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ABSTRACT

Human pluripotent stem cell-derived retinal pigment epithelium (iRPE) is an attractive cell source for
disease modeling and cell replacement therapy of retinal disorders with RPE defects. However, there are
still challenges to develop appropriate culture conditions close to in vivo microenvironment to generate
iRPE sheets, which mimic more faithfully the characteristics and functions of the human RPE cells. Here,
we developed a simple, novel platform to construct authentic iRPE sheets using human amniotic mem-
brane (hAM) as a natural scaffold. The decellularized hAM (dAM) provided a Bruch’s membrane (BM)-like
bioscaffold, supported the iRPE growth and enhanced the epithelial features, polarity distribution and
functional features of iRPE cells. Importantly, RNA-seq analysis was performed to compare the transcrip-
tomes of iRPE cells cultured on different substrates, which revealed the potential mechanism that dAM
supported and promoted iRPE growth was the inhibition of epithelial-mesenchymal transition (EMT). The
tissue-engineered iRPE sheets survived and kept monolayer when transplanted into the subretinal space
of rabbits. All together, our results indicate that the dAM imitating the natural BM allows for engineer-
ing authentic human RPE sheets, which will provide valuable biomaterials for disease modeling, drug
screening and cell replacement therapy of retinal degenerative diseases.

Statement of significance

Engineered RPE sheets have a great advantage over RPE cell suspension for transplantation as they sup-
port RPE growth in an intact monolayer which RPE functions are dependent on. The substrates for RPE
culture play a critical role to maintain the physiological functions of the RPE in stem cell therapies for
patients with retinal degeneration. In this study, we constructed engineered iRPE sheets on the decellu-
larized human amniotic membrane scaffolds, which contributed to enhancing epithelial features, polarity
distribution and functional features of iRPE. dAM exhibited the ability of anti-epithelial mesenchymal
transition to support iRPE growth. Furthermore, the results of transplantation in vivo demonstrated the
feasibility of iRPE sheets in retina regenerative therapy. Engineering RPE sheets on dAM is a promising
strategy to facilitate the development of iRPE replacement therapy and retinal disease modeling.
© 2022 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Retinal pigment epithelium (RPE) is a monolayer of pigmented
cells adjacent to the neuroretina. The RPE lies on Bruch’s mem-
brane (BM) and supports the survival and function of neuroretina
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ions; 2) stray light absorption; 3) re-isomerization of all-trans
retinol during the visual cycle; 4) phagocytosis of photoreceptor
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outer segments (POS); 5) polarized secretion of essential factors
and 6) maintaining of the blood-retina barrier [1]. Therefore, RPE
dysfunction has been involved in a wide range of retinal degen-
erative diseases such as age-related macular degeneration (AMD)
and retinitis pigmentosa (RP), which are two major causes of irre-
versible blindness without effective treatment worldwide.

With the advances in stem cell research, the successful gener-
ation of human pluripotent stem cell-derived RPE (iRPE) facilitates
not only the development of regenerative therapy but also the elu-
cidation of mechanisms underlying RPE-related diseases by mod-
eling pathogenesis [2,3]. Especially in regenerative therapy, trans-
plantation of iRPE sheets or cell suspension for AMD patients is
proven to be safe and potentially effective [4-9]. However, the out-
come of RPE suspension transplantation in AMD patients is not
consistent because suspended RPE cells hardly self-organize into
a polarized monolayer in subretinal space, and thus affect their
long-term survival. Compared to the injection of iRPE suspension,
the transplantation of tissue-engineered iRPE sheets may improve
therapeutic outcomes because the survival of transplanted cells is
better [10]. The next stage is development of clinically compatible
iRPE sheets with full functions, which is still challenging.

One of the major issues in the field of RPE sheet construction
is the development of a BM substitute for the growth and graft of
iRPE cells. The native BM is approximate 3 pum in thickness and
consists of five layers: the basement membrane of the RPE, the in-
ner collagenous layer (ICL), the elastin layer (EL), the outer collage-
nous layer (OCL) and the basement membrane of the choriocapil-
laris. It contains complex extracellular matrix (ECM) components
such as laminin, fibronectin, collagens, elastin, glycosaminoglycans
hyaluronic acid and dermatan sulphate [11]. Importantly, BM plays
a key role in RPE biological processes, which is necessary to main-
tain the normal function of neural retina. For example, the healthy
BM regulates diffusion of biomolecules between choroid and RPE
as a semi-permeable filter, and provides physical support for cell
adhesion, migration and differentiation of RPE cells [11]. In con-
trast, the pathogenic changes of BM affect the cell behavior and
functions of RPE, causing various retinal disorders. The accumula-
tion of lipid and advanced glycation end products has been iden-
tified in the aged BM, which is considered as one of the causative
factors of AMD [12]. Therefore, the development of a biocompati-
ble BM-like scaffold for iRPE cultivation will contribute to not only
the generation of full functional iRPE sheets for cell replacement
therapy but also to the modeling and drug discovery of retina dis-
eases.

In the past decade, several synthetic or natural BM-like scaf-
folds have been explored in engineering RPE sheets with advan-
tages and disadvantages. The biodegradable synthetic scaffolds in-
cluding polyester, poly (lactic acid) (PLA), poly (lactic-co-glycolic
acid) (PLGA), and poly (e-caprolactone) (PCL) have been devel-
oped for supporting RPE delivery, which are considered as bio-
compatible [13-15] (ClinicalTrials.gov NCT01691261, NCT03102138,
NCT02590692). However, safety is a concern because their degra-
dation products can cause widespread retinal degeneration after
subretinal transplantation [16]. To solve these issues, natural BM-
like scaffolds, such as the Descemet’s membrane or the lens cap-
sule, have been tried to support RPE cell growth as monolayer
structures [17,18]. Nevertheless, the limited sources restrict their
broad applications. As another natural scaffold, the human amni-
otic membrane (hAM), which is readily available and inexpensive,
has been broadly used in ocular surface reconstruction or wound
dressing [19]. Although hAM possesses many structural and func-
tional features close to the native BM such as enrichment of ECM,
high elasticity, permeability and stability [11], there are only a few
reports on its application in retinal reconstruction [20,21]. One of
the possible reasons may be due to the lack of technical skills
which can simply fix the hAM in the right orientation for cell
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growth and graft. In addition, the underlying effect of hAM on RPE
cell growth in vitro and in vivo is largely unclear.

This study aimed to generate an authentic iRPE sheet on hAM
for clinical and research applications. We developed a decellular-
ized hAM (dAM) scaffold culture chamber by simple fixation with
two clamps to support the long-term culture of iRPE cells. The bio-
engineered dAM-iRPE sheets were thoroughly evaluated in molec-
ular, morphological and functional levels. dAM affected the cellu-
lar responses of iRPE cells, which contributed to enhancing the
gene expression, morphological and functional features when com-
pared to iRPE cultured on plastic culture dish or transwell. The
mechanism of iRPE on dAM with an authentic characteristic was
dAM inhibited the epithelial-mesenchymal transition (EMT) pro-
cess. We further transplanted the tissue-engineered iRPE sheets
into the subretinal space of rabbits and preliminarily demonstrated
the feasibility of iRPE sheets in retina regenerative therapy. The
construction of dAM for iRPE cultivation, combined with the thor-
ough evaluation of the tissue-engineered iRPE sheets, has the po-
tential to the application for RPE replacement therapy and RPE dis-
ease modeling.

2. Materials and methods
2.1. De-epithelialization of human amniotic membrane

The study followed the tenets of the Declaration of Helsinki.
The cryopreserved hAM was provided by the Eye Bank of Guang-
dong Province, China. It was thawed at room temperature and de-
cellularized according to the reported protocol with slight modi-
fication [22]. Briefly, the hAM was placed carefully with the ep-
ithelial surface facing upward in a 100 mm petri dish, rinsed in
phosphate buffered saline (PBS) twice, and then treated with 0.1%
trypsin/0.4 mM EDTA (Gibco, Grand Island, NY, USA) for 12-15 min
at 37 °C. After the incubation, the dissociated epithelial layer of
the hAM was rinsed in PBS twice and observed under an inverted
microscope (Zeiss, Jena, Germany) to ensure the removal of en-
tire epithelial layer. The transparency of hAM and dAM was vi-
sually evaluated with letter “A” underlying the membranes [23].
Nuclear staining with DAPI was performed to further confirm the
completeness of de-epithelization.

2.2. Manual setup of dAM scaffold chambers for iRPE cultivation

To lower the cost and increase the accessibility, a dAM scaf-
fold chamber was developed by manual fixation with a tissue car-
rier (Minucells and Minutissue, Bad Abbach, Germany). The tissue
carrier consisted of two rings: a black holding ring and a smaller
white ring. The outer diameter of this carrier was 13 mm and the
inner diameter 9 mm (Fig. S1A). Firstly, the dAM was placed over
the black ring with the basement membrane facing up. Secondly,
the white ring was downward inserted into the black holding ring
to fix the dAM and keep it in the appropriate tension without fold-
ings and holes. Thirdly, the excessive dAM outside the cell carrier
was cut. Finally, the established dAM chambers compatible with
various types of culture vessels were transferred into 24-well cul-
ture plates containing PBS. Sterility testing was performed before
use.

2.3. Cell strain and culture of RPE cell sheets

iRPE cells were induced from BC1 and BC1-GFP hiPSCs, en-
riched, expanded and cryopreserved in our laboratory according
to the previous report [24]. To generate iRPE sheets, the frozen
iRPE cells were revived and cultured on Matrigel-coated 6-well
culture plates. When reached confluence, the iRPE cells were dis-
sociated and seeded on different substrates: dAM scaffold cham-
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ber, transwell membrane coated with Matrigel (TM) and tissue
culture plate coated with Matrigel (TCP) in the same density of
1 x 10° cells/cm?. The cells were cultured in medium contain-
ing 50% DMEM/F12 (Gibco), 35% DMEM basic (Gibco), 10% FBS
(Gibco), 2% B27 supplement (Gibco), 1% NEAA (Gibco), 1% Gluta-
Max (Gibco), 0.1% Taurine (Sigma-Aldrich, St. Louis, MO, USA) and
1% penicillin-streptomycin (Gibco). After cells grew into confluence
in 10 days, the culture medium was switched into RPE maturation
medium consisting of 60% DMEM/F12, 37% DMEM basic, 2% B27
supplement, and 1% penicillin-streptomycin. Cells were observed
and imaged with inverted microscope (Zeiss).

2.4. Atomic force microscopy (AFM)

AFM was used to detect the stiffness of dAM, TM and TCP.
The measurements were performed in liquid (PBS on the apical
side of the membrane). For the measurement, substrate samples
were bonded on a coverslip. All the experiments were performed
by an atomic force microscope (Dimension FastScan, Bruker, Ger-
many). Force—volume images were acquired within a square of 20
pum x 20 um at the center of the membrane. An AFM tip with an
adhered 5 pum radius polystyrene sphere and silicon nitride can-
tilever applied to obtain the force-separation curves. A minimum
of 64 points were measured per membrane. DMT modulus was se-
lected to measure the parameter of Young’s modulus, which refers
to the relationship between stress and strain in a material. A stiffer
material exhibits a higher Young's modulus.

2.5. Immunohistochemistry

Immunostaining was performed as described previously [24,25].
For cryosections of iRPE, hAM and dAM, samples were fixed with
4% paraformaldehyde (PFA) for 15 min at room temperature. Af-
ter dehydration in gradient sucrose solution and embedding in OCT
compound (Sakura Finetek Japan, Tokyo, Japan), tissues were sec-
tioned in 16 pm thickness. For iRPE flatmounts, iRPE sheets were
washed and fixed in 4% PFA for 15 min at room temperature. Af-
ter blocking and permeabilization, the cryosections or flatmounts
were incubated with the following primary antibodies overnight in
4°C: mouse anti-ZO-1 (1:400, Thermo Fisher Scientific, Waltham,
MA, USA); mouse anti-BEST1 (1:500, Abcam, Cambridge, UK); rab-
bit anti-OTX2 (1:500, Abcam); rabbit anti-PMEL17 (1:500, Abcam);
mouse anti-EZRIN (1:100, Abcam); mouse anti-CRALBP (1:500, Ab-
cam); mouse anti-Na/K ATPase (1:200, Abcam); mouse anti-o-SMA
(1:500, Abcam); rabbit anti-collagen IV (1:200, American Research
Products), mouse anti-laminin (1:100, Boster, Wuhan, China). Fol-
lowing PBS washing, samples were incubated with appropriate sec-
ondary antibody (1:500, Donkey anti-Mouse, Alexa Fluor 555, In-
vitrogen, Carlsbad, USA; Donkey anti-Rabbit, Alexa Fluor 555, In-
vitrogen; Donkey anti-Rabbit, Alexa Fluor 488, Invitrogen; Don-
key anti-Rabbit, Alexa Fluor 647, Invitrogen) for 1 hour at room
temperature. For labeling of F-actin, fixed cells were treated with
TRITC Phalloidin (Solarbio, Beijing, China) for 30 min after blocking
and permeabilization. Nuclear staining was performed with DAPIL
Images were acquired using either Zeiss LSM 880 confocal micro-
scope (Carl Zeiss) or ZEISS Axio observer 7 microscope (Carl Zeiss).

2.6. Hematoxylin-eosin (H&E) staining

For H&E staining of hAM and dAM, 6 um thick of cryosec-
tions were washed and stained with hematoxylin (Biosharp, Hefei,
China) and eosin (Beyotime Biotechnology, Shanghai, China) as de-
scribed previously [26]. Images were acquired using ZEISS Axio ob-
server 7 microscope. The thickness of hAM and dAM was measured
by Fiji software (National Institutes of Health, Bethesda, USA).
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2.7. RPE flatmount image segmentation and morphometric analysis

For morphometric analysis of individual RPE cells in each flat-
mount image, we segmented RPE cells from images of ZO-1 stain-
ing which labeled the cell borders. Following the process includ-
ing making binary, despeckling and removing abnormal cells in a
semi-automatic way, an individual cell was recognized in Fiji soft-
ware. Using the binarized images, the following morphometric fea-
tures were measured: cell area, form factor and number of cell
neighbors. Cell area represented the size of each iRPE cell. Form
factor reflected the relationship of perimeter to area according to
the definition 47t x area/perimeterZ, which has been used to mea-
sure the deviation of a cell from the shape of perfect hexagon [27].
The form factor value for the perfect equilateral hexagon is 0.84.
When the form factor of a cell is close to 0.84, this cell’s shape
is closed to that of native RPE cells. Analysis of cell neighbors was
used to count the number of contacting neighbor cells for calculat-
ing the ratio of hexagonal cells. If there were more hexagonal cells
in an iRPE sheet, this iRPE sheet was considered to have the better
quality. Over 200 cells were randomly picked from three different
samples in each group to conduct this analysis.

2.8. Analysis of pigmentation

The appearance of the iRPE pigmentation on each substrate
was recorded by inverted microscope . The degree of pigmenta-
tion was analyzed 4 weeks after cultivation by randomly capturing
20 x bright field images with ZEISS Axio observer 7 microscope.
The quantification of pigmented area was performed by Fiji soft-
ware. Briefly, bright field images were binarized to 8-bit images to
reflect the pigmented area (high intensity) and unpigmented area
(low intensity). The images threshold was determined to measure
percentage of the high intensity area. Three to ten images from
each group were used to analyze.

2.9. Phagocytosis Assay

The phagocytosis assay was performed as previously described
[24]. Photoreceptor outer segments (POS) were generated from
porcine eyes in a dark room and labeled with CM-Dil (C7001;
Invitrogen) following manufacturer instructions. iRPE on different
substrates at 6 weeks were treated with the CM-Dil labeled POS at
37 °C or 4 °C (negative control) for 24 h. Afterward, all the samples
were washed with PBS thoroughly, fixed with 4% PFA and stained
with DAPL Images were acquired with a ZEISS Axio observer 7 mi-
croscope. For quantitative analysis, the number of cells and POS
were counted using Fiji software from five random fields of view
(40 x) in each group. In the functional comparison of iRPE cells
in different substrates, the amount of POS was normalized by the
number of cells in each image.

2.10. ELISA of VEGF secretion

Before the experiments, iRPE cells were washed with PBS twice
then cultured in 500 pL DMEM-basic for 24 h. The culture super-
natants were collected and centrifuged at 300 x g for 5 min before
quantification of VEGF concentration. The measurement was per-
formed by three different samples using the human VEGF Quan-
tikine ELISA kit (QuantiCyto, Wuhan, China) according to manufac-
turer instructions. In the functional comparison of iRPE cells in the
different substrate, the concentration of VEGF was normalized by
the culture area.
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2.11. Electron microscopic analysis: scanning electron microscopy
(SEM) and transmission electron microscope (TEM)

iRPE sheets on dAM were fixed in the modified Karnovsky’s
solution (2.5% glutaraldehyde/2% PFA) at 4°C before processing,
which was performed in Electron Microscopy Core Facility of
Sun Yat-sen College of Medical Science, Sun Yat-sen University
(Guangzhou, China). For SEM analysis, hAM, dAM and iRPE sheets
were dehydrated in a graded series of ethanol/water, transferred
into 100% acetone for 15-20 min, 100% isoamyl acetate for 15-
30 min. Samples were dried using the Leica EM CPD 300, and
sputter-coated with gold using the Coater Ion sputter EIKO IB-5.
Finally, samples were analyzed with the SEM (FEI Quanta 200) at
5 kV acceleration voltage using the lower secondary electron de-
tector.

For TEM analysis, iRPE sheets on dAM were dehydrated by pass-
ing through a graded series of ethanol solutions, and embedded in
epoxy resin. Then samples were cut into ultrathin sections with an
ultra-microtome, stained with 1% uranyl acetate and lead citrate,
and then imaged with a transmission electron microscope (FEI Eu-
rope, Eindhoven, Netherlands).

2.12. RNA-seq and data analysis

iRPE cells (about 1 x 106 cells per experiment, 2 experiments)
from different groups were collected in Trizol reagent (Invitro-
gen) and stored in a —80 °C freezer until submitted to Gene De-
novo Biotechnology Co (Guangzhou, China) for RNA extraction, li-
brary preparation, sequencing and data analyses. Total RNA was
extracted according to the manufacturer’s instructions. RNA qual-
ity and quantity were assessed using the Agilent 2100 bioanalyzer
(Agilent Technologies). mRNA libraries were then generated and
RNA-seq was performed by Illumina Novaseq6000.

Raw data were processed using the fastp tool (version 0.18.0).
Reads containing poly-Ns, duplicate sequences, and low-quality se-
quences were removed to obtain high-quality clean reads. The
remaining clean reads were further used in assembly and gene
abundance calculation. Gene expression levels were quantified by
software RSEM [28]. The fragment per kilobase of transcript per
million mapped reads (FPKM) value was calculated to quantify
the expression levels of each gene. Correlation analysis was per-
formed by R. correlation of two parallel experiments. Principal
component analysis (PCA) was performed with R package g mod-
els (http://www.r-project.org/). Differential expression analysis was
performed by DESeq2 R package (1.18.0) between two different
groups and by edgeR (Robinson et al.,, 2010) between two sam-
ples. The genes/transcripts with the parameter of false discovery
rate (FDR) below 0.05 and absolute fold change >2 were consid-
ered differentially expressed genes (DEGs). Then the DEGs were
subjected to Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway enrichment analysis. The GO terms
or pathways with a Qvalue < 0.05 were defined as significantly
enriched. Gene set enrichment analysis (GSEA) was further per-
formed using software GSEA and MSigDB [29]. Enrichment scores
and p value were calculated as default parameters, and p<0.05 was
considered statistically significant.

2.13. Subretinal transplantation and in vivo imaging

The in vivo experiment was approved by the Animal Exper-
imental Ethics Committee of the Zhongshan Ophthalmic Center,
Sun Yat-sen University. All experiments were conducted in accor-
dance with the Association Research in Vision and Ophthalmology
(ARVO) Statement for the Use of Animals in Ophthalmic and Vi-
sion Research. New Zealand white albino rabbits aged 6 months,
weighing between 3.5 to 4.0 kg were used in this study. Rabbits
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were treated daily with cyclosporine A 3 days before the experi-
ment. Before surgery, rabbits were anesthetized with intramuscu-
lar injection of pentobarbital sodium (1 mg/kg) and Xylazine hy-
drochloride (1 mg/kg), and pupils were dilated. After the scleral
incision was made using 23 G trocar (Alcon, Fort Worth, TX, USA),
subretinal blebs were created by injection of PBS under a surgical
microscope (Leica, Wetzlar, Germany). 2 to 3 mm? of dAM-iRPE
sheets were grafted into the subretinal space by a microforceps
and a microneedle. Multi-color fundus images, BluePeak autoflu-
orescence (BAF) and spectral-domain optical coherence tomogra-
phy (SD-OCT) were performed to evaluate the grafts in vivo with
a SPECTRALIS HRA+OCT instrument (Heidelberg Engineering, Hei-
delberg, Germany) 7 days after surgery. After observation, rabbits’
eyes were enucleated and fixed with 4% PFA for cryosection and
immunostaining.

2.14. Statistical analysis

Values were expressed as mean =+ standard deviation (SD). Sta-
tistical analysis was performed with GraphPad Prism version 9.0.
The statistical significance of difference was determined by un-
paired t-test for two-group comparisons or ANOVA followed by
Dunnett’s test for three-group comparisons. P < 0.05 was consid-
ered statistically significant. For statistical analysis of RNA-seq, see
‘2.10. RNA-seq and data analysis’ for more details.

3. Results
3.1. Evaluation of dAM scaffolds for iRPE sheet generation

To provide the dAM bioscaffold for culturing the iRPE cells,
the epithelial layer of hAM was removed before iRPE seeding. Af-
ter thawing, hAM fixed on a nitrocellulose membrane was treated
by trypsin/EDTA (Fig. S1B). The cell debris was observed after
treatment (Fig. S1C). Compared to the hAM, the dAM was more
transparent as the letter “A” beneath the membrane was clearer
(Fig. 1A). Bright-field microscopic images and DAPI labeling con-
firmed that the dAM was lack of epithelial cells (Fig. 1B). H&E
staining of cryosections of hAM and dAM revealed that the thick-
ness of dAM was thinner than hAM after trypsinization because of
the removal of epithelial cells (Fig. 1C, D). The ultrastructure analy-
sis by SEM confirmed that only a dense fibroid structure was iden-
tified in dAM surface, whereas the hexagonal epithelial cells were
observed in hAM (Fig. 1E). To further analyze whether the compo-
nents changed in dAM, immunostaining for two key components of
ECM, collagen IV and laminin, was performed. Both of them were
not remarkably changed (Fig. 1F). Because they are also two ma-
jor ECM components in BM as well [11], these results suggested
that trypsin treatment could efficiently and gently remove the ep-
ithelial layer of hAM without the influence on ECM, producing an
important natural substrate of dAM to support RPE cell growth.

Following the de-epithelialization, the dAM was manually fixed
with two holding rings to establish a culture chamber fitting to
various types of culture vessels (Fig. S1D). In this study, the dAM-
based cultivation chamber was used for the culture of iRPE cells
unless otherwise stated (Fig. S1E).

3.2. Characterization of iRPE sheets on dAM scaffold

The preparation of iRPE sheets on dAM scaffold was schemati-
cally illustrated in Fig. 2A. When growing on dAM with an initial
density of 1 x 10° cells/cm?, the iRPE cells quickly became conflu-
ent, and gradually presented homogeneous, polygonal morphology
within six weeks after culture (Fig. 2B). Melanin was observed in
the apical side of iRPE sheets (Fig. 2C). Immunofluorescence stain-
ing showed that integrin 81 and collagen IV located in the basal
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Thickness (pm)
(3]
o

COL IV/IDAPI LAM/DAPI

dAM

COL IV/IDAPI LAM/DAPI

Fig. 1. Characterization of dAM scaffold for iRPE cultivation. (A) Comparison of macroscopic photographic images of hAM and dAM in moist form. dAM showed higher
transparency. (B) Representative phase-contrast images and DAPI staining of hAM and dAM. No epithelial cells and a small amount of DNA were detected in dAM. Scale
bar = 50 um. (C) Representative H&E staining of vertical section of hAM and dAM. No epithelial cells were detected in dAM. Arrows indicated epithelial cells in hAM. Scale
bar = 50 um. (D) Quantification of thickness of hAM and dAM. Values were expressed as mean + SD (n = 4). ** P < 0.01, compared to hAM. (E) Representative SEM images
of epithelial side of hAM and dAM. Scale bar = 5 um. (F) Immunostaining for collagen IV and laminin of hAM and dAM. Scale bar = 20 pum. Arrows indicated the signal of

DAPI.

side of dAM-iRPE sheets, while ZO-1 located in the apical side, in-
dicating that iRPE sheets were polarized (Fig. 2D, E). In addition,
other RPE-specific markers including BEST1, OTX2, CRALBP, PMEL,
EZRIN and Na/K ATPase were also highly expressed and located
in the correct side of dAM-iRPE sheets, confirming they grew into
matured iRPE sheets after cultured on dAM for 6 weeks (Fig. 2F).
The ultrastructures of RPE cells grown on dAM were further evalu-
ated. SEM and TEM images showed that they had a well-organized
polygonal shape with long microvilli on their apical side, basal in-
foldings, melanin granules and tight junction (Fig. 2 G-K), which
are characteristics of human native RPE. Taken together, our re-
sults indicated that the dAM supported the growth of iRPE cells
into matured RPE sheets with well-organized epithelial features.

3.3. Enhancement of morphological and functional features of iRPE
on dAM scaffold

RPE cells (including primary RPE and iRPE) have been com-
monly cultured on tissue culture plates or semipermeable tran-
swells. Compared to these two culture vessels, whether dAM has
the potential to further enhance the characteristics of RPE is still
unknown. To achieve this, iRPE cells cultured on three different
surfaces of dAM, TM and TCP were further compared in cellular
processes after adhesion, morphometric and functional features of
mature epithelial cells.

After cell attachment, the F-actin organization changes in re-
sponse to the features of substrate [30]. When seeded on three
different substrates for 1 day, iRPE cells presented different F-
actin distribution: the circumferential actin belt was remarkably
observed in iRPE cells on dAM, whereas iRPE cells on TM or TCP
exhibited more radial stress fibers than those on dAM (Fig. 3A, B).
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Because stiffness is one of the important factors that affect cell re-
action after seeding, we measured Young's modulus of three differ-
ent scaffolds using AFM. TM and TCP had higher values of Young’s
modulus than dAM (Table 1).

We further analyzed the morphological features of iRPE cells
cultured on different substrates. In the first 7 days after seeding,
some cells on TM or TCP represented fusiform morphology, which
was a typical phenotype of RPE cells in a dedifferentiation process.
These spindle-like cells were still observed even at 4 weeks after
culture (Fig. 3C). In contrast, iRPE on dAM gained a cobblestone-
like morphology in one week and became highly homogeneous in
4 weeks after culture (Fig. 3C). To compare the morphometric fea-
tures, ZO-1 labeled images of iRPE cells after 6 weeks’ culture on
three different substrates were applied to extract the morphome-
tric information (Fig. 3D). Images were processed by Fiji software
to obtain binary images. After cell recognition, the data of cell area,
form factor and cell neighbors were extracted (Fig. S2A). Compared
to iRPE cells growing on TM or TCP, iRPE cells on dAM had the
smallest cell area (Fig. 3E, S2B). In addition, the form factor of iRPE
cells on dAM, TM and TCP was 0.78 + 0.11, 0.71 & 0.13, 0.69 + 0.14,
respectively. Therefore, the former had the most similar value to
that of the perfect hexagon among the three groups (Fig. 3F, S2C).
When calculating the number of neighboring cells in each group,
the ratio of hexagonal cells in iRPE cells on dAM (36% + 4.0%) was
significantly higher than those on TM (26% + 6.4%) or TCP (28% +
2.8%) (Fig. 3G). The morphometric features of iRPE cells on dAM
were similar to those of human native RPE cells in vivo [27].

To assess the advantage of dAM, we compared the cell pigmen-
tation and the cellular function among the three groups. Pigmen-
tation is one of the features commonly used to indicate the matu-
ration of iRPE cells. The differences in the density of pigmentation
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CRALBP, PMEL, EZRIN and Na/K ATPase. Scale bar = 10 pum. (G, G') SEM images of iRPE on dAM at different magnification. Each iRPE cell showed similar morphology with
long apical microvilli. Scale bars, 100 um (G), 10 um (G’). (H-K) Characterization of iRPE on dAM by TEM. After cultivation on dAM for 6 weeks, iRPE cells presented
microvilli (H), basal infoldings (I), melanin granules (J) and tight junction (K). Scale bars, 2 «m (H), 500 nm (I, J), 200 nm (K). Arrows indicated the basal infoldings (I) and
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Table 1
Young’s modulus of dAM, TM and TCP using AFM.

dAM ™ TCP

Young’s modulus (Compression) 1.22-5.50 KPa  211.40-659.78 KPa 70.72-175.93 MPa

were observed by microscopy. The pigmented cells were homoge- into authentic human RPE, which exhibited better morphology and
neous on dAM, but distributed in clusters on the TM and TCP. In functionality.
addition, over 29% of cells exhibited high degree of pigmentation,

whereas those on TM and TCP had a lower production of pigmen- 34 Transcriptome analysis of iRPE cells on different substrates
tation (Fig. 4A, B). In the comparison of cellular function, phago-

cytosis and cytokine secretion assays were performed with iRPE To characterize and compare the transcriptome profiles of iRPE
cells from three different groups. Phagocytosis of the outer seg- cells cultured on different scaffolds, we performed RNA-seq of iRPE

ments shed from photoreceptors is one of the essential functions cells cultured on dAM, TM and TCP. In both PCA and sample corre-
of the polarized RPE monolayer. After feeding POS to iRPE cells for  Jation analysis, iRPE cells from the same substrate were grouped
24 h, more POS were phagocyted in iRPE cells on dAM than on TM  together, indicating high reproducibility of biological replicates
and TCP (Fig. 4C, D). Furthermore, iRPE cells on dAM also secreted  (Fig. 5A, B). Differential expression analysis showed that when
a significantly higher amount of VEGF (Fig. 4E). Overall, our re-  compared with dAM, the number of DEGs that showed more than
sults demonstrated that dAM scaffold supported iRPE cells to grow or equal to two-fold change in TCP or TM group was 1433 and
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Fig. 3. Enhancement of morphological features in iRPE cells on dAM. (A) Representative phalloidin staining for F-actin in iRPE cells on dAM, TM and TCP after seeding
for 1 day. Scale bar = 20 um. (B) Quantification of percentage of cells with stress fiber among iRPE cells on different scaffolds. Values were expressed as mean =+ SD (n = 3).
ANOVA followed by Dunnett’s test; ** P < 0.01, compared to dAM. (C) Representative phase-contrast images of iRPE cells on dAM, TM and TCP after seeding for 1W and
4W. Scale bar = 50 um. Asterisk indicated the spindle-like cells. (D) Representative whole-mount immunofluorescence images of iRPE sheets on dAM, TM and TCP for ZO-1.
Scale bar = 20 pum. (E) Quantification of cell area among iRPE cells on different scaffolds. Values were expressed as mean =+ SD (n = 263 cells from 3 different samples). **
P < 0.01, compared to dAM. (F) Quantification of cell eccentricity of iRPE cells on different scaffolds. Values were expressed as mean + SD (n = 303 cells from 3 different
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expressed as mean =+ SD (n = 11-14 images from 3 different samples). ** P < 0.01, compared to dAM.

1138, respectively. In contrast, compared with TCP, there were only
139 DEGs in TM group (Fig. 5C, S3). These results indicated that
there were significant differences in the transcriptomes of iRPE
cells between dAM and the other substrate groups.

Next, we compared the expression of the RPE-specific genes
in iRPE cells cultured on different substrates. Compared to TM
and TCP, melanin metabolism-related genes were up-regulated
in dAM group (Fig. 5D). Especially the expression of TYR, TTR,
SLC24A5, PMEL and KIT was significantly higher in iRPE sheets on
dAM (Fig. 5E). In addition, the up-regulation of the expression of
RPE functional genes was identified in dAM group (Fig. 5F), es-
pecially the genes associated with vitamin A metabolism (RDHS5,
LRAT, RLBP1), volume regulation (BEST1) and phagocytosis (MERTK)
(Fig. 5G). Collectively, these transcriptomic findings further demon-
strated that dAM could promote the functional maturation of iRPE,
which was consistent with the results in the functional analysis
described above (Fig. 4).
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3.5. Highlight of the anti-EMT effect of dAM in iRPE cells cultivation

Finally, the mechanism that dAM promoted iRPE growth into
authentic, cobblestone like human RPE was explored. Among three
different surfaces, almost all of cells on dAM presented epithelial
morphology, while part of the iRPE cells cultured on TM or TCP
exhibited a fibroblast-like morphology (Fig. 3C). This fibroblast-like
shape is a typical property of RPE cells under EMT process [36].
In addition, immunostaining for «-SMA, a mesenchymal marker to
indicate EMT, showed that «-SMA positive cells were hardly seen
in the iRPE cultured on dAM, but observed on TM and TCP (Fig. 6A,
B), indicating the suppression of EMT in iRPE cells cultured on
dAM when compared with the TM and TCP groups.

Moreover, with the RNA-seq data, 15 of the most significantly
changed signaling pathways between iRPE cells cultured on dAM
and TM or TCP were identified by KEGG analysis. Among them,
focal adhesion, regulation of actin cytoskeleton and pathways in
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cancer were associated to EMT of RPE cells (Fig. S4A, B) [31]. Ad-
ditionally, GSEA analysis notably indicated the inhibition effect of
dAM on EMT (Fig. 6C, D) [29]. Differential expression analysis also
showed that genes involved in promoting EMT process were down-
regulated in iRPE cells on dAM, such as SNAI2, VIM, CDH2, FGF2 and
TGFB1 (Fig. 6E, F), while genes inhibiting EMT progress were up-
regulated, such as BMP7, SFRP5, AXIN2 and NOG (Fig. 6E, F). Fur-
thermore, when compared to dAM group, the known ECM genes
such as LAMA1, COL4A1 and FN1 were significantly up-regulated in
TM and TCP groups (Fig. S5), which was consistent with the fact
that the overexpression of ECM could facilitate the EMT process
[32].

All together, the above findings demonstrated that dAM pro-
moted the growth of iRPE cells by down-regulating expression of
ECM promoting genes in iRPE cells, thus inhibiting the ECM pro-
cess.

3.6. Transplantation of the tissue-engineered iRPE sheets into
subretinal space of the rabbits

To further analyze the feasibility of transplantation, we grafted
the tissue-engineered dAM-iRPE sheets into rabbits’ eyes. 7 days
after surgery, multi-color and BAF fundus images identified the
grafted sheets with the GFP-positive RPE cells (Fig. 7A-B). OCT
imaging revealed that they were located in the subretinal space
(Fig. 7C). Immunostaining confirmed that GFP labeled human iRPE
cells positive for STEM121 (a human specific marker) survived,
kept in monolayer and expressed specific RPE markers including
Z0-1, CRALBP and BEST1 in the back of rabbits’ eyes (Fig. 7D, E).
Cell proliferation was not obviously observed in the iRPE patch
(Fig. 7F). Importantly, the grafted RPE cells on dAM was not ex-
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pressed EMT marker «-SMA (Fig. 7G), being consistent to the anti-
EMT effect of dAM in vitro described above. These results demon-
strated dAM would be a suitable scaffold in the application of iRPE
transplantation.

4. Discussion

In this research, we developed a dAM-based scaffold chamber
for the generation of iRPE sheets with easy handling and sim-
ple fixation. iRPE cells on dAM exhibited morphological features
similar to RPE cells in vivo with an enhancement of pigmentation
and cellular function. Under a comprehensive analysis of transcrip-
tome profiles in iRPE on dAM by RNA-seq, we identified the up-
regulation of RPE-specific genes in iRPE on dAM was potentially
because dAM inhibited EMT process in iRPE cultivation. dAM-iRPE
sheets survived with mature RPE markers expression when trans-
planted into the subretinal space of rabbits. This authentic dAM-
iRPE sheets should facilitate not only the cell replacement therapy
for retinal degenerative diseases but also the disease modeling for
RPE-related disorders such as AMD.

Although many approaches have been developed to culture RPE
cells, the generation of authentic RPE monolayer is still challeng-
ing. The healthy structure of native RPE has been described as a
monolayer of cobblestone-like hexagonal shape to achieve the key
functions such as barrier function and metabolite transport. Aging
and the pathogenesis of RPE cause morphometric changes, includ-
ing the lower density, bigger cell size and smaller ratio of hexag-
onal shape [27]. Previous studies have shown that the features of
cultured RPE cells depend on the culture conditions including the
culture medium, substrate or culture vessel [33-36]. TCP is the
most common vessel used to expand RPE cells in vitro. Differences
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in morphology and gene expression have been identified between
RPE cultured on TCP and native RPE [37]. Some RPE cells even
show the elongated cell shape in multilayers [38]. Transwell con-
tains a semi-permeable insert, which helps epithelial cells to grow
into a polarized epithelial monolayer under more natural condi-
tion, and is commonly used in the generation and functional evalu-
ation of iRPE sheets [39]. However, compared to native RPE, RPE on
transwell presents different features including the thickness, the
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number of melanosomes and the expression of some RPE signa-
ture genes, which may be due to the absence of suitable stiffness
and ECM in the membrane of transwell inserts [40]. Natural scaf-
folds with similar properties to BM, such as dAM, are considered
as a promising way to generate authentic RPE monolayer (Table 2).
In addition to the similar tensile elastic modulus between BM and
dAM, we also used AFM to measure the Young's modulus of the
surface of a material in nanoscale, which also proved that the stiff-
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Table 2

Components and elasticity of Bruch’s membrane and amniotic membrane.
Component Bruch’s membrane Amniotic membrane References
Collagens LI IV, V, VI XIT 1, 100 1V, V, VI VI XVI XVIE [11,60]
Laminin Vv v [11,60]
Nidogen J J [11,60]
Fibronectin J J [11,60]
Heparan sulphate Vv N [11,60]
Chondroitin/ Dermatan sulphate J v [11,60]
Elastin J J [11,60]
Pentraxin J N [11,60]
Young’s modulus 1.0-5.0 MPa 2.8 MPa [61,62]
(Tension)

ness of the surface of dAM was similar to the retina [41]. Several
researches attempted to culture RPE cells on dAM which was fas-
tened to transwells or glass slides, showing dAM-based RPE cells
had typical morphological and molecular features [38,42]. In this
research, we used the Minucells tissue carriers to simply fix dAM
and established a cost-effective dAM scaffold chamber for iRPE
cells culture and transplantation. RPE cells increased pigmentation
and expression of RPE-specific markers on dAM, which was con-
sistent with previous reports [38,42]. In addition, RNA-seq analysis
disclosed the transcriptome changes in iRPE cells on dAM. Com-
pared to iRPE cells on TCP or TM, a more significant difference was
identified in iRPE cells on dAM with up-regulation of a broad range
of melanin metabolism genes such as TYR, TTR, PMEL and RPE
functional genes such as RDH5, LRAT, RLBP1, BEST1 and MERTK.
The detailed analysis from morphological and functional features
to transcriptome profiles indicated that our tissue-engineered iRPE
sheets were authentic.

EMT of RPE cells is a key pathological event in severe reti-
nal diseases such as proliferative vitreoretinopathy and diabetic
retinopathy [43-45], which is the common event occurred in the
cultivation of RPE cells and the potential cause of the failure of
RPE grafts in cell therapies [13]. Many efforts have been made to
intervene in this transition of RPE cells in vitro and in vivo, such as
by the addition of ROCK-inhibitor [46] or TGF-g signaling inhibitor
[47]. When cultured iRPE cells on dAM, the de-differentiated cells
were seldom identified. The cellular responses of iRPE cells on dif-
ferent scaffolds were analyzed by phalloidin staining. iRPE on dAM
exhibited the circumferential actin belt, whereas cells on TM and
TCP exhibited more stress fiber. We further found that dAM had
the lowest values of the Young’s modulus among three scaffolds
by AFM measurement. According to the previous report that stress
fiber was an important feature of the onset of EMT [48], our re-
sults indicated that the mechanical property was a key factor of
dAM to prevent EMT. In addition, transcriptome analysis showed
that dAM inhibited the expression of EMT markers, such as SNAI2,
VIM, CDH2, FGF2 and TGFB1, but induced the expression of anti-
EMT markers, such as BMP7, SFRP5, AXIN2 and NOG. Moreover,
when transplanted into the subretinal space of rabbits, dAM-iRPE
sheets did not undergo EMT, which was considered as a risk fol-
lowing RPE transplantation [9,49]. These findings imply that the
dAM-based RPE sheets were suitable for retinal reconstruction.

Furthermore, preclinical and clinical studies on RPE cell trans-
plantation indicate that inflammation also contributes to the re-
jection of the transplanted RPE cells although RPE is considered
as an immune-privileged tissue [50-52]. Some reports have re-
vealed that RPE cells have immunogenic properties including the
secretion of inflammatory cytokines and chemokines [53]. There-
fore, reducing the expression of inflammatory cytokines and sup-
pressing the recruitment of immune cells are also needed to con-
sider during scaffold design. The clinical applications of hAM have
shown its immune-privileged property by suppressing the allo-
reactive T cells [54]. In the current study, we also explored the
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impact of dAM on inflammatory cytokines of RPE cells. iRPE cells
in the dAM group down-regulated the expression of inflammatory
cytokines including CXCL6, IL11 and CCL20, compared to the TM
and TCP group (Fig. S5), which suggested that dAM could prevent
the inflammatory response in iRPE transplantation. These results
revealed the possibility that dAM-iRPE sheets would be a more
suitable material source for transplantation. Further experiments
with these dAM-iRPE sheets need to be carried out to evaluate
the therapeutic effects in animal models with retinal degenera-
tions. iRPE cells from patient-derived hiPSCs have the potential
to model the pathogenesis of inherited retinal diseases. RP and
AMD patients-derived iRPEs have already been used to analyze
the disease initiation and progression [2,55]. Pathological analysis
of AMD suggests that drusen formation with the accumulation of
oxidized molecules and neutral fats in BM may be the initiating
event that causes macular dysfunction [11]. Therefore, acquiring
a BM-RPE co-culture model is the prerequisite to faithfully reca-
pitulate the pathogenesis of these diseases. Previous studies along
our current findings indicate that cultured iRPEs on tissue culture
plate or transwell may not be a good model for this purpose due
to the absence of BM and natural mechanical properties. In con-
trast, hAM had similar components to BM including the ECM com-
ponents and stiffness, and iRPE cells on dAM presented authen-
tic features of primary RPE in vivo, hence, dAM-iRPE sheets may
be a better model to understand the onset and progress of reti-
nal diseases. To our knowledge, little attempt has been made to
model pathogenesis using the co-culture of patient iRPE and dAM
[56].

To achieve the stable and reproducible generation of dAM-iRPE
sheets, a key step is to find a suitable material to hold or fix the
soft dAM in its right orientation and tension. Although some other
researchers have tried to fix or fasten dAM on inserts for cell cul-
ture [21,57], the interference of other materials would make dAM
hard to keep the appropriate tension. Tissue carriers have been
used in modeling an ex-vivo retina-RPE tissue [58]. In this study,
we used the Minucells tissue carriers to simply clip dAM with-
out other support to construct the dAM chamber with high re-
producibility (see details in Materials and Methods section 2.2).
The dAM chambers can be placed in 24-,12- or 6-well culture
plates, facilitating cell culture. In addition, the tissue carriers can
be reused after sterilization, reducing experiment expenses. This
cost-effective dAM chamber would be an ideal system for dAM-
based cell cultures, which should contribute to cell therapy and
disease modeling using iRPE cells. Nevertheless, this device cannot
isolate the culture vessel into two compartments, which is nec-
essary for analyzing the polarized secretion of cytokine and eval-
uating the barrier function by transepithelial resistance [59]. Al-
though the higher amount of VEGF secretion and immunostaining
for integrin-B1 indicated that iRPE cells on dAM had a better po-
larization and barrier function, further adjustment would be neces-
sary to establish a chamber with the separation of the apical side
and basal side like transwell.
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Fig. 7. Transplantation of dAM-iRPE sheets into subretinal space of rabbit. (A, B, C) Multi-color fundus photograph, BAF photograph and SD-OCT images of a rabbit with
iRPE sheets transplantation for 7 days. Scale bar = 200 xm. Dashed line circle indicated the GFP positive area (A, B). Arrows indicated the location of iRPE patch (C). (D-
G) Representative immunostaining images of rabbit’s retina 7 days after transplantation. D, STEM121 (a human specific marker). E, ZO-1, CRALBP and BEST1 (RPE-specific
markers). F, Ki67 (a cell proliferation marker). G, «-SMA (a EMT marker). Scale bar = 50 pxm.

5. Conclusion

In this research, we have shown that the engineered iRPE sheets
on decellularized hAM contribute to enhancing both the mor-
phological and functional features. Transcriptomic analysis of iRPE
sheets demonstrates the superiority of the dAM-based cultures,
including the activation of RPE functional markers and the sup-
pression of EMT-related markers and inflammatory cytokines when
compared to iRPE sheets on transwells or culture plates. Further-
more, when grafted into rabbits’ eyes, d/AM-iRPE sheets survive and
keep monolayer without EMT. Therefore, our engineered dAM-iRPE
sheets have the potential to be used in the field of regenerative
therapy, disease modeling and drug screening for retinal disorders
such as AMD and RP.
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