conditioned Media (medium density culture)
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Fig. 4 Differentiation in
response to conditioned
medium in high-density cul-
tures (1% 10° cells/cm?). Note in
cells exposed to 100% condi-
tioned medium an increase in
the number of multipolar neu-
rons reaching as high as 40% on
day 1 followed by a slight drop
in numbers on days 2 and 3
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Fig. 5 The scanning electron micrographs of low-density cultures
exposed to various dilutions of conditioned medium. Note in a the a
progenitors with epithelial cell phenotype in serum-free culture day 2
(arrowhead) progenitors. a b, ¢ Cells treated with 100% conditioned
medium. Arrows point to cells with photoreceptor phenotype
(arrowheads, possible multipolar neurons and some progenitors).
Note in a the d, e cells treated with 50% conditioned medium
with an increase in the number of cells with photoreceptor phe-
notype (arrows). a f, g Cells exposed to 12.5% conditioned
medium showing a mixture of neurons. Although the majority
of the cells have progenitor phenotype, some multipolar neuronal

100%

50%

X500 10vm WDEG

25%

A

cell phenotype is also noted (arrowheads). b Morphological anal-
ysis and phase micrography of differentiated cells. Cells processed
in a manner similar to Figs. 2, 3, and 4 and a. Cells plated at low
(1x10* cells/cm?), medium (4x10* cells/cm?), and high density
(1x10° cells/cm®) were treated with 50% conditioned medium
(700-800 cells scored in blind study). Note that the cell differen-
tiation is indirectly proportional to the cell density. The highest
number of cells with neuronal phenotype are seen at the lowest
cell density (arrows; b (b, ¢)) and progenitors (arrowheads; b),
followed by medium-density cultures (e, f) and there is hardly any
differentiation at higher cell density (%, i)
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&y

Serum Free

Fig. 5 (continued)

higher cell density (4, i). Most cells have progenitor
phenotype.

Immunophenotypic analysis of differentiated progenitors

Immunophenotypic analysis of differentiated progenitors
confirms differentiation seen in cells plated at low cell
density (1x10* cells/cm?) in response to 50% conditioned
medium. Cells grown in serum-free medium served as con-
trols. Cells were immunophenotyped for the expression of
several retinal specific proteins. Controls with the exclusion
of primary and secondary antibody were also processed
simultaneously; 50—100 cells were scored for each antibody.
The composite reflects the overall pattern. Note the expres-
sion of AaNat in conditioned medium cultures. The arrows
point to neuritic processes. Similarly, cells treated with
conditioned medium are positive for calbindin, D, receptor,
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o 27 o
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Medium Density

High Density

Treated

High Density

rhodopsin, and Nr,e;. All are cell markers for photoreceptor
cells. Also note the double-labeled cells which are positive
for neurofilament protein (red) and rhodopsin (green) rod
photoreceptors (Fig. 6). Note the bipolar phenotype of cells
expressing PKCo (rod, cone bipolar) and the large cell body
phenotype of cells expressing tyrosine hydroxylase, a mark-
er for amacrine cells. Also, note the neuronal phenotype of
cells expressing GNB3, a cone transducin. Most of the
antigens are also expressed in serum-free cultures; however,
differentiated neuronal phenotype is lacking, and the levels
of antigens are also lower in these cultures.

Western blot analysis
Western blot analysis performed on low-density cell cultures

exposed to 50% RPE-conditioned medium confirms the
results obtained by phenotypic analysis (morphological
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Fig. 6 Immunophenotyping of
retinal progenitors exposed to
50% conditioned medium in
low-density cultures on day 2.
Controls are untreated cultures.
Treated cells were analyzed for
the expression of AaNat, Nrpes,
rhodopsin, GNB3, calbindin
(rods, cones), PKCx (rod and
cone bipolars), and TH (ama-
crine cells). Note in the com-
posite the neuronal phenotype
with extended neurites and 1.
axons in treated cultures
(arrows). Note the photorecep-
tor phenotype (1, 2, 3, 4, 5).
Note in 3 that photoreceptors
are positive for neurofilament
protein (red) and rhodopsin
(green). Note the bipolars
expressing PKC«x in 7. In un-
treated cells, antigens were
present but neuronal phenotype
was missing

AaNAT

NR,E,

Neurofilament-
protein &
Rhodopsin

Control

Treated

and immunophenotyping). Photoreceptor differentiation in
response to conditioned medium is confirmed in western
blot (Fig. 7) by upregulation of rhodopsin. Both monomeric
and dimeric forms of rhodopsin are expressed. Slight upre-
gulation of GNB3 (cone transducin) is also noted, and
significant upregulation of PKCo expressed in both rod
and cone bipolar is also seen. D, receptors (photoreceptors)
and AaNat expressed in rod photoreceptors, Nroe3, a tran-
scription factor for rod photoreceptor differentiation, were,
however, expressed at higher levels in serum-free cultures.
Similarly, D,D3 and thy 1.1 (ganglion cell markers) were

expressed at a higher level in serum-free cultures. Actin
levels were similar in RPE-conditioned medium-treated vs
serum-free cultures.

Discussion

Interactions between photoreceptors and RPE cells are es-
sential for the development, differentiation, and mainte-
nance of visual function [46, 47]. There is an abundance
of data that points to the fact that RPE or factors supplied by
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Fig. 6 (continued)

GNB3

Calbindin

PKCa

Control

Treated

RPE are critical to the development and survival of photo-
receptors; however, the nature of these interactions is poorly
understood [48]. Several studies have reported mutations in
RPE genes in several forms of retinopathies [48—50].
Several lines of evidence indicate that transplantation of
both neural retina and RPE tissue improves vision in ani-
mals and humans, suggesting that combined transplantation
of retinal progenitors and RPE cells could be more effective
[51]. Akrami et al. [52] reported the plasticity of RPE cells
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to generate stem cells, which could be harvested for thera-
peutic purposes.

In addition to replacing photoreceptors, it should be
possible to regenerate retina from retinal progenitors and
from labile tissue such as RPE, which is being explored as a
tissue for replacement by transdifferentiation into photore-
ceptors in vivo. Cultured RPE cells retain their remarkable
regenerative capabilities. The potential of RPE toward trans-
differentiation has been well documented. Cells guided to
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Fig. 7 Western blot analysis of retinal cells plated at low cell density
(1x10* cells/em?®) were treated with 50% conditioned medium and
assessed by western blot analysis for expression of retinal antigens,
day 2. Note the significant upregulation of AaNat and rhodopsin in
treated cultures confirming rod photoreceptor differentiation. Both
monomeric and dimeric forms of rhodopsin are expressed. However,

transdifferentiate along the photoreceptor pathway by bFGF
and neuroD developed a highly ordered cellular structure and
could integrate into the outer nuclear layer [53]. These data
suggest that through genetic reprogramming, RPE cells could
be a potential source of photoreceptor cells. Also, we had
previously reported [41] that adult RPE cultures transdiffer-
entiate into neural phenotype by H-ras (Vall2) transfection.

Carr et al. [13] have shown that RPE induced from
pluripotent stem cells upon transplantation perform the
function of normal RPE in the Royal College of Surgeons
rat model of retinal degeneration, at least for a short time.
Additionally, Jablonski et al. [54] reported that the removal
of RPE resulted in the aberrant assembly of photoreceptor
out segments and subcellular structures which could be
restored by the addition of PEDF.

Since RPE is being considered as one of the replacement
tissues and since there are reports of varied RPE-secreted
factors playing a role [55—57] in retinal differentiation and
survival, we have explored a role that cell density might
play in such rescue and differentiation. We report in this
study that RPE-secreted factors enhance neuronal/photore-
ceptor differentiation and that (a) this differentiation is den-
sity dependent and (b) RPE might be secreting both
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T: Treated with Conditioned Cell Medium
S: Serum free Medium

Nryes, a transcription factor for rod photoreceptors, is expressed at
higher levels in the controls. A similar increase in treated cultures is
seen in the expression of PKCx (expressed in rod and cone bipolars).
Also, a slight increase in GNBj;, a cone transducin, is noted. No
dramatic differences were seen in the expression of other antigens.
Actin levels in treated and untreated cultures were similar

photoreceptor differentiation and inhibition factors. We
saw the highest degree of (photoreceptor) differentiation at
50% dilution of conditional medium.

Previously, Sheedlo et al. [58] reported that the mouse
photoreceptor cell line GG1W [59] has the characteristics of
retinal progenitor cells in which mature photoreceptors
could be generated in response to bFGF, but the same was
inhibited by NGF and RPE-secreted conditioned medium.
Our results in more than one aspect complement their stud-
ies. However, in our retinal progenitor cell line, conditioned
medium in low-density cultures enhanced neuronal photo-
receptor differentiation at 50% dilution, suggesting that
conditioned medium contains both stimulatory and inhibi-
tory signals. The differences in our studies could be also due
to species differences or developmentally restricted states of
progenitor cell lines used in the two studies or culture
conditions themselves. For example, the conditioned medi-
um has multiple factors, and these various factors could be
operating in opposing directions. The 50% dilution could
have diluted the molecule that is inhibitory toward photore-
ceptor differentiation. Additionally, the cell density itself
could play a role by progenitor cells themselves secreting
growth factors.
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Thus, our studies confirm some aspects of their [58] find-
ings but differ in others. These differences could be related to
differences in species. Their cell line is mouse-derived where-
as ours is a human progenitor cell line. Secondly, their cell line
was generated by transfection of SV-40T antigen whereas ours
became spontaneously immortalized. Our studies confirm
their previously published findings that bFGF enhances pho-
toreceptor differentiation. We think that the neurotrophin most
likely responsible for the increase in the number of photo-
receptors in low-density cultures exposed to 50% conditioned
medium is bFGF [10, 38, 60].

RPE has been shown to be a natural source of bFGF, and
one of its trophic effects on retina may be to help maintain
its normal structure. This effect has also been reported in
retina—RPE aggregate culture, where the presence of RPE
enforced proper retinal orientation [61]. More recently,
German et al. [62] report that RPE is critical in defining
spatial organization in retina. Data from several labs includ-
ing ours [23, 34, 38, 63, 64] have shown that bFGF and
TFGo could influence cell fate in uncommitted retinal pre-
cursors. Basic fibroblast growth factor has been identified in
normal developing retina [65, 66].

We are cognizant of other reports where bFGF has been
reported to have no effect on the appearance of the rod
photoreceptors in an in vitro model. This discrepancy has
been attributed to age of the tissue used or some other yet
unidentified variable [67].

To summarize, our studies confirm and are closest to that of
Sheedlo et al. [58]. However, in some aspects, our results on
RPE-conditioned medium on photoreceptor differentiation dif-
fer from theirs. They did not find RPE-conditioned medium
conducive to neuronal/photoreceptor differentiation. We have
shown that RPE-conditioned medium enhances neuronal/pho-
toreceptor differentiation in low-density culture at 50% dilution.
Finally, we would like to point out that in cell transplantation
studies where progenitors/RPE cells are being tested for their
efficacy to give rise to photoreceptors, it might be worthwhile to
explore how cell density could alter the outcome.
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