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Purpose. To determine the effects of serial expansion on the cellular, molecular, and
functional properties of human iPS cell (hiPSC)-derived RPE cultures.

MerHoDs. Fibroblasts obtained from four individuals were reprogrammed into hiPSCs and
differentiated to RPE cells using previously described methods. Patches of deeply pigmented
hiPSC-RPE were dissected, dissociated, and grown in culture until they re-formed pigmented
monolayers. Subsequent passages were obtained by repeated dissociation, expansion, and
maturation of RPE into pigmented monolayers. Gene and protein expression profiles and
morphological and functional characteristics of hiPSC-RPE at different passages were
compared with each other and to human fetal RPE (hfRPE).

Resurts. RPE from all four hiPSC lines could be expanded more than 1000-fold when serially
passaged as pigmented monolayer cultures. Importantly, expansion of hiPSC-RPE monolayers
over the first three passages (P1-P3) resulted in decreased expression of pluripotency and
neuroretinal markers and maintenance of characteristic morphological features and gene and
protein expression profiles. Furthermore, P1 to P3 hiPSC-RPE monolayers reliably
demonstrated functional tight junctions, G-protein-coupled receptor-mediated calcium
transients, phagocytosis and degradation of photoreceptor outer segments, and polarized
secretion of biomolecules. In contrast, P4 hiPSC-RPE cells failed to form monolayers and
possessed altered morphological and functional characteristics and gene expression levels.

Concrusions. Highly differentiated, pigmented hiPSC-RPE monolayers can undergo limited
serial expansion while retaining key cytological and functional attributes. However, passaging
hiPSC-RPE cultures beyond senescence leads to loss of such features. Our findings support
limited, controlled passaging of patient-specific hiPSC-RPE to procure cells needed for in vitro
disease modeling, drug screening, and cellular transplantation.
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egenerative disorders that target the RPE, such as AMD,

lead to blindness in large part due to loss of functional
support for neighboring photoreceptors.! Examples of critical
supportive functions of RPE include photoreceptor outer
segment (POS) phagocytosis and degradation, maintenance of
the outer blood-retinal barrier, secretion of paracrine factors,
and regulation of ion and fluid homeostasis, among others.?
Access to renewable sources of highly functional and expand-
able human RPE would be ideal for studying these cells and
developing therapies to preserve or replace them. Although
human fetal RPE (hfRPE) derived from donor tissue remains the
culture standard, patient-specific, human-induced pluripotent
stem cells (hiPSCs) have emerged as an important and ethically
neutral source of RPE for disease modeling,3-> drug testing,®

and transplantation.®”

Production of RPE from heterogeneous cultures of differen-
tiating hiPSCs occurs with varying efficiency, often necessitat-
ing the isolation and expansion of hiPSC-RPE populations prior
to further use.®-1! However, even in highly enriched cultures
there is concern that the cellular and epithelial properties of

hiPSC-RPE are prone to differ between lines and/or passages.'?
Key parameters evaluated in almost all hiPSC-RPE studies thus
far include cell morphology, gene and protein expression,
transepithelial resistance (TER), and POS phagocytosis.®!314
Fewer reports have examined functions such as POS degrada-
tion, polarized secretion of bioactive molecules, and G-protein
coupled receptor (GPCR)-mediated calcium release, and none
has focused on the stepwise effect of passaging and expansion
on these physical and functional characteristics. In the present
study, we show that hiPSC-RPE derived from four different
individuals can be expanded more than 1000-fold in culture
over three passages, with cells from each consecutive passage
possessing the capacity to re-form confluent pigmented
monolayer cultures prior to dissociation and reseeding. By
culturing hiPSC-RPE in this fashion, we were able to assess the
features and functions of a single, successive cell population at
each passage. We found that limited passaging resulted in
improved hiPSC-RPE purity and retention of critical cellular
properties; however, harvesting and culturing cells past
senescence led to significant loss of RPE characteristics in vitro.
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METHODS

Production of hiPSC Lines and Differentiation Into
RPE

Skin biopsy samples were obtained from four individuals with
informed written consent in accordance with the Declaration
of Helsinki and approval from the Institutional Review Board at
the University of Wisconsin-Madison. Two of the subjects had
no known retinal diseases (wild type; WT), whereas the other
two harbored heterozygous mutations in the BESTI gene
resulting in autosomal dominant Best vitelliform macular
dystrophy (BVMD).> hiPSC lines were derived from the skin
biopsies using established methods,>> maintained in iPS cell
medium (Dulbecco’s modified Eagle’s medium [DMEM]/F12
(1:1), 20% knockout serum replacement, 1% MEM nonessential
amino acids, 100 ng/mL BFGE 1 mM L-glutamine, and 0.1 mM
B-mercaptoethanol [B-ME]), and differentiated to RPE using our
previously described protocol.3-!11:15 Patches of pigmented RPE
cells were microdissected from differentiating hiPSC cultures
using a micro-sharp blade (Beaver Visitec International,
Waltham, MA), dissociated with Trypsin-EDTA (0.05%), and
reseeded onto laminin-coated transwell inserts (Cat# 3470;
Corning, Tewksbury, NY). hiPSC-RPE cells plated on transwells
were cultured in retinal differentiation medium (RDM)
(DMEM/F12 (3:1), 2% B27 supplement without retinoic acid,
1% penicillin/streptomycin/amphotericin B) 4 10% fetal bovine
serum [FBS] for the first 2 days and then switched to RDM + 2%
FBS until the cells became confluent. In a subset of
experiments, after reseeding on transwells, RPE cells were
maintained in medium devoid of FBS (RDM + 20 ng/mL
epidermal growth factor, 20 ng/mL FGF2, and 5 pg/mL
heparin) until they became confluent. After reaching conflu-
ency, all hiPSC-RPE cultures were maintained in serum-free
RDM to allow them to mature and form pigmented monolay-
ers. hiPSC-RPE cells initially plated on transwells were passaged
up to four times by dissociating mature monolayers with
Trypsin-EDTA (0.05%) and replating them either onto trans-
wells or nonpermeable plastic supports (96-, 24-, or 6-well
plates).

Selection of hiPSC Lines for Cytologic and
Biochemical Studies

Data from all four hiPSC lines (WT and BVMD) were included
in experiments examining the effects of hiPSC-RPE passaging
on culture expansion, cell morphology, gene and protein
expression profiles, and tight junction formation, since a prior
study® demonstrated that these particular characteristics were
unaffected by the presence of the BESTI mutations in the
BVMD lines. For other tested hiPSC-RPE properties that are or
could be affected by BEST1 mutations,> only WT hiPSC-RPE
was used for comparisons of pooled data across passages and
to hfRPE cultures.

Culture of Human Fetal RPE

RPE was dissected from human prenatal donor tissue and
monolayer hfRPE cultures were established using a previously
published protocol.16 Thereafter, hfRPE (passages 2-4) was
cultured on transwells and plastic supports as described above
for hiPSC-RPE.

TER Measurements

TER of hiPSC-RPE and hfRPE monolayers cultured on transwell
filters was measured using an epithelial volt-ohm meter
(EVOM2) following manufacturer’s instructions (World Preci-
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sion Instruments, Sarasota, FL). Briefly, electrodes were
sterilized with 70% ethanol, rinsed in Hank’s balanced salt
solution, and placed in the transwell filter. The net TER was
calculated from the TER recordings by subtracting the
background measurement obtained from laminin-coated trans-
well filters without cells. TER measurements were obtained by
multiplying TER values with the surface area of the transwell
filters and reported as Q*cm?.

Immunocytochemistry Analysis

hiPSC-RPE and hfRPE cells were washed once in ice-cold PBS
and fixed in 2% to 4% paraformaldehyde on ice for 30 minutes.
Thereafter, fixed cells were washed twice in PBS and placed in
blocking solution (10% normal donkey or goat serum and
0.01%-0.5% Triton X-100 in PBS) for 1 hour at room
temperature. Cells were then incubated overnight at 4°C with
the following primary antibodies: goat anti-NANOG (1:100;
R&D Systems, Minneapolis, MN), goat anti-OCT4 (1:1000;
Santa Cruz Biotechnology, Santa Cruz, CA), mouse anti-SSEA4
(1:500; Millipore, Billerica, MA), mouse anti-TRA-1-81 (1:1000;
Millipore), rabbit anti-RCVRN (1:2000; Millipore), rabbit anti-
§100 (1:300; Abcam, Cambridge, MA), mouse anti-BEST1
(1:100; Millipore), rabbit anti-EZRIN (1:100; Cell Signaling,
Danvers, MA), rabbit anti-ZO-1 (1:100; Life Technologies,
Grand Island, NY), mouse anti-ACTA2 (1:100; Abcam), and
rabbit anti-KRT18 (1:1000; Abcam). The following day, cells
were washed three to five times in PBS-TX (0.01% Triton X-
100) and incubated with appropriate Alexa-labeled secondary
antibodies (1:500; Life Technologies). After secondary antibody
incubation, cells were stained with DAPI, washed three times
in PBS-TX, mounted using Prolong Gold (Life Technologies),
and imaged on a confocal microscope (Nikon C1; Nikon
Instruments, Inc., Melville, NY).

RT-PCR and Quantitative RT-PCR

Total RNA was extracted (RNeasy Plus Mini Kit; Qiagen,
Valencia, CA) and cDNA was synthesized (Script cDNA
Synthesis Kit; Bio-Rad, Hercules, CA) according to manufactur-
er’s instructions. During RNA preparation, DNasel treatment
was carried out to remove any genomic DNA contamination.
PCR products were visualized with ethidium bromide on 2%
agarose gels. Quantitative PCR (qPCR) experiments (40 cycles)
were performed on the ¢cDNA samples using gene-specific
primers (listed in Supplementary Table S1), SsoAdvanced SYBR
Green Supermix (Bio-Rad), and a Bio-Rad C1000 thermal
cycler. qPCR results were analyzed using Bio-Rad CFX software
and Microsoft Excel (Microsoft, Redmond, WA).

Measurements of ATP, VEGF, and PEDF Secretion

Pigmented hiPSC-RPE and hfRPE monolayers (TER > 250
Q*cm?) plated on transwells were fed with RDM in both the
apical and basal chambers; 24 hours later, a fraction of the
medium was collected separately from each chamber. The
amount of ATP in the media samples was determined using a
luciferase-based assay (Cat# FF2000; Promega, Madison, WI)
per the manufacturer’s instructions. VEGF and PEDF levels
were measured with commercially available ELISA kits (VEGF:
Cat# DVEQO; R&D Systems; PEDF: Cat# CYT420, Millipore),
also in accordance with the manufacturer’s instructions.

Calcium Imaging

Pigmented hiPSC-RPE and hfRPE monolayers grown on
coverslips were used for calcium imaging experiments. RPE
cells were incubated with 10 uM Fura-2-AM (Calbiochem, San
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Diego, CA) and 0.02% Pluronic F127 (BASE Mount Olive, NJ)
for 1 hour at 37°C. Cells were subsequently washed for 30
minutes and placed in the recording chamber on an inverted
microscope (Nikon Eclipse Ti; Nikon). To prevent dye leakage
and reduce cellular stress levels, 1 mM probenecid and 500 uM
glutathione was added to the cell-loading and recording
solution. Fura-2-AM emission ratios at 510 nm were obtained
with alternating exposures at 340 and 380 nm, and images
were acquired every 2 seconds using a Photometrics Cascade
512B camera (Photometrics, Tucson, AZ). ATP-stimulated
changes in intracellular Ca?>" were obtained by exposing RPE
cells to 100 uM ATP for 2 minutes during recording. Calcium
imaging data were analyzed using Metamorph software (Indec,
Santa Clara, CA), and intracellular calcium concentrations
([Ca**]) of RPE cells were calculated using an in vitro
calibration curve generated with Fura-2 standards (Life
Technologies).

Preparation of Bovine Photoreceptor Outer
Segment (POS)

Bovine retina was dissected from freshly isolated bovine eyes
under dim red light. POS were isolated by placing the bovine
retina over a 25% to 60% continuous sucrose gradient buffer
(sucrose, 20 mM tris acetate, 5 mM taurine, and 10 mM
glucose) and centrifuging at 100,000g for 50 minutes at 4°C.
The POS-containing layer was collected, rinsed once in wash
buffer (20 mM tris acetate and 5 mM taurine), resuspended in 5
mL DMEM, aliquoted, and stored at —80°C until further use. To
label POS with FITC, POS were incubated with FITC isomer 1
(0.4 mg/mL, F-1907, Life Technologies) overnight at 4°C in
buffer 1 (10% sucrose, 20 mM sodium phosphate, and 5 mM
taurine). Subsequently, FITC-labeled POS were rinsed in wash
buffer, centrifuged, resuspended in DMEM, aliquoted, and
stored at —80°C until further use.

Phagocytosis Assays

Phagocytosis assays were performed on hiPSC-RPE and hfRPE
cells grown as monolayers on either 96-well plates or
transwells that had attained characteristic morphology and
pigmentation. Two different assays were used to evaluate
phagocytosis and degradation of POS. In the first assay, RPE
cells were incubated with unlabeled POS (20 POS/RPE cell) for
2 hours. Thereafter, the RPE cells were washed thoroughly
with 1X PBS four to five times by vigorous pipetting to remove
any POS that had not been phagocytosed (designated as the O
hour time point). RPE cells at 0-, 4-, 24-, and 48-hour time
points after POS feeding were washed twice with 1X PBS and
harvested for protein isolation. Protein isolated from RPE at
these time points underwent Western blot analysis to
determine the time course of rhodopsin degradation. RPE
cultures that had not been fed POS served as controls in these
experiments. In the second phagocytosis assay, RPE cells were
fed FITC-labeled POS (20 POS/RPE cell) for 2 hours and then
washed four times vigorously with 1X PBS. Subsequently, RPE
cells were collected either immediately (0 hour time point) or
24 hours post-POS feeding, whereupon fluorescence-activated
cell sorting (FACS) was used to quantify the number of FITC-
labeled cells remaining in the RPE samples. Of note, for
phagocytosis experiments in which a confluent RPE monolayer
was not present (i.e., passage 4 hiPSC-RPE), the amount of POS
loaded per well was calculated based on the surface area of the
transwell filter in order to provide equivalent coverage.

Fluorescence-Activated Cell-Sorting Analysis

hiPSC-RPE and hfRPE cells fed with FITC-labeled POS were
gently dissociated with trypsin. Trypsin was then removed and
cells were resuspended in FACS buffer (1X PBS and 2% FBS)
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and sorted with a FACS Caliber machine (Becton Dickinson,
Franklin Lakes, NJ). RPE cells that had not been fed with FITC-
labeled POS were used as negative controls. Data obtained after
cell sorting were analyzed with CellQuest Pro software (Becton
Dickinson).

Western Blot Analysis

Cells were lysed in RIPA buffer (Cat# 89900; Pierce) containing
a protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO), and
total protein was quantified using a Bio-Rad DC protein assay
(Cat# 500-0116). Protein lysates (10-30 pg) were denatured by
adding 1X Laemelli + 5% B-ME buffer and then separated on a
4% to 20% Tris-Cl gradient gel. Proteins from the gel were
electroblotted onto polyvinylidene difluoride (PVDEF)-LICOR
membranes and incubated with blocking buffer (Cat# 927-
40000; Licor Biosciences, Lincoln, NE) for 45 minutes to 1 hour
at room temperature. The membranes were then washed twice
in PBS + 0.1% tween for 5 minutes and incubated with primary
antibodies directed against the following proteins in blocking
buffer overnight at 4°C: RPE65 (mouse monoclonal, 1:5000;
Chemicon), BESTROPHIN (mouse monoclonal, 1:500; Chem-
icon), CRALBP (mouse monoclonal, 1:50,000; gift from John
Saari, University of Washington, Seattle, WA), EZRIN (rabbit
polyclonal, 1:1000; Cell Signaling Technologies, Danvers, MA),
OCCLUDIN (rabbit polyclonal, 1:250; Life Technologies),
CLAUDIN-10 (rabbit polyclonal, 1:250; Life Technologies),
rhodopsin (mouse monoclonal, 1:500; Millipore), and/or
ACTIN (goat polyclonal, 1:750; Santa Cruz Biotechnology).
The next day, blots were washed four times in PBS + 0.1%
tween and incubated with host-appropriate secondary anti-
bodies (Licor Biosciences) in blocking buffer for 1 hour at
room temperature. Blots were again washed four times in PBS
+ 0.1% tween and protein bands were visualized using an
Odyssey Infrared Imager (Licor Biosciences). Of note, in each
experiment, individual Western blots were stripped and
probed twice with different primary antibodies.

Statistics

Data throughout the manuscript are expressed as mean = SE
and compared using the unpaired Student’s #-test. Significance
was reported for P values less than 0.05.

RESULTS

Generation, Characterization, and Differentiation
of hiPSCs Into RPE

Primary fibroblast cultures were established from skin biopsies
of four different individuals and reprogrammed by lentiviral
delivery of OCT4, SOX2, ¢-MYC, and KLF4.> Two of these
individuals carried no known retinal diseases (WT), whereas
two had autosomal dominant BVMD caused by N296H or
A146K mutations in the BEST1 gene, the effects of which were
previously studied in hiPSG-RPE.> The four undifferentiated
hiPSC lines expressed the pluripotency markers OCT4, SSEA4,
NANOG, and TRA-1-81° (see Supplementary Figs. S1A-H) and
produced teratomas containing derivatives of all three germ
layers® (Supplementary Figs. S1I-T). To differentiate hiPSC to
RPE, embryoid bodies were generated as previously described,
plated on laminin-coated dishes, and cultured long term in
retinal differentiation medium.3-'1'> Patches of RPE cells were
observed as early as day 30 to 40 of differentiation; however, to
obtain mature and heavily pigmented hiPSC-RPE, we typically
waited until day 60 to 90 of differentiation to microdissect
monolayers of RPE cells. Microdissected hiPSC-RPE (passage 0;


http://www.iovs.org/content/54/10/6767/suppl/DC1
http://www.iovs.org/content/54/10/6767/suppl/DC1

Investigative Ophthalmology & Visual Science

FiGure 1.

Effect of Passaging on Human iPSC-RPE

IOVS | October 2013 | Vol. 54 | No. 10 | 6770

Passage 0 Passage 1 Passage 2 Passage 3
A -
r I r ; ) )
- a8 L y
Dissected Transwell or I_ "
BFE 96 well plate 24 well plate - &
6 well plate
e T 1000 -
b ()]
s o
E 2
= |
c¥ o 100 A
ez
- 833
[}
LR
==
= wm 10 4
£ E
T 5
2z
1 T
1 2 3
Passage
C Pluripotency Gene Expression with Passaging
1.4 - oUndiff mP0 mP2 mP3
c *xkk
-% 1.2 4 I_ Fedk dedk dedek
% J M [] []
E.E 1.0 4 l T l
g5
E =] 0.8 4
° -t
LS 06 -
TS
L
2% 0.4
oo . ek ¥
E - 0.2
o - 1 *kk
2 (]
0.0 H ot il

O

Normalized Fold expression
(Relative to Passage 0)

4"41'

oPo

KLF4 NANOG OCT4

mpP2

S0X2

Neuroretinal Gene Expression with Passaging
mP3

*kk

Passaging and expansion of hiPSC-RPE. (A) Schematic showing the protocol used to passage and expand hiPSC-RPE in culture. (B)
Quantification of fold increase in the total number of live hiPSC-RPE cells at passages 1, 2, and 3 (P1, P2, P3) relative to passage 0 (P0). (C, D)
Normalized fold change in expression of pluripotency/reprogramming (C) and neuroretinal (D) genes in undifferentiated hiPSCs and passaged
hiPSC-RPE cultures. *P < 0.05; **P < 0.0005.
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Ficure 2. Cellular morphology of passaged and expanded hiPSC-RPE. (A-C) Photographs of hfRPE and passaged hiPSC-RPE (P1 and P2) on
transwell inserts. (D-G) Representative light microscopic images of hfRPE and passaged (P1-P3) hiPSC-RPE at days 60 to 90 on permeable and
nonpermeable supports. (H-J) High magnification images of hfRPE and PO and P3 hiPSC-RPE monolayers.

P0O) were either dissociated and serially expanded or used
immediately in experiments.

hiPSC-RPE Can Be Expanded More Than 1000-Fold
by Serial Passaging of Monolayer Cultures

To serially expand hiPSC-RPE cells, microdissected RPE cells
(PO) from all four hiPSC lines (WT and BVMD) were seeded onto
6.5-mm transwell inserts or 96-well plates at a density of 20,000
cells per insert or well (Fig. 1A). After seeding, the RPE cells
were allowed to proliferate, form monolayers, and re-adopt their
typical morphology and pigmentation (passage 1; P1). Thereaf-
ter, P1 hiPSC-RPE cells from one transwell insert or one well of a
96-well plate were dissociated, plated onto two wells of a 24-
well plate, and allowed to expand and mature to form passage 2
(P2) monolayer cultures. Finally, P2 hiPSC-RPE cells from 1 well
of a 24-well plate were dissociated and reseeded onto all 6 wells
of a 6-well plate and grown again to maturity (passage 3; or P3).
In this manner, hiPSC-RPE cells could be reliably expanded
approximately 1000-fold over three passages (Fig. 1B). hiPSC-
RPE passaged beyond P3 using this method failed to expand
further or adopt mature monolayer structure. Extrapolating
these results suggests that complete microdissection of PO RPE
from a typical six-well plate of mixed-differentiated hiPSCs
(approximately 1 million RPE cells) would yield approximately 1
billion hiPSC-RPE cells at P3.

One possible negative effect of RPE passaging is proliferation
of undifferentiated hiPSCs that may be present in PO microdis-
sected cultures. However, expression of pluripotency and
reprogramming genes (KLF4, NANOG, OCT4, and SOX2)
decreased with passaging of hiPSC-RPE cells (Fig. 1C). To
further evaluate the potential for contamination from non-RPE
cell types in our passaged cultures, we also examined the
expression of genes (V§X2, GFAE RECOVERIN, BRN3B) (Fig.
1D) and proteins (RCVRN, S100) (Supplementary Fig. S2) found
in neuroretinal cells, which frequently develop adjacent to RPE
in human pluripotent stem cell cultures.!! Similar to our
findings with pluripotent genes, there was a reduction in
neuroretinal marker expression with passaging and expansion
of hiPSC-RPE. These data show that limited passaging leads to
selective expansion of hiPSC-RPE with a concurrent reduction in
contamination from undifferentiated hiPSCs or non-RPE cells
that may initially be present in PO cultures.

Passaged hiPSC-RPE Monolayers Display
Characteristic Morphology and Pigmentation

hiPSC-RPE cells from all lines and expandable passages (PO-P3)
were grown on transwells or nonpermeable plastic supports
and evaluated for morphology and pigmentation. Pigmented
monolayers of passaged and expanded hiPSC-RPE were indis-

tinguishable from hfRPE monolayer cultures (Figs. 2A-G). At
higher magnification, hfRPE, PO hiPSC-RPE, and serially expand-
ed hiPSC-RPE displayed a characteristic cobblestone appearance
with hexagonal morphology (Figs. 2H-)).

Gene and Protein Expression Profiles Are Similar
Between RPE Monolayers Derived From Multiple

hiPSC Lines and Are Unaffected by Limited Serial
Passaging and Expansion

To determine if passaging and expansion of hiPSC-RPE affects
the expression of characteristic RPE markers, we evaluated the
expression of selected RPE genes and proteins in the four hiPSC
lines at PO to P3. All RPE genes tested (BEST1, RPEGS5, MITE,
OCCLUDIN, and PEDF) were expressed in hfRPE as well as PO
hiPSC-RPE and passaged hiPSC-RPE (Fig. 3A). Quantitative PCR
analysis revealed insignificant variability in the gene expression
levels of selected RPE markers (BEST1, RPEG5, MERTK, MITE,
OCCLUDIN, and PEDF) between lines and passages (Figs. 3B,
3C). Furthermore, Western blot experiments confirmed similar
levels of expression of selected RPE proteins (RPE65, OCCLU-
DIN, BEST1, EZRIN, and CLAUDIN-10) in hfRPE and all four lines
of hiPSC-RPE at PO to P3 (Fig. 3D). Altogether, these data
demonstrate that serially expanded RPE derived from different
hiPSC lines and passages (up to P3) exhibit comparable
expression of signature RPE genes and proteins.

Passaged hiPSC-RPE Monolayers Form Functional
Tight Junctions and Display Proper Polarization

Pigmented RPE monolayers grown on transwell inserts were
used to evaluate epithelial integrity and cell polarization.
Immunocytochemistry analysis of hfRPE and passaged hiPSC-
RPE (up to P3) from all four lines showed appropriate
expression of the tight junction protein, ZO-1 (representative
images in Figs. 4A-C). Consistent with this finding, TER
measurements obtained from P1 to P3 hiPSC-RPE cultures (P1:
355.9 = 48.9 Q*cm?, P2: 451.7 £ 16.0 Q*cm?, P3: 394.6 = 16.0
Q*cm?) were similar to or better than those of human hfRPE
(359.5 = 15.0 Q*cm?) (Fig. 4D), and significantly above the TER
of 150 Q*cm? found in vivo.!7 Polarization of passaged hiPSC-
RPE cells at P1 and P3 was also similar to hfRPE, with BEST1
found predominantly near the basolateral membrane and EZRIN
at the apical membrane in all cultures (Figs. 4E-G).

Polarized Release of PEDF, ATP, and VEGF-A in
Passaged hiPSC-RPE Monolayer Cultures

To determine if hiPSC-RPE cells are capable of polarized
secretion of known biological factors, levels of pigment
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Ficure 3. Expression of RPE genes and proteins in passaged hiPSC-RPE. (A) RT-PCR analysis of characteristic RPE genes in hfRPE and passaged
hiPSC-RPE (P0O-P3) from four different lines. (B) Relative expression of RPE genes in hiPSC-RPE monolayers obtained from four different lines (data
from all passages were pooled for each line). (C) Relative expression of RPE genes in hiPSC-RPE monolayers obtained from three different passages
(P1-P3) (data from all four hiPSC lines were pooled for each passage). (D) Western blot analysis showing protein expression of RPE markers in
hfRPE and passaged hiPSC-RPE (PO-P3).
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microscopy in hfRPE and passaged hiPSC-RPE (P1, P3) (blue: nuclei). Scale bar: 10 um; *P < 0.05; **P < 0.005.

epithelium-derived factor (PEDF), adenosine triphosphate
(ATP), and VEGF-A were measured in the apical and basal
extracellular media of pigmented RPE monolayers grown on
transwell inserts. Because it was unknown whether the BEST1
mutations in the BVMD hiPSC lines could affect factor
secretion, only data from WT hiPSC lines were pooled for
these experiments. Consistent with previous findings in
polarized human RPE cells, PEDF and ATP were mainly
secreted into the apical media compartment of passaged
hiPSC-RPE and hfRPE monolayers grown for equal times in
culture (Figs. 5A, 5B).'8-2! In contrast, VEGF-A was predom-
inantly secreted into the basal media compartment (Fig. 5C).
These results, together with those from the TER and
immunocytochemistry experiments, show that limited serial
passaging and expansion does not alter the capacity of hiPSC-
RPE to form functional, polarized monolayers.

Passaged and Expanded hiPSC-RPE Monolayer
Cultures Display Characteristic Calcium Responses
to ATP Stimulation

Precise regulation of calcium signaling is essential for
numerous RPE cell functions, including proliferation,?? fluid
and ion homeostasis,?®> biomolecule secretion,?* and phagocy-
tosis,?>2° among many others.?> Human RPE cells typically

display a resting [Ca’?']; of approximately 100 nM.?3-27
However, exposure to extracellular ATP produces a large
transient [Ca?*]; increase in RPE cells due to release of calcium
from endoplasmic reticulum stores.?® Fura-2-based ratiometric
calcium imaging showed characteristic [Ca?']; transients after
ATP stimulation in WT hiPSC-RPE at all tested passages,
indistinguishable from hfRPE (Fig. 5D). In addition, similar
baseline [Ca®']; levels were observed in passaged WT hiPSC-
RPE and hfRPE (hiPSC-RPE P1:106.02 = 22.9 nM; hiPSC-RPE
P2: 98.46 + 19.6 nM; hfRPE: 98.34 + 17.4 nM) (Fig. 5E).

Passaged and Expanded hiPSC-RPE Monolayer
Cultures Retain Their Ability to Phagocytose and
Degrade Photoreceptor Outer Segments (POSs)

Phagocytosis and degradation of POS were evaluated in hfRPE
and passaged WT hiPSC-RPE monolayers (all possessing TER
>250 Q*cm?) after feeding the cells for 2 hours with either
FITC-labeled or unlabeled POS (20 POS/RPE cell) (Figs. 6A,
6B). BVMD hiPSC lines were not included in these assays given
the known effect of BEST1 mutations on POS processing in
hiPSC-RPE.> The uptake of FITC-POS immediately after feeding
was significantly higher in passaged hiPSC-RPE compared with
hfRPE (Fig. 6A"). Furthermore, passaged hiPSC-RPE degraded
ingested POS faster than hfRPE, as measured by FITC-
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Polarized factor secretion and G protein—coupled receptor-stimulated calcium responses in passaged hiPSC-RPE. Total amount of (A)

PEDE (B) ATP, and (C) VEGF-A in the apical and basal extracellular media of monolayers of hfRPE and passaged hiPSC-RPE (P1, P2) grown on
transwell inserts. (D) Representative traces showing changes in [Ca?*]; in hfRPE and passaged hiPSC-RPE (P1, P2) cultures after stimulation with 100
UM ATP. (E) Baseline [Ca?']; levels in hfRPE and passaged hiPSC-RPE (P1, P2). *P < 0.05; *P < 0.005; ***P < 0.0005.

fluorescence levels 24 hours after feeding (Fig. 6A’). Consistent
with these results, Western blot analyses revealed greater
uptake and faster degradation of rhodopsin in passaged hiPSC-
RPE relative to hfRPE (Fig. 6B").>

Passaging hiPSC-RPE Monolayer Cultures Beyond
Senescence Results in a Significant Loss in RPE-like
Characteristics

Previous studies have shown that continuous passaging of
primary RPE cells leads to a transition from an epithelial to a
mesenchymal phenotype.?-3° Consistent with these observa-
tions, dissociation and replating of P3 hiPSC-RPE cells from
mature monolayer cultures caused a significant shift in cell
morphology, becoming more fibroblast-like in appearance (Fig.
7A). Furthermore, when seeded at the same density as P1 to P3
cultures, P4 hiPSC-RPE cells failed to proliferate and re-form
monolayers (Fig. 7A). As expected, the nonconfluent P4

cultures displayed a TER of 28.4 = 2.17 Q*cm?, significantly
lower than the 150 Q*cm? TER found in vivo.!” In experiments
performed with P1 and P4 RPE derived from the same hiPSC
line, plated on the same day, and grown in parallel, we
observed a significant decrease in the expression of key RPE-
marker genes at P4 (Fig. 7B). In contrast, the gene expression
of the mesenchymal markers FN-1 and ACTA2, as well as the
epithelial marker KRT18, were significantly increased in P4
hiPSC-RPE (Fig. 7C). cDNA obtained from human fibroblast
cultures was used as a positive control for the mesenchymal
markers used in these experiments (Fig. 7C). Of note, RPE, but
not fibroblasts, typically expresses KRT18.31-33 Immunohisto-
chemical analysis showed expression of both KRT18 and
ACTA2 in P4 hiPSC-RPE, whereas KRT18 was only rarely found
to be expressed in P4 hiPSC-RPE (Fig. 7D). From a functional
standpoint, P4 WT hiPSC-RPE cells were capable of phagocy-
tosing POS; however, they were unable to degrade rhodopsin
within 24 hours after POS feeding (Fig. 7E). Together, these
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Ficure 6. Phagocytosis and degradation of POS by hfRPE and passaged hiPSC-RPE. (A) Schematic depicting the protocol used to compare the
uptake and degradation of POS in hfRPE and passaged hiPSC-RPE after 2 hours of feeding with FITC-POS. (B) Schematic showing the protocol used
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fluorescence levels in hfRPE and passaged hiPSC-RPE cultures (P1, P2) at 0 and 24 hours after feeding 20 FITC-labeled POS/RPE cell. (B’) Western
blot analysis showing the amount of rhodopsin present in hfRPE and passaged hiPSC-RPE (P2) at 0, 4, 24, and 48 hours after unlabeled POS feeding

(20 POS/RPE cell). *P < 0.005; ***P < 0.0005.

results demonstrate that hiPSC-RPE cells passaged beyond
senescence (equivalent to P4 in our system) lose morpholog-
ical and functional characteristics of mature RPE.

Di1scuUssION

hiPSC-derived RPE holds tremendous potential as a tool for
disease modeling, drug screening, and cell-based transplanta-
tion therapy in selected human retinal degenerative diseases.
However, full realization of this potential requires production
of large, pure populations of hiPSC-RPE that display reproduc-
ible characteristics and functions. In this study, we used four
hiPSC lines, two of which were derived from individuals having
no known retinal diseases, whereas two had BVMD caused by
mutations in the BEST1 gene. However, inclusion of the BVMD
lines was limited to experiments previously shown to be
unaffected by the BEST1 mutations.> With these lines, we
demonstrated that hiPSC-RPE could be expanded more than
1000-fold to theoretically yield approximately 1 billion RPE
cells from a single six-well plate of hiPSCs. Importantly, we
found that the cellular morphology, pigmentation, RPE gene
and protein expression levels, polarity, and VEGF-A, ATP, and
PEDF secretory capacity were indistinguishable between the
subject-specific hiPSC-RPE cultures and hfRPE.>!013:14 [n
addition, WT hiPSC-RPE and hfRPE had comparable baseline

intracellular calcium levels and responded similarly to exoge-
nous ATP administration by transiently increasing intracellular
calcium levels. hiPSC-RPE monolayers were also capable of
forming functional tight junctions with TER on par with or
better than hfRPE monolayers.??34 One functional parameter
that consistently differed between hiPSC-RPE and hfRPE was
their ability to phagocytose and degrade POS. In these
experiments, hiPSC-RPE phagocytosed higher amounts of
POS compared with hfRPE and degraded ingested POS faster.
Although it is unclear why these differences exist, the former
finding has been observed previously.>> One possible explana-
tion is that hiPSC-RPE reaches a more mature state in culture
than hfRPE, and thus can carry out certain functions more
efficiently.

Achieving a high level of hiPSC-RPE expansion requires
repeated dissociation and passaging, a process that runs the
risk of selecting for non-RPE cell types, including partially or
fully undifferentiated stem cells that could be present in the
initial microdissected (PO) material. Contamination from
undifferentiated hiPSCs is of particular concern, as these cells
can, by definition, proliferate and form teratomas in host tissue.
We found that limited passaging supported the selective
expansion of hiPSC-RPE cells along with a decrease in the
expression of markers of neuroretinal progenitors, differenti-
ated neuroretinal cell types, and undifferentiated hiPSCs. The
presence of neuroretinal cells was chosen as an indicator of
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Representative low- (X4) and high- (X10) magnification light microscopic images of day 40 P1 and P4 hiPSC-RPE grown on transwell inserts. (B)
Relative expression of selected RPE genes in P1 and P4 hiPSC-RPE at day 40. (C) Relative gene expression of mesenchymal (FN1, ACTA2) and
epithelial (KRT'18) markers in human fibroblasts and P1 and P4 hiPSC-RPE cells. (D) Confocal images showing expression and localization of ACTA2
and KRT18 in P1 and P4 hiPSC-RPE cells. (E) Western blot analysis showing the amount of rhodopsin monomer (lower band) and dimer (upper
band) present in P1 and P4 hiPSC-RPE at 0 and 24 hours after unlabeled POS feeding. Scale bar: X4 images = 250 pm; X10 images = 50 pm. *P <

0.05; P < 0.0005.

contamination in our study because they are often located in
close proximity to RPE in adherent cultures of differentiating
hESCs and hiPSCs.!! We also found that serial expansion of
hiPSC-RPE up to P3 did not deleteriously affect their cytological
features or biochemical functions, but rather resulted in stable
or improved RPE culture properties.

A previous study revealed that passaging of hiPSC-RPE can
result in telomere shortening and rapid senescence.'? Further-
more, in primary RPE, epithelial to mesenchymal transitions
have been observed in continuously passaged cultures,?-3°
with spindle-shaped cells appearing after limited passaging.>®
Consistent with these reports, we saw that hiPSC-RPE at P4
failed to proliferate and form monolayers. Instead, dissociated
cells collected from P3 cultures adopted a fibroblast-like

appearance after replating, and displayed decreased expression
of RPE-specific markers and enhanced expression of mesen-
chymal markers. These findings show that, although limited
passaging can increase the quantity and purity of hiPSC-RPE
cells, attempting to passage cultures beyond senescence can
greatly alter cellular characteristics. Knowledge of this passage
ceiling is important when preparing cultures for transplanta-
tion or in vitro study. For example, when using the method
presented in this report, the use of dissociated hiPSC-RPE cells
from P3 cultures should be avoided. However, there is likely no
specific RPE passage number that is universally ideal for all
culture systems, as protocols and criteria used to grow and
passage RPE vary widely. Instead, the optimal passage and
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expansion range for experimental and therapeutic applications
should be determined for each culture method.

It is important to note that our protocol for expanding
hiPSC-RPE has potential strengths as well as weaknesses. We
required all hiPSC-RPE cultures to mature and form pigmented
monolayers at each passage before dissociation and replating,
as opposed to maintaining them in a continuously proliferative
state. This approach requires longer culture times and may lead
to early senescence, thus restricting the maximum yield of
hiPSC-RPE cells. However, it allowed us to establish defined
checkpoints during expansion for culture evaluation and
comparison. Also, from a safety standpoint, passaging hiPSC-
RPE using this method permitted assessment of culture quality
and purity at every step along the expansion process.

Interestingly, results obtained from RPE cultures derived
from multiple different hiPSC lines were highly similar at every
passage. This observation is particularly noteworthy given that
integrating viruses were used to reprogram the parent
fibroblasts, an approach that can engender greater variability
in cellular properties between hiPSC lines.®37:38 It may be that
such variability is minimized by initially isolating hiPSC-RPE
patches at a mature stage of development and subjecting them
to the rigorous passaging protocol described herein.

Taken together, our findings underscore the potential for
patient-specific hiPSCs to provide a consistent supply of RPE
with reproducible characteristics. Furthermore, we establish
limited serial expansion as a means to improve the purity of
hiPSC-RPE cultures for use in the study and treatment of retinal
diseases.
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