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Restored phagocytic ability of RPE patches ™
derived from gene-corrected retinitis
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pigmentosa-hiPSCs on a biodegradable
scaffold via clinical-grade protocol:
Implications for autologous therapy

Cases of inherited retinal dystrophy (IRD) can be caused
by mutations in the MERTK gene, which results in an
autosomal recessive form of blindness (retinitis pigmen-
tosa, RP) characterized by impaired phagocytosis of
photoreceptor outer segments (POS) by retinal pigment
epithelial cells (RPE). Persistent MERTK gene mutations in
patient-derived human induced pluripotent stem cells
(hiPSCs) pose a challenge for autologous stem cell-derived
RPE replacement therapies targeting IRD. In a previous
study, we created a hiPSC-based disease model of early-
onset RP caused by a mutation in the human MERTK
gene (homozygous frameshift mutation ¢.992_993del-
CA(p.Ser331Cysfs*5))." The hiPSC patient’s derived RPE
showed impaired POS phagocytosis.’ Applying CRISPR/Cas9
gene-editing technology supported the generation of het-
erozygously and homozygously corrected RP-hiPSC lines,
RP1-FiPS4F1-GC1 and RP1-FiPS4F1-GC2, respectively.? The
RPE cells derived from these isogenic hiPSC recovered both
wild-type MERTK protein expression and recovered the
function of phagocytosis of POS.

We here expand the patient’s RP-hiPSC, two genetically
corrected hiPSC, and hiPSC derived from a healthy donor as
control (Ctrl3-FiPS4F1) to a clinical-grade, triphasic mono-
layer differentiation protocol developed by Sharma et al®
(resumed in Fig. S1A). This differentiation protocol induces
the rapid generation of RPE clusters during the first dif-
ferentiation phase compared with other spontaneous dif-
ferentiation-based protocols.
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We observed an epithelial cell morphology of differen-
tiating cells by day (D) 10, prompting a shift to the use of
RPE Commitment Medium by D25 (Fig. S1B), which induced
the spontaneous appearance of pigmented cell clusters in
confluent neuroectodermal culture until D40 (Fig. S1B). At
D40, we observed areas of cells with a polygonal, cobble-
stone-like morphology characteristic of mature RPE
(Fig. S1B); therefore, we collected cells and isolated RPE by
negative magnetic immunoreactivity (CD24~ and CD567)
from a single cell suspension. The employed cell lines
showed variable efficiency in RPE yield (from 20% to 50%,
data not shown).

To translate our approach to the clinic, we recently
described a scaffold consisting of a biodegradable ultrathin
nanofibrous membrane made of poly(L-lactide-co-D, L-lac-
tide) (PDLLA) and an embedded peripheral supporting oval
frame optimized for RPE growth.” The CD24~/CD56~ hiPSC-
derived RPE cells (hiPSC-RPE) were seeded onto the PDLLA
scaffolds (Fig. S1B) for eight weeks to allow their matura-
tion and polarization. A similar hexagonal morphology and
high level of pigmentation were acquired in all four genetic
backgrounds (Fig. 1A; Fig. S1C). The gene expression for
trait RPE markers (BEST1, CRALBP, and RPE65) was signifi-
cantly higher compared with respective undifferentiated
hiPSC lines (Fig. 1B). The absence of pluripotency-associ-
ated markers such as NANOG in all four hiPSC-RPE cell lines
was observed (Fig. 1B). Ultrastructural studies using trans-
mission electron microscopy confirmed the correct apical
location of microvilli and lateral cell—cell junctions (tight
junctions) of RPE-like patches derived from all four hiPSC
lines (detailed representative transmission electron mi-
croscopy analysis presented in Fig. S2A) with all subcellular
structures  like intercellular junctional complexes
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Figure 1  Functional characterization of RPE derived from

patient’s, genetically corrected, and healthy hiPSC lines. (A)
Representative pictures of the cells cultured in plastic dishes 7
days in parallel to inserts with higher magnification (digital

melanosomes (black round and oval shapes in Fig. S2A)
displayed an apical distribution and basal infoldings on
nanofibrous scaffolds (Fig. S2A). All other RPE cells ac-
quired a similar cellular morphology (Fig. S2B).

The RPE maturity was validated by trans-epithelial
electrical resistance (TEER) measurements made during the
eight weeks of cell culture on nanofibrous membranes, and
progressively increasing TEER values (150—400 Q/cm?) over
time were demonstrated, suggesting the gradual matura-
tion of RPE cells on PDLLA membranes (Fig. 1C).

To determine the reversion of the MERTK expression
after mutation correction, we used an antibody that spe-
cifically detects the N-terminal fragment of MERTK.'
Immunofluorescence staining confirmed the expression of
MERTK and its correct apical localization in RPE cells
derived from gene-edited cell lines RP-hiPSCs and control
hiPSCs while the original RP-hiPSCs lacked MERTK expres-
sion as reported in our previous study’ (Fig. 1D).

The immunocytochemical analysis revealed the expres-
sion of CRALBP, RPE65, BEST1, the microvilli marker EZRIN
(proper localization), and the tight junction marker zonula
occludens-1 (Z0O-1) in RPE cells derived all four hiPSC lines
(Fig. S3).

zoom-small micrograph). (B) RPE-associated gene expression in
hiPSC-RPE. Quantitative reverse-transcription PCR analysis of
mRNA expression for RPE markers (BEST1, CRALBP, and RPE65)
and the pluripotency marker NANOG. Data represents the fold-
change in mRNA expression of four RPEs relative to their
parental hiPSCs. Each bar represents the mean + standard
error of the mean (SEM) of six independent biological repli-
cates (**p < 0.01, ***p < 0.001, ****p < 0.0001). (C) The barrier
function of RPE cells grown in inserts was measured by trans-
epithelial electrical resistance (TEER). Increasing TEER values
were observed in RPE patches during differentiation. Each bar
represents the mean + SEM of three independent biological
replicates. (D) MERTK expression in RPE derived from hiPSCs
analyzed by immunocytochemistry. Confocal z-stacks micro-
graphs show apical MERTK distribution in RPE from gene-cor-
rected (RP1-FiPS4F1-GC1 and RP1-FiPS4F1-GC2) and healthy
control (Ctrl3-FiPS4F1) hiPSCs only. (E) In vitro phagocytosis
assay of POS by RPE patches. Horizontal z-stacks together with
vertical section simulation by Leica LAS software. RPE patches
originating from control hiPSCs and gene-corrected RP-hiPSCs
exhibited internalization of FITC-labeled POS (shown in green,
indicated by arrows), and RP-hiPSCs-RPEs did not contain
internalized POS. F-actin was stained by phalloidin (red) to
visualize cell morphology. Images were taken with a Leica
confocal microscope TCS SP8 using HCX PL APO lambda blue
63X/1.4 OIL objective. Scale bar, 10 um. (F) Quantification of
phagocytosis assay by flow cytometry. The graph represents
the percentage of phagocytic RPE cells containing internalized
POS (cells without incubation with POS-FITC). Healthy control,
Ctrl3-FiPS4F1-RPEs. Each bar represents the mean + SEM of at
least three independent biological replicates (*p < 0.05,
**p < 0.01, **p < 0.001, ***p < 0.0001). The plots show the
results of one representative experiment. Cells with internal-
ized POS-FITC (phagocytes) are placed in the upper right
quadrant (DRAQ5 and FITC-positive cells). RPE, retinal pigment
epithelial cells; hiPSC, human induced pluripotent stem cell;
RP, retinitis pigmentosa.
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To assess the POS phagocytosis ability, we incubated the
RPE cells with isolated bovine-derived fluorescently labeled
POS' and monitored POS ingestion via confocal imaging. We
observed that RPE patches generated from gene-corrected
hiPSCs regained their ability to phagocytose POS unlike the
original patient-derived RPE (Fig. 1E, arrows). In the case of
patient-derived hiPSC, POS internalization was not
observed, as only a few POS were found in the microvilli
area outside of the cells.

The flow cytometry was employed to quantify the frac-
tion of RPE with internalized POS (Fig. 1F). We observed a
similar percentage of POS™ RPE cells derived from gene-
corrected hiPSCs to both allele-corrected and control
hiPSCs (67% and 71%, respectively, while the levels of
phagocytosis in heterozygously corrected cells were lower
(47%) compared with control healthy cells (Fig. 1F). As
expected, significantly lower number of cells phagocytosing
POS in mutation bearing hiPSC-RPE cells (4%) was observed
compared with control (Fig. 1F).

As a novelty, our results support the user-independent
nature of the differentiation protocol and its scalability to
patient-derived and gene-corrected hiPSCs.* In addition,
we reproduced methods for clinical-grade hiPSC subcul-
ture, cryopreservation, and differentiation to establish
protocols for clinical applications. To our knowledge, this is
the first study to describe the generation of RPE cells under
clinical-grade protocol from genetically corrected hiPSC
lines.

All RPE patches displayed multiple features of primary
RPE; they grew as an epithelial monolayer with a cobble-
stone morphology, possessed apical pigmented melano-
somes and basal nuclei, and expressed proteins involved in
the process of retinol cycling upon culture on FDA-approved
scaffolds. TEER measurements confirm a cell monolayer’s
overall health and confluence, with an increased value
representing a strong barrier against an electric current,
confirming native-RPE-like morphology and functionality.

We also confirmed the re-establishment of the expres-
sion of full-length MERTK protein and the complete rever-
sion of lost phagocytic function of RPE patches derived
from gene-corrected RP-hiPSCs. Gene correction of one or
both alleles restored MERTK expression lost in the patient’s
cells. As suggested in our previous study,” only fully
recovered protein would facilitate a functional improve-
ment in vivo; overall, our current findings represent a clear
step towards autologous therapy for MERTK-related HRD.

Our protocol significantly shortens differentiation times
to about ten weeks, considering that RPE patches will be
transplanted into the patients after four weeks of culture in
inserts. This could allow us to reduce the time from the
diagnosis to the implication of the treatment in patients
with retinal diseases associated with RPE atrophy.

In this study, for the first time, the biodegradable,
clinically approved nanofibrous scaffold is used to support
differentiation towards RPE cell fate.* PDLLA membrane
scaffolds compared to PLGA scaffolds slowly degrade after
five months in vitro,* a timespan favorable for long-term
RPE culture followed by mechanical handling during sur-
gery* making it a better option for long-term support of
transplanted cells. This innovation has critical implications
for translational applications, as scaffold material is a key
determinant of implant success.

To conclude, this study demonstrates a promising ther-
apeutic option that combines hiPSC generation and differ-
entiation, gene editing, and tissue engineering to create a
potentially long-lasting autologous treatment for vision
loss. The data generated from this study will be used as a
foundation for the future evaluation of RPE patches in small
and large animal preclinical models.
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