Bioactive Materials 31 (2024) 151-177

KeAi

BIOACTIVE
MATERIALS

Contents lists available at ScienceDirect

KeAi

CHINESE ROOTS
GLOBAL IMPACT

Bioactive Materials

journal homepage: www.keaipublishing.com/en/journals/bioactive-materials

Review article ' A

Check for

Advances in the engineering of the outer blood-retina barrier: From in-vitro [
modelling to cellular therapy

Chloé Dujardin ™, Walter Habeler b.¢d " Christelle Monville ™€, Didier Letourneur ?,
Teresa Simon-Yarza™

2 Université Paris Cité, Université Sorbonne Paris Nord, Laboratory for Vascular Translational Science (LVTS) INSERM-U1148, 75018 Paris, France
b INSERM U861, I-Stem, AFM, Institute for Stem Cell Therapy and Exploration of Monogenic Diseases, 91100, Corbeil-Essonnes, France

€ U861, I-Stem, AFM, Université Paris-Saclay, Université D’Evry, 91100, Corbeil-Essonnes, France

4 CECS, Centre D’étude des Cellules Souches, 91100, Corbeil-Essonnes, France

ARTICLE INFO ABSTRACT

Keywords:

Outer-blood retina barrier

Tissue engineering and cellular therapy
In-vitro disease modelling

3D complex models

The outer blood-retina barrier (0BRB), crucial for the survival and the proper functioning of the overlying retinal
layers, is disrupted in numerous diseases affecting the retina, leading to the loss of the photoreceptors and ul-
timately of vision. To study the oBRB and/or its degeneration, many in vitro oBRB models have been developed,
notably to investigate potential therapeutic strategies against retinal diseases. Indeed, to this day, most of these
pathologies are untreatable, especially once the first signs of degeneration are observed. To cure those patients, a
current strategy is to cultivate in vitro a mature oBRB epithelium on a custom membrane that is further implanted
to replace the damaged native tissue. After a description of the oBRB and the related diseases, this review
presents an overview of the oBRB models, from the simplest to the most complex. Then, we propose a discussion
over the used cell types, for their relevance to study or treat the oBRB. Models designed for in vitro applications
are then examined, by paying particular attention to the design evolution in the last years, the development of
pathological models and the benefits of co-culture models, including both the retinal pigment epithelium and the
choroid. Lastly, this review focuses on the models developed for in vivo implantation, with special emphasis on
the choice of the material, its processing and its characterization, before discussing the reported pre-clinical and
clinical trials.

1. Introduction

The blood-retina barrier (BRB) is an essential component for the
maintenance of the retinal functionality. Its integrity is indispensable for
the ocular immune privilege. Typically, the BRB is subdivided into the
inner (iBRB) and the outer (oBRB) barrier. The iBRB is composed of
endothelial cells that line the retinal vasculature which originates from
the central retinal artery and supplies the inner retinal layers [1]. The
0BRB is the outermost structure of the retina, located under the photo-
receptors layer, and is composed of three distinct layers: the retinal
pigment epithelium (RPE), the Bruch’s membrane (BM) and the choroid
being responsible for the vascularization of the outer layers of the retina
(Fig. 1). In numerous retinal diseases, the oBRB is disrupted due to the
formation of extracellular aggregates, neovascularization, or genetic
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mutation(s) altering the epithelium functions, as in dry age-related
advanced macular degeneration, in diabetic macular edema or in reti-
nitis pigmentosa, respectively (Fig. 1). This leads to a complete degen-
eration of the epithelial layer, followed by a loss of the overlying
photoreceptors and, ultimately, to vision loss. To this day, no efficient
treatment is available for the patients, especially once the first signs of
degeneration are observed.

Due to its location, the oBRB is difficult to study in vivo. Thus, many
in vitro models have been designed in the last three decades to model the
0BRB and study the complex cellular mechanisms and interactions in the
tissue. With the rise of induced pluripotent stem cells (iPSCs) since the
2010’s, in vitro models have also been recently developed to investigate
disease mechanisms and potential therapeutic strategies, both to pre-
vent, reduce and/or treat the disease symptoms. To cure patients already
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displaying signs of degeneration, several strategies are currently being
investigated and were recently reviewed by Cehajic-Kapetanovic et al.
[2]. Among those, one promising strategy to cope with the vision loss is
cellular therapy. Several groups have investigated the injection of a RPE
cellular suspension [3,4]. However, the RPE layer being tightly orga-
nized and polarized, the injected cells were poorly integrated in the
patient tissue and could not properly fulfil their functions. To improve
the cellular therapy outcome, the current strategy is to cultivate a RPE
layer on a biomaterial, either natural or synthetic, and to perform a
subretinal implantation of the cell sheet with the material. In this case,
the cells would already be organized upon implantation, favouring their
integration in the native oBRB. For this strategy, various material and
cell sources have been proposed in the last 30 years, leading to five
on-going clinical trials.

In this review, after a brief description of the oBRB and the studied
diseases, we give a historic overview of the advances in oBRB models,
from the simplest including solely the RPE to the more complex ones
that model both the RPE and the choroid. From this, we discuss the
choice of the cell type to model the o0BRB, from immortalized cell lines to
cells derived from stem cells passing through primary cells. The models
are then examined in terms of culture material characteristics, by
considering separately the models designed for in vitro versus in vivo
applications, due to their different material requirements.

Healthy tissue
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2. Biology of the oBRB and the main associated diseases
2.1. Outer blood-retina structure

Each component of the oBRB fulfils specific functions. The RPE,
thoroughly described by Strauss [5], is composed of a monolayer of
polarized pigmented cells connected by tight junctions. Its apical
membrane faces photoreceptor outer segments (POS) whereas the
basolateral membrane faces the BM. The RPE performs several crucial
functions for the homeostasis of the photoreceptors. First, thanks to its
pigmentation, the RPE helps scattered light absorption and protects the
retina from photo-oxidative damage. Nonetheless, one inevitable light
damage is the accumulation of photo-damaged proteins and lipids in the
POS, leading to a need for their constant renewal, conducted by the RPE
cells via POS phagocytosis. Moreover, the RPE is responsible for trans-
epithelial transport, in both directions: from blood to subretinal space
(glucose and other nutrients, retinal small molecule, fatty acids) and
from the subretinal space to the blood (water, metabolic end-products
such as lactic acid, ions). The RPE is thus responsible of the ion
composition in the subretinal space. The RPE is also involved in the
visual cycle and notably in the recycle of one key molecule in main-
taining photo-receptors excitability, the retinal. Finally, some growth
and structural factors such as vascular endothelial growth factor (VEGF)
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Fig. 1. Schematic representation of the photoreceptors and the oBRB organization in the retina (top) and of the 3 major types of damage that can be
observed in retinal diseases (middle) with an overview of the types of oBRB model that have been developed to study and treat them (bottom).

Figure created with BioRender.com.
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and pigment epithelium derived factor (PEDF) are secreted by the RPE
cells, in a polarized manner, notably influencing choroidal endothelial
cells behaviour.

The choroid, well described by Nickla & Wallman [6], is a vascu-
larized layer supplying the outer layers of the retina. It is characterized
by fenestrated capillaries with a gradient of diameters, from 20 pm to 40
pm diameter, near the RPE layer, to vessels with a maximum diameter of
200 pm at the extremity of the choroid [7]. Within the choroid, three
main layers are distinguished: the choriocapillaris, the Sattler’s vascular
layer with medium vessels and the Haller’s vascular layer with large
vessels. The entire thickness of the choroid decreases with age, from 200
pm at birth to approximatively 90 pm at 90 years old. In addition to its
blood supplier role, the choroid is responsible for the thermoregulation,
the control of the intraocular pressure, the adjustment of the retina
position, the drainage of the aqueous humour and the secretion of
multiple growth factors, as part of its numerous interactions with the
RPE.

Separating the choroid from the RPE monolayer, the BM is a thin
(24 pm in thickness) acellular membrane [8]. The BM possesses a
pentalaminar structure divided upon, from the inner to the outer sides:
the RPE basement membrane, the inner collagenous zone, the elastic
layer, the outer collagenous zone and finally, the choriocapillaris base-
ment membrane [6,9]. The BM is mainly composed of collagen, notably
types I and IV, laminin, elastin and fibronectin, with a composition
varying between the different layers and with age. Given its strategic
location, the BM plays a crucial role in molecules exchanges, notably
oxygen, nutrients, waste and cell-cell communication molecules, and for
the cellular behaviour notably differentiation and proliferation. More-
over, BM composition and structural modifications are observed in
many pathological processes [9,10].

2.2. Diseases affecting the oBRB

Due to ageing or to genetic alterations, the structure and the func-
tionality of the oBRB can be altered, leading to a loss of photoreceptors
and ultimately of vision. Importantly, in some cases, the onset of the
disease is due to a genetically-driven degeneration of the photoreceptors
that leads to alterations in the oBRB that will further aggravate the
initial photoreceptor pathology [11]. We here present several diseases
having been modelled.

o Age-related macular degeneration

Age-related macular degeneration (AMD) is a progressive blinding
disease affecting approximately 170 million individuals globally, mak-
ing it a leading cause of visual disability in the world, especially in the
developed countries. Since the principal risk factor is age, the prevalence
of AMD is anticipated to increase in the next decades, reaching 288
million by 2040, due to the global aging of the population [12].

Two forms of AMD are distinguished: the “dry”, or atrophic, and the
“wet”, or exudative. The “dry” form is characterized by an accumulation
between the RPE and the choroid of insoluble aggregates called drusens,
made of lipids and proteins. Disrupting the communication between the
RPE and the choroid, these drusens lead to the loss of the RPE cells and
consequently to a loss of photoreceptors [13]. Only one treatment,
Syfovre, based on pegcetacoplan injection, developed by Apellis Phar-
maceuticals and recently approved by the FDA, exists against dry AMD.

The “wet” AMD, less prevalent with, in average, 15% of the cases, is
caused by a neo-vascularization of the choroid. These neo-vessels
penetrating through the BM lead to local destruction of the RPE and
the photoreceptors of the macular region of retina, with the consequent
loss of central vision. The causes for this neo-vascularization are still
unclear but it is thought to be the response to an oxidative stress, leading
to an abundant production of VEGF by the RPE [14]. If detected early,
wet AMD can be treated with anti-angiogenic drugs such as bev-
acizumab. However, in later stages of the disease, the BM and RPE
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disruption are to this day irreversible.
e Diabetic macular edema

Diabetic macular edema (DME) is the main retinal vascular compli-
cation of diabetes, making it the main cause of blindness for people
younger than 65 years old [15]. DME is characterized by a disruption of
both parts of the BRB with the onset of the disease usually localized in
the inner BRB, leading to an accumulation of fluid within the intraretinal
layers of the macula. In the oBRB, the prolonged hyperglycemia gen-
erates a breakdown of the BM, leading to local ischemia and tissue
hypoxia. The latter induces an activation of hypoxia-inducible factors
including VEGF, ultimately leading to an abnormal neovascularization
of the choroid [16].

o Retinitis pigmentosa

Retinitis pigmentosa (RP) regroups several inherited retinal diseases
with more than a hundred identified genes and more than 3000 reported
mutations, leading to various pathological forms, and affecting 1 in
3000-5000 people worldwide [17-19]. RP can either be inherited as an
autosomal-dominant (around 35% of cases), autosomal-recessive (about
55%), or X-linked (around 10%) disease, with symptoms appearing
between the early childhood and adulthood [18]. The genetic mutations
can affect the RPE, notably in the case of the bestrophinopathies, in
which defects in pathways involved in the visual phototransduction
cascade and ultimately in vision loss are observed. In many other cases,
the genetic default will lead first to damage or death of the photore-
ceptors which will further trigger alterations in the RPE and thus in its
barrier function causing a worthening of the pathology [20].

e Choroideremia

Choroideremia (CHM) is a X-linked recessive inherited disease
caused by mutations in the CHM gene, encoding the Rab Escort Protein-
1 (REP1) [21]. This rare disease is characterized by degeneration of RPE,
photoreceptors and choroid layer, causing vision loss and blindness.
However, the primary retinal cell type responsible for the onset of the
degeneration is still unknown. There is currently no treatment for the
choroideremia. Although gene therapy for the delivery of non-mutated
CHM gene using adeno-associated virus has shown some promises
[22], the clinical trial has been stopped.

e Gyrate atrophy

Gyrate atrophy is a rare recessive disease characterized by progres-
sive loss of vision caused by chorio-retinal degeneration [23]. The dis-
ease is due by a deficiency of ornithine-aminotransferase (OAT) and 68
pathogenic mutations have been reported. Ornithine is a non-essential
amino acid that plays an important role in the metabolism of urea. In
patients with gyrate atrophy, the ornithine concentration in plasma,
urinary, aqueous-humour and cerebrospinal fluid is ten to twenty times
higher than in healthy subjects [24]. The oral administration of B6
vitamin (cofactor of ornithine aminotransferase) is able to decrease
plasmatic ornithine concentration, and decelerate the disease progres-
sion in a small percentage of patients [25].

e Oculocutaneous albinism

Oculocutaneous albinism (OCA) is a group of inherited disorders
affecting the melanin biosynthesis leading to a generalized reduction of
the pigmentation in the hair, the skin and the eyes, and thus a disruption
of the RPE pigmentation [26,27]. Eight different types of OCA are
distinguished affecting different genes, with different levels of gravity.
Notably, with a global prevalence of 1:40,000, OCAL is the most severe
form of the pathology, caused by a mutation of the gene encoding for
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Tyrosinase (TYR) and leading to a complete disruption of the melanin
biosynthesis [28]. More frequent in the African population with a
prevalence of 1:3600-10,000 (vs. 36,000 for Europeans population), the
OCA2 type is affecting the melanosome pH due to a mutation in the P
Gene/OCA2 gene [28].

e Stargardt disease

First described in 1909 by Dr. K. Stargardt, the Stargardt disease
(STGD1) is an autosomal recessive disease, caused by a mutation on the
gene ABCA4 (ATP Binding Cassette Subfamily A Member 4) gene.
Located in the POS, the protein encoded by the ABC4A gene is respon-
sible for the transport of retinoids in the visual cycle. When the ABC4A
protein is dysfunctional, insoluble retinoid derivatives accumulate in the
POS, further phagocytosed by the RPE where they accumulate causing
damage and ultimately cell degeneration [29,30]. With a prevalence of 1
in 8000-10 000, STGD1 is the most prevalent cause of inherited blind-
ness in children, with an onset usually occurring in the two first decades
of a life [31]. However, no efficient treatment is available to this day.
Yet, several therapeutic strategies are currently investigated, from gene
therapy to cellular therapy, as well as small molecule administration
[29].

e Doyne honeycomb retinal dystrophy/Malattia Leventinese

Doyne honeycomb retinal dystrophy (DHRD) and Malattia Leventi-
nese (ML) were first described in England in 1899 and in Switzerland in
1925, respectively. They were considered as distinct diseases until 1999
when it was shown that both conditions are caused by the same single
autosomal R345W mutation in the fibulin-3 (or EGF-containing fibrillin-
like extracellular matrix protein 1 (EFEMP1)) gene [32]. This mutation
induces a misfolding and an abnormal accumulation of the protein in the
RPE and between the RPE and the BM [33]. It is believed that this may
create a physical barrier that could disturb the transport of other mol-
ecules between the RPE and the choroid, resulting in an accumulation of
those molecules and the formation of drusen [34]. The first symptoms
appear around the 30-40 years of age and there is to this day no efficient
treatment. However, due to its many resemblances with AMD, the in-
terest in the disease increased and AMD therapeutic strategies are
investigated for DHRD/ML [35].

e Sorsby’s fundus dystrophy

First described in 1949, Sorsby’s fundus dystrophy (SFD) is an
autosomal dominant monogenic disease with a prevalence around
1:220,000 [36]. With an onset between the 4th and 6th decade of life,
the SFD is due to mutations on the tissue inhibitor of
metalloproteinases-3 (TIMP3) gene. In healthy individuals, the TIMP3
protein is expressed by RPE and is involved in regulating the BM’s
thickness as well as inhibiting VEGF pathway and angiogenesis [36].
However, in its mutated form, the protein forms abnormal intermolec-
ular disulphide bonds, leading to the formation of TIMP3 dimers which
accumulate and form drusen-like deposits between the RPE and the BM.
Further developments usually involve the apparition of a neo-
vascularization, sub-retinal haemorrhage and retinal epithelial detach-
ment, often leading to a misdiagnosis of AMD.

2.3. Consequences of the oBRB affecting diseases on the ocular immune
privilege

As can be seen from the description of these pathologies, they all
induce a disruption or even a breakdown of the RPE, caused by or
leading to a loss of the photoreceptors. Both events ultimately lead to the
perturbation of the ocular immune privilege [37]. Thanks to the two
BRBs and the lack of lymphatic vessels, the retina is indeed an immune
privileged tissue, where the immune cells differentiate into cells that
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suppress inflammation and promote immune tolerance, to preserve
vision [38]. The RPE actively participate to this immune privilege
notably by expressing immunosuppressive factors to suppress activation
of CD4" and CD8™ T cells and dendritic cells and to induce the apoptosis
of monocytes and lymphocytes in order to prevent their accumulation
and infiltration within the retina [5,38-41]. The RPE disruption, with a
perturbation of its tight junctions, and the photoreceptor loss in the
oBRB affecting diseases modify the immune environment of the retina.
An increase of pro-inflammatory factors secretion, such as TNFa and
VEGF, along with a decrease of anti-inflammatory factors have been
observed [42,43]. These inflammatory changes affect the RPE, causing
or enhancing its breakdown, further disrupting the immune environ-
ment [43,44]. In case of BRB disruption, the ocular antigens, normally
sequestered due to lack of lymphatic drainage, can reach circulation
causing T cells activation and their infiltration in the retina. Due to the
disease-mediated absence of immune suppressive molecules, the im-
mune cells can then elicit an inflammatory reaction against self-cells,
which further increase the retinal degeneration [43]. Thus, several
protective mechanisms are disrupted in these diseases, compromising
the ocular immune privilege and leading to a worthening of the
pathology.

3. Towards a more complex model of the oBRB

The mechanisms underlying these diseases are yet poorly understood
and for most of them, no efficient treatment is available, especially for
patients diagnosed in late stages and showing signs of retinal degener-
ation. To improve the knowledge on those diseases and address the lack
of treatments, numerous oBRB models have been developed. These
oBRB models present different degrees of complexity, notably in terms
of the number of cell types included in the model and of the engineering
of the material support. It should be noted that we will focus in this
review on models that used human cell lines.

3.1. Models of the retinal pigment epithelium and the Bruch’s membrane

A majority of the models focus on the RPE monolayer, with a support
acting as the BM, and thus do not include the choroid. It is often
considered that the most reliable RPE models, notably for drug perme-
ation studies, rely on the use of explanted oBRB tissue sheets and a few
studies directly used explanted human BM as a support for RPE culture.
In the 1990’s, human fetal RPE were harvested with the BM and grown
in vitro as a sheet [45]. Designed for a cellular therapy against wet AMD,
the graft however showed limitations with the development of
cystoid-like macular edema in some patients. More recently, Moreira
et al. studied the effect of BM aging on cellular behaviour by seeding RPE
cells on BMs of human donors, either young (<46 years old) or old (>74
years old) [46], gathered as a full piece and decellularized. They further
showed that the BM from old patients could be partially repaired by
coating them with extracellular matrix (ECM) proteins to reconstitute a
younger BM [46,47]. Instead of using the explanted BM as a full piece,
Kim et al. developed a bioink from porcine BM that can be 3D printed to
mimic the fibrous structure of the BM. Compared to a laminin coated
plate, RPE cultured on the bioink demonstrated a higher expression of
RPE markers, which can be due to both the composition and the
topography of the printed scaffold [48]. Despite the biological advan-
tages of using explanted tissues, the availability of donors and the access
and isolation of the BM are particularly challenging. Thus, to cope with
the limitation of ex-vivo tissue models, various support materials for
RPE culture have been used throughout the last decades.

e Transwell PET insert
One of the most straightforward strategies consists in cultivating the

RPE on a Transwell polyethylene terephthalate (PET) membrane to
mimic the BM. Maugeri et al. and Doganlar et al. used this cell culture
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support to model diabetic macular edema, by cultivating RPE cells on a
Transwell under hyperglycaemic and hypoxia conditions. This model
allowed them to analyze the beneficial or worthening effect of various
molecules on the RPE such as the vasoactive intestinal peptide (VIP), the
pituitary adenylate cyclase-activating polypeptide (PACAP), nicotine,
melanin and caffeine (see section 4.2.2) [49-53].

To enhance cellular adhesion, the Transwell membrane is often
coated with ECM proteins. For instance, to study drug permeation across
the RPE, Mannermaa et al. developed an oBRB model by culturing RPE
cells on a laminin coated Transwell membrane and showed that, despite
a higher permeability, the cell model had similar transport trends than
fresh bovine oBRB tissue [54]. Transwell membranes, coated with either
Matrigel, fibronectin, gelatin, collagen, laminin or ECM from human
placenta, were used for various in vitro applications, notably early drug
screening, comparison of the drug permeability of multiples RPE cell
lines [55,56], development of a standard protocol to cultivate RPE cells
[57] and development of diseased models for oculocutaneous albinism
[58] or choroideremia [21].

Besides in-vitro applications, several models used Transwell mem-
branes as a scaffold for retinal tissue engineering, especially for cell
therapy in AMD. Notably, Stanzel et al. coated the membrane with
placenta ECM to cultivate RPE cells. The membrane was then implanted
in the subretinal space of rabbits and non-human primates resulting in
good cell survival and preservation of their polarization [59,60]. A
similar study was conducted by Ilmarinen et al. who successfully
implanted a monolayer of RPE cells cultured on a laminin coated
Transwell membrane in the subretinal space of rabbits [61] and in
Cynomolgus monkeys with a mechanically disrupted oBRB. In this
study, the RPE cells kept their phenotype for up to a month
post-transplantation [62]. PET membrane as a support for RPE im-
plantation was even translated into clinics in a study by Da Cruz et al.
After pre-clinicals trials conducted in a NIH III nude mice for the
tumorigenicity study and in pigs for surgery feasibility, safety and bio-
distribution, they implanted RPE cells cultivated on a vitronectin coated
membrane in 2 patients. After 1 year, the cells were still alive and
functioning and the visual acuity of the patients improved (see section
4.3.3) [63].

Instead of directly implanting it, the culture insert has also been used
as a temporary support for the formation of a RPE sheet, further de-
tached and implanted without the PET membrane. To do so, the insert
membrane is coated with a thin hydrogel layer that can be further dis-
solved to detach and gather the cell sheet from the Transwell. For
instance, in a recent study by Soroushzadeh et al., the membrane was
covered with an RGD (Arginylglycylaspartic acid)-functionalized algi-
nate hydrogel, removed after RPE monolayer formation by application
of sodium citrate and the cells sheet was successfully transplanted in the
subretinal space of RCS (Royal College of Surgeons) rats [64]. Similarly,
Kamao et al. used a collagen coated Transwell insert to form a mono-
layer of RPE cells, gathered by application of collagenase on the insert
[65]. Pre-clinical trials were successfully conducted in diseased models
of both rats and non-human primates and this system is currently under
clinical trial [65-67]. This group most recently focused on the devel-
opment RPE strips, acting as an intermediate strategy between cell in-
jection and RPE sheet implantation [68]. Even if promising, the strips
need further optimization, notably to avoid multilayering and to pre-
serve RPE orientation during implantation.

Besides Transwell PET inserts, other commercially available mem-
branes used to culture RPE are ultrathin equine collagen membrane
from Resorba Medical GmbH [69] and ipCELLCULTURE synthetic pol-
yimide membrane from It4ip [70,71]. For the latter, the study of mul-
tiple coatings such as laminin, laminin peptide, heparin sulphate,
hyaluronic acid, collagen type I or IV, or commercially available ECM
solutions (CELLStart™ from Gibco-Invitrogen, MaxGel™ from
Sigma-Aldrich or HyStem-C™ from Glycosan Biosystems) revealed that
the laminin was best suited to culture RPE cells [70].
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e Custom membranes

As an alternative to commercially available supports, several groups
developed their own membrane to culture RPE monolayers allowing
them to control the physical, chemical, mechanical and biological
properties of the material to better match tissue requirements.

Numerous studies have chosen to use synthetic materials, easily
accessible and tailorable. One of the first studies developing a RPE
synthetic implant was published in 1997 by Giordano et al. who inves-
tigated multiples well-known synthetic biodegradable polymers such as
poly (L-lactic-co-glycolic acid) (PLGA) and poly (i-lactic acid) (PLLA).
Even with a short-term culture and a poor characterization of the cells,
this work paved the way by identifying potential materials for RPE
replacement [72]. PLGA was characterized in vivo more than two de-
cades later by another group who implanted 10 pm thick PLGA mem-
branes covered with a RPE monolayer in a healthy and a diseased rat
model and in a pig model with RPE laser injury [73]. With no inflam-
matory response either in rats or in pigs, and a better integration and
functionality of the RPE upon implantation compared with cell injec-
tion, the PLGA implant is currently under clinical trials (see section
4.3.3).

Following the steps of Giordano et al., various synthetic materials
have been investigated for RPE transplantation and, as for Transwell
membranes, a material functionalization was often required to enhance
or even allow cellular adhesion. Poly (hydroxybutyrate-co-hydrox-
yvalerate) (PHBVS) films, polydimethylsiloxane (PDMS), and expanded
polytetrafluoroethylene (ePTFE), all plasma treated, and poly-p-lysine
coated methacrylate and methacrylamide hydrogel were showed to be
suitable for the culture of RPE cells [74-78]. All of these studies syn-
thesized their materials using the solvent casting technique, easy to
implement and leading to smooth homogeneous membranes with usu-
ally a small porosity. A more complex geometry was developed by Lu
et al. who selected Parylene-C as a material to design their membrane.
They obtained an implant composed of a 0.3 pm thick smooth permeable
membrane supported by a 6 pm thick mesh, all made with parylene-C
and coated with either Matrigel for in vitro assays or with vitronectin
for in vivo applications [79,80]. Covered with a monolayer of RPE cells,
this implant called rCPCB-RPE1 has been evaluated in both rats and
minipigs to assess the feasibility of implantation and therapeutic bene-
fits against wet AMD and is currently under clinical trials (see section
4.3.3) [81-86].

Recently, the breath figure (BF) method has also been used to create
thin membrane with a homogenous honeycomb-like porosity using
polybutylene succinate (PBSu) [87]. The authors showed that mem-
branes synthesized with the BF method favored RPE cell adhesion and
production of extracellular matrix, compared to membranes generated
by particle leaching technique (both membranes being coated with
collagen IV and laminin). However, the study is still preliminary going
solely up to day 5, with low cell characterization and absence of
monolayer formation.

Even if the previous synthetic materials allowed cellular adhesion
and proliferation, they differ from the BM in terms of topography.
Indeed, the BM is mainly composed of collagen fibers and has thus a
highly fibrous surface. To better mimic this characteristic, the electro-
spinning technique has been widely investigated using synthetic mate-
rials. Interestingly, it has been showed that the RPE cells cultured on
electrospun membranes demonstrated a better morphology than ones
cultured on smooth films, enhancing the importance of the material
nano to micro-structure for cell maintenance [88,89]. The benefits of the
electrospinning were further demonstrated by Liu et al. who studied the
influence of the fibers diameters, ranging from 200 nm to 1000 nm, on
RPE cells, seeded on electrospun membranes of PET or poly (i-lacti-
de-co-e-caprolactone) (PLCL) (see section 4.3.1) [90]. Since then,
several studies have successfully developed electrospun grafts for retinal
tissue  engineering  using  various  materials such  as
pectin-polyhydroxybutyrate [91] or polycaprolactone (PCL) modified
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with integrin-binding peptides [92], enabling RPE monolayer formation
with expression of classical markers.

Despite the numerous advantages of synthetic materials, notably in
terms of access and processing, their functionalization is often limited
and do not fully apprehend the complexity of a native tissue. Also, as
previously mentioned, the use of 0BRB explanted tissue is highly limited.
However, one option to better model the BM is to use naturally sourced
material from animal or human donors. In this optic, human amniotic

Bioactive Materials 31 (2024) 151-177

monolayer on hAM was tested in rats and non-human primates [93,94]
and is now in clinical trials (see section 4.3.3). More recently, RPE cells
cultivated on hAM showed better cellular behaviour compared to
Matrigel coated Transwell or culture plate [95]. To further improve the
properties of the hAM, the latter was used as a powder and mixed with
PCL to create an electrospun scaffold for cellular therapy in AMD or
retinitis pigmentosa [96]. Optimal RPE behaviour was obtained on the
membrane with 30% hAM powder.

Another human explanted tissue used for RPE culture is human
anterior lens capsule, obtained after cataract surgery [74]. Composed

membrane (hAM) has been investigated several times as a RPE culture
support. Notably, an oBRB model for cell therapy based on a RPE
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Fig. 2. From simple to complex oBRB co-culture models. 1/ ARPE-19 and HUVECs cultured on the two sides of a decellularized amniotic membrane. (A)
Toluidine blue-stained trilayer showing monolayers of the RPE (above) and the HUVECs (below). (B) Confocal micrographs of optical sections of the trilayer tilted
around its axis, with images have been tilted at varying angles [starting with the RPE surface (left side) to the HUVEC surface (right side)] using Velocity software and
with immunostaining for ZO-1 (green) and occludin (red). Adapted from Hamilton et al. [101] with permission of John Wiley and Sons. 2/ PDMS-based chip device
for the 3D co-culture of an ARPE-19 monolayer above a microvessel cultured with HUVECs. (A) Schematic representation of the patterning of a collagen I
hydrogel using the subtractive method to create the microvessel. (B) (i) 3D construction of confocal image of the co-culture system stained for nuclei and actin
filaments, revealing (ii) an equal distribution of HUVECs along the microchannel as well as (iii) the ARPE-19 monolayer located above the microvessel. These cells
were positive for their respective cell-cell adhesion markers: (iv) VE-cadherin for HUVEC and (v) ZO-1 for ARPE-19. Scale bars: 50 pm. Adapted with permission
(Creative Commons Attribution 3.0 Unported Licence) from Arik et al. [108] 3/ Microengineered model of the oBRB with complex vascularization. (A)
Schematic view of the oBRB and (B) its modelization by culturing human iPSC-derived RPEs on the surface of a hydrogel construct containing a network of blood
vessels. (C) Microvessels at day 14 constructed by primary human retinal microvascular endothelial in co-culture with choroidal fibroblasts embedded in a fibrin
scaffold. (D) Well-defined intercellular tight junctions (ZO-1) in the iPSC-RPE monolayer after 14 days of culture. The beneficial effects of the co-culture of RPE cells
with ECs, compared to a RPE monoculture are observed in (E-F) the production of basement membrane proteins by the RPE on the basal side after 14 days and in
(G-H) the increased expression of RPE-specific markers such as RPE65 after 14 days. Scale bars are 50 pm ***P < 0.001 (n = 3). Adapted with permission from Paek
et al. [111]. Copyright from American Chemical Society. Figure created with BioRender.com.
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mostly of type IV collagen and laminin, as the native BM, the lens
capsule is a good candidate for RPE cell therapy and human adult RPE
cultivated on this substrate displayed typical RPE behaviour. However,
as for all human derived material, its availability remains an important
limitation.

To overcome the need for human donors, Bombyx mori silk fibroin
(BMSF) has been investigated in the last ten years. A group developed 3
pm thick membranes using BMSF coated with commercial ECM from
human placenta to cultivate RPE cells which displayed a stronger
expression of RPE markers compared to a culture on Transwell [97].
Later on, the same membrane coated with collagen type I proved to be
an adequate substrate to culture RPE cells for up to 3 months [98]. This
membrane was further optimized by addition of polyethylene glycol
(PEG) and horseradish peroxidase to improve its permeability and me-
chanical properties for surgical handling respectively and was success-
fully implanted in the subretinal space or in the retinal parenchyma of
RCS rats with retinal dystrophy [99].

3.2. Models recapitulating the retinal pigment epithelium, the Bruch’s
membrane and the choroid

In recent years, advances in the field of microfabrication and 3D cell
culture have led to the emergence of studies in which RPE cells are co-
cultured with endothelial cells (ECs) to also recapitulate the choroidal
compartment of the oBRB. As for models in which only the epithelium
was considered, the complexity of the proposed supports has increased
with time to better mimic the tissue.

e Transwell PET insert

The first reported study combining the culture of RPE and ECs was
published in 2003 by Hartnett et al. To study the effect of ECs on the
barrier function of RPE monolayer, bovine cells were cultured in a
Transwell culture system following different strategies to evaluate
contact and non-contact co-culture. This study was pioneer but pre-
sented numerous limitations, including the animal origin of cells and the
culture of ECs in monolayers which could explain in part the negative
outcomes, notably the reduction of the RPE barrier function in the
presence of ECs [100]. This result contrasts with further studies also
using monolayers of ECs. For instance, minusheet carriers have been
used to co-culture RPE cells and HUVECs on each side of the amniotic
membrane (Fig. 2.1) [101]. In the presence of RPE cells, ECs became
fenestrated, a phenomenon characteristic of the oBRB and that was not
observed in co-culture with corneal epithelial cells. In addition, the
presence of ECs was enhancing the polarization of the epithelium
monolayer. Similarly, after 4 weeks of culture on opposite sides of a
Transwell membrane, HUVECs improved maturation and function of
RPE cells with an increase of antiangiogenic markers that are known to
contribute to the maintenance of retinal homeostasis [102]. The bene-
ficial effect of the co-culture with ECs to regulate oBRB was confirmed
more recently with a similar setup with RPE cells seeded on Transwell
inserts and ECs forming a monolayer on the bottom of the well plate
[103]. Results demonstrated that the remodelling of the RPE basement
membrane with enhanced tight junctions and barrier functions is
mediated by the secretion of angiocrine factors by mature choroid ECs.

Co-culture techniques using Transwell systems also allow delving
into the mechanisms involved in retinal diseases, by placing the model
under pathological cues. This is the case of the work by Kumar et al. set
up to elucidate the interaction mechanisms between human retinal
progenitor cells and ECs that modulate neovascularization, at the origin
of wet AMD (see section 4.2.2) [104].

e Custom membrane

Instead of using commercial Transwell membranes, Calejo et al.
developed their own membrane in polylactide (PLA), coated with
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collagen [105]. To control the membrane porosity, they used the breath
figure method, resulting in a homogeneous honeycomb porous struc-
ture. They cultivated RPE cells with two different types of ECs, in a
monolayer on the opposite side of the membranes. If this set-up enabled
the analysis of some interactions between the cells, notably by studying
the cell number, the study lacks proper characterization of the cells to
properly conclude on the beneficial effect of co-culture.

e 0BRB on chip

Since 2017, oBRB on chip models that incorporate epithelial and ECs
have emerged. These microfluidic devices allow building up miniatur-
ized tissues in which the interface between the epithelium and the
endothelium is reproduced under dynamic conditions. The most clas-
sical approach consists in a device with two channels separated by a
membrane with two monolayers of cells, RPE cells and HUVECs, on each
side of it [106]. By using this model, the authors attempted to monitor
choroidal angiogenesis under hypoxia and in the presence of different
glucose levels and demonstrated that, in all conditions, HUVECs invaded
and disrupted the epithelial layer. However, it is difficult to establish
conclusions based on these results, since relevant aspects of the oBRB
were missing, including the level of maturation of the epithelial cell
monolayer at the beginning of the study, the characteristics of the
HUVECs layer and the choice of the applied flow. In a later work by the
same team, the microfluidic device was upgraded to demonstrate its
versatility with the addition of two channels for fibroblasts seeding, as
support cells, and the incorporation of platinum electrodes for in situ
TEER (transepithelial electrical resistance) measurements [107]. Un-
fortunately, none of the key biological issues highlighted above were
addressed in their study.

Following the technological evolution in the field of microfluidic
chips, Arik et al. used a mask to build a PDMS chip with a patterned
square-channel that was filled with a fibroblast-loaded pre-patterned
hydrogel moulded around a needle to obtain a rounded channel where
HUVECs cells were seeded. A polyester membrane separated this
vascular compartment from the RPE cells monolayer (Fig. 2.2) [108].
Despite the large dimensions of the channel (0.9 mm) and the lack of a
dense vascular network, this device succeeded to mimic oxidative stress
resulting in a decrease of the barrier integrity. Several years ago, the use
of masks to pattern a fractal tree on photo-crosslinked gels was already
proposed but that system was poorly studied focusing only on cell
spreading and proliferation [109].

e Hydrogels

The possibility to incorporate hydrogels into the microfluidic chips is
still at its infancy, particularly when we want to reproduce complex
patterns, but it already offers the possibility to prepare more physio-
logically relevant dynamic models of the oBRB. A 3D on chip co-culture
model with RPE cells seeded on a blank fibrin hydrogel on top of a fibrin
gel loaded with HUVECs was used to build an in vitro disease model
[110]. In this device, pathological angiogenesis under VEGF exposure
could be reverted with an antiangiogenic drug (Bevacizumab) used to
treat wet-AMD (see section 4.2.2). Fibrin gel was also used to engineer a
versatile hybrid platform to engineer several types of perfusable 3D
microvascular beds, including a model of oBRB constituted by a
monolayer of RPE cells, primary human retinal microvascular ECs and
choroidal fibroblasts (Fig. 2.3) [111]. By comparing the monoculture of
iPSC-RPEs with the co-culture with the ECs, an increase of laminin
deposition in the basement membrane was observed, as well as greater
pigmentation of RPEs with an increase of the number of melanosomes,
and increased expression of RPE65 specific marker.

An important novelty of the latest models of 0BRB is the incorpo-
ration of support cells that has contributed to establish more mature
models for long-term culture studies. In this context, Manian et al.
developed a platform to investigate RPE-choroid biology, macular
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degeneration pathophysiology, and to find new therapies [112]. A
hydrogel specifically designed to enable matrix remodelling (more de-
tails are provided in section 4.2.1) incorporated patient derived iPSCs
differentiated into RPE, ECs and mesenchymal stem cells (MSC). Note-
worthy, the presence of the MSCs was key to prolong the culture from 2
weeks to 2 months. They could reveal the role of RPE and MSC factors
for the development of the choriocapillaris complex, as well as the
contribution of other local and systemic factors in macular degenera-
tion. With the same purposes, Song et al. recently combined in a very
elegant system, iPSCs differentiated into RPEs and ECs, primary peri-
cytes and primary fibroblasts [113]. This work demonstrated the
importance of the combination of those four cell types to promote
angiogenesis and induce a choroidal phenotype, leading to the forma-
tion of long-term capillaries of 20-50 pm lumen size. Interestingly, using
cells derived from AMD patients, this model of o0BRB replicated changes
in the BM and in the choriocapillaris as observed in macular degenera-
tion (see section 4.2.2).

4. Major considerations about the oBRB models
4.1. Cell types for oBRB models

4.1.1. Retinal pigment epithelial cells (RPE cells)

The in vitro culture of human RPE (hRPE) cells started in the 1970’s,
using explanted RPE cells following the method of Mannagh et al. [114].
With the elaboration of RPE cell lines, the access to RPE cells became
easier and research on RPE increased significantly. Over the years,
numerous RPE cell types were studied and used in oBRB models, either
grown from established cells lines, explanted from living or dead, adult
or fetal donors or generated from stem cells. We will discuss here each
cell type for their proven suitability for oBRB modelling taking into
consideration the material support used and its functionalization. For
further discussion about culture protocols specifications such as
cell-harvesting method, media composition, seeding densities or
passaging rates the reader can refer to previous reviews covering these
specific subjects [115]. Moreover, we will not discuss here studies that
developed injections of RPE suspension, without support, to treat
various retinopathies.

4.1.1.1. Cell lines

4.1.1.1.1. ARPE-19. One of the most used human RPE cell line is the
ARPE-19, a well-established but non-immortalized line. It emerged
spontaneously from primary RPE cells isolated 2h after the death of a 19-
year-old male human donor [116] and is now commercially available.
Numerous oBRB models have used ARPE-19 in monoculture [46,48-54,
69,76,77,79,91,92,96,97,117,118] and co-cultured with ECs [101,102,
106-108,110] to generate a RPE monolayer for drug permeation studies
[54,117]1, for tissue [101,102,106,107] and disease modelling [46,
49-51,53,108,110], for material suitability analysis for RPE culture [48,
118] or for graft development against various retinal diseases, mostly
AMD [69,76,77,79,91,92,96,97,118]. Several material and functionali-
zation protocols were developed for ARPE-19 culture (See section 4.2.1
and 4.3.1 and Tables 1 and 3). Overall, each method enabled cellular
attachment and proliferation, with the formation of a confluent RPE
monolayer, with cells displaying the typical cobblestone RPE
morphology. ARPE-19 cells form a monolayer in a week [69,77]
depending on the seeding density. However, in some studies, the cellular
proliferation continued after formation of the confluent monolayer
leading to overgrowth and multilayering [54,77]. This can be overcome
by tailoring the media composition, for instance, by adding retinoic acid
to a 10 pM concentration [77]. ARPE-19 express classical RPE markers
such as ZO-1, RPE65, VMD2, CRALBP, MITF, TRP-1, tyrosinase, VEGF,
Ezrin and PEDF, with expression levels being impacted according to the
substrate on which the cells are seeded [48]. Moreover, in multiple
studies, ARPE-19 cells have been proven to be able of phagocytosis, a
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key property of RPE cells [46,48,69,76,77,97,101,102]. Thumann et al.
demonstrated that phagocytosis of porcine rod outer segments was more
efficient when ARPE-19 cells were seeded on a collagen type I mem-
brane compared to plastic [69].

Nonetheless, the ARPE-19 cell line presents some morphological and
developmental differences from natural RPE monolayers. First, they lack
melanin-induced pigmentation, a major factor in ocular pharmacoki-
netics, affecting both drug distribution and retention in ocular tissues
[119]. By increasing the cultivation time, Shadforth et al. observed a
partial pigmentation, of 25-50% of the cells after 12 weeks in culture
[97]. To address this limitation, a team established a new artificially
pigmented ARPE-19 cells called ARPE-19mel [119] by isolating mela-
nosomes from porcine RPE and incubating them with ARPE-19. The
melanosomes were spontaneously phagocytosed by and integrated into
the cells. The resulting pigmentation was retained during the entire cell
cultivation and its intensity could be adapted by adjusting the concen-
tration of administrated melanosomes.

Secondly, if the presence of tight junctions between the epithelial
cells was assessed with ZO-1 staining [77], the original derivers of the
cell line reported low transepithelial resistance (TER) values for the
ARPE-19 sublines, with values reaching a maximum of 50-100 Qecm?
[116]. Since the TER in the native human RPE-choroid tissue has been
measured around 150 Qecm? [120], this shows that an ARPE-19
monolayer is less effective as a barrier than the native tissue, with
weaker junctions and/or lower confluence. Subsequent studies using
ARPE-19 made similar observations, with values as low as 40 Qecm?
with ARPE-19 cultivated on uncoated Transwell membranes [49-52] or
even 30 Qecm? when cultivated on BM bioink [48]. Strategies to in-
crease the ARPE-19 TER value have been developed. For instance,
Mannermaa et al. studied eight different culture media composition and
obtained TER values ranging from 80 to 160 Qecm?, the latter being
obtained by addition in the basic medium of 1% FBS, basic fibroblast
growth factor (10 ng/mL), sodium pyruvate (1 mM) and taurine (10
mM) [54]. Shadforth et al. obtained an even higher value of TER of
250-300 Q cm? by cultivating the ARPE-19 on a Bombyx mori silk fibroin
membrane coated with human placenta ECM [97]. These lower TER
values in ARPE-19, synonym of less effective barrier functions, can
impact the permeability of the tissue. Indeed, Mannermaa et al. showed
that the permeability of an ARPE-19 monolayer on laminin coated
Transwell is higher than the one of fresh bovine tissue, from basal to
apical and from apical to basal. If the two models showed similar
transport trends and qualities, they are not similar quantitatively which
would notably affect drug testing results [54]. However, as they showed
for the TER, the permeability can also be tailored by the media
composition, as for instance by addition of 25 nM Tretinoin (ATRA)
[54].

Some studies have also demonstrated limits in the polarization of the
ARPE-19. For instance, when cultured on silk fibroin membranes, the
ARPE-19 did not secreted VEGF and PEDF in a polarized way, with
similar concentrations measured on the basal and apical sides [97]. One
of the most striking studies analysing the relevance of ARPE-19 to mimic
natural RPE is the one by Kamao et al. who conducted a micro-assay
using more than 57,000 probes and analysed 154 genes to charac-
terize hiPSC-RPE in comparison with ARPE-19, hRPE, and fibroblasts.
They obtain a phylogenetic tree where the ARPE-19 were actually closer
to fibroblasts than hRPE, questioning the use of ARPE-19 to model hRPE
[65].

4.1.1.1.2. D407. Another cell line, less studied for oBRB modelling,
is the D407 cell line. As for the ARPE-19 line, the D407 emerged spon-
taneously from primary RPE which were isolated 12 h after the death of
a 12-year-old male human donor [121]. The cells were maintained in
culture for over 200 passages while keeping characteristic markers of
the RPE such as the epithelial morphology and the formation of a hex-
agonal cobblestone layer with tight junctions [121]. Tezcaner et al. used
the D407 line to study the potential application of PHBV8 membranes
modified by oxygen plasma treatment as an oBRB graft against retinal
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Table 1
In vitro modelling of the outer blood-retina barrier.
Application RPE cell type EC type Model design Relevant outcomes (+) and limits of the Ref#
study (—)
Healthy In vitro study of drug ARPE-19 None Laminin coated Transwell + Importance of molecular size and [54]
oBRB permeability across RPE lipophilicity on the drug permeability
models monolayer - Higher monolayer permeability than
explanted bovine oBRB: weaker barrier
junctions and underestimation of the
cellular active transport
hfRPE and None Human ECM or laminin coated + Identification of 25 genes to assess the [56]
hESC-RPE Transwell barrier properties of the RPE
+ Impact of the culture medium on the
barrier function
ARPE-19 None Ammonia plasma treated ePTFE + Computational model to predict drug [117]
culture insert transport across the oBRB
- Choice of the ARPE-19 line known for
having weaker barrier function
Effect of photodynamic Primary adult None Semipermeable polycarbonate + Addition of verteporfin with non-thermal ~ [123]
therapy (PDT) on the RPE RPE membrane laser, as used in PDT, induced a breakdown
of the oBRB (absent without verteporfin)
- Low characterization of cells
Study of RPE-choroid ARPE-19 HUVECs Monolayers on each side of amniotic =~ + HUVECs become fenestrated when co- [101]
interactions membrane cultured with ARPE-19 (and not with
corneal epithelial cells)
- 2D culture of the ECs and effect of
dynamic flow not studied
D407 RPE HUVECs Electrospun SF membrane for RPE, - Low ECs coverage of the tree network and [109]
on a hyaluronic acid gel patterned aberrant phenotype of the RPE in co-culture
with a tree-like EC structure - No possibility of inducing flow in the ECs
network
Study of ECs influence on ARPE-19 HUVECs Monolayers on each side of a + ECs improve maturation and function of ~ [102]
RPE phenotype and ECM Transwell, with laminin coating for the RPE cells
production RPE cells and gelatin coating for ECs ~ + Increase of anti-angiogenic markers
levels in co-culture
hfRPE HUVECs Transwell for RPE, with ECs at the + Mature choroidal cells contribute to the [103]
bottom of the plate well remodelling of the RPE basement
membrane and improve barrier function
hiPSC-RPE hiPSC-ECs, Monolayers on each side of a + Optimization of the membrane porosity [105]
HUVEGs, polylactide collagen coated to avoid ECs migration
HRMVECs membrane + Comparison of the interaction of hiPSC-
RPE with different EC types
- Low characterization of the cells
oBRB perfusable platform ARPE-19 HUVECs Microfluidic chip: Polyester + Addition of human lung fibroblasts to [108]
for tissue modelling and membrane, for RPE culture, on top support vessel formation
drug testing of a collagen I hydrogel with a - Vessel diameter significantly larger than
microchannel for ECs the choroid vasculature
hiPSC-RPE HRMVEC Microfluidic chip: RPE seeded on + Perfusable 3D microvessel network [111]
top of a fibrin hydrogel supported by human lung fibroblasts
encapsulating the ECs + Increased RPE markers expression,
pigmentation and basement membrane
proteins production in co-culture
Diseased AMD: Effect of BM aging on ~ ARPE-19 None Bruch’s membrane from human + Aged BM decreases the phagocytosis [46,47]
oBRB RPE behaviour young (<46 yo) donors or old (>74  ability of the RPE recapitulating disease
models yo) donors, further coated with ECM  phenotype
protein to see repair effect -+ Coating the altered BM with ECM
proteins increases survival, proliferation,
adhesion and phagocytosis of the RPE cells
hiPSC-RPE None ECM produced by ARPE-19 and + Gene expression is altered in cells derived [140]
from patients altered with nitrite (to mimic aged from AMD patients
BM) + Nitrite modification of the ECM reduces
attachment and viability, especially for
AMD RPE cells
AMD (dry): effect of hiPSC-RPE None Culture plate + Higher levels of drusen-related proteins [129]
inflammation and study of from patients and increase of complement and
nicotinamide as potential or controls inflammatory factors in diseased RPE
treatment + Nicotinamide improves disease-related
phenotypes: potential therapeutic strategy
for AMD treatment
AMD: oBRB AMD platform hiPSC-RPE hiPSC-ECs Microfluidic chip: Electrospun + Pericytes and fibroblasts help the [113]

to study disease mechanism
and therapeutics

PLGA membrane for RPE on top of
bioprinted gelatin-based hydrogel
encapsulating the ECs, with
pericytes and fibroblasts
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formation of the vascular network

+ Model of dry AMD mimics drusen
formation, capillary degeneration and loss
of barrier function

+ Two strategies to model wet AMD (gene-
and drug-based) lead to capillaries

(continued on next page)
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Application

RPE cell type

EC type

Model design

Relevant outcomes (+) and limits of the
study (—)

Ref#

AMD (wet): study of
choroidal
neovascularization

ADRD; DHRD and SFD:
Study of drusen formation
and ECM alteration
mechanisms

Choroideremia: study of
disease pathogenesis

DME: effect of different
molecules on the RPE

Gyrate atrophy: use of
hiPSC-RPE to model the
disease

OCA: study of RPE
pigmentation

SFD: platform to study
disease mechanism and
therapeutics

ARPE-19

ARPE-19

ARPE-19

hiPSC-RPE
from patients
and control

hiPSC-RPE
from patients

ARPE-19

ARPE-19

hESC-RPE and
hiPSC-RPE

hiPSCs-RPE
from OCA1A
and OCA2
patients or
controls

hiPSC-RPE
from patients
or controls

HUVECs

HUVECs

HUVECs

None

None

None

None

None

None

hiPSC-ECs
from patients
or controls

Microfluidic chip: RPE seeded on
top of a fibrin hydrogel
encapsulating the ECs

Microfluidic chip: RPE seeded on a
blank fibrin hydrogel, placed on top
of another fibrin hydrogel
incorporating the ECs (supported by
fibroblasts)

Microfluidic chip: porous
fibronectin coated PDMS
membrane, with RPE on one side
and ECs on the other

Culture plates or Transwell

Matrigel coated plates or fibronectin
coated Transwell

Transwell; under hyperglycemic
and hypoxic environment

Transwell; under hyperglycemic
and hypoxic environment

Culture plates

Transwell

RPE seeded on top of a PEG
hydrogel encapsulating the ECs

hyperproliferation and RPE monolayer
disruption

+ Operational system within 4 days

+ Hypoxic conditions to mimic wet AMD
inducing vascularization upregulation

+ Perfusable vascular network

+ Model of wet AMD: VEGF treatment
promotes angiogenesis

- Model requires a 300 pm thick gel
between RPE and choroid to avoid vessel
regression

- ECs in a monolayer and poor
characterization of the effect of continuous
flow

- Poor characterization of the RPE

- Inconclusive effects of hypoxia and
glucose increase

+ Presence of drusen-like sub-basal
deposits after 90 days, rich in proteins and
lipids, and accumulation of collagen IV in
the ECM

+ Earlier onset of DHRD pathophysiology
compared with SFD with differences in
ECM and drusen composition

+ Complete characterization of the RPE
and the mutation effects (no expression of
REP1)

+ Characterization of the disease effects on
the Rab proteins and on phagocytosis by
RPE

+ Pituitary adenylate cyclase-activating
polypeptide (PACAP); Vasoactive intestinal
peptide (VIP) and caffeine counter the
effects of hyperglycemia and hypoxia while
nicotine worthen them

+ Melatonin improves TEER, reduces RPE
permeability and protects against
mitochondrial dysfunction

- Low characterization of the cells, besides
mitochondrial function

+ hiPSC-RPE recapitulates the lack of OAT
activity of the disease

+ Highlights vitamin B6 as potential
treatment, with the optimal concentration
of 600 pM

+ No pigmentation observed in OCA1A,
with no mature melanosomes whereas
OCA2 developed a small pigmentation with
time (over 6 months), with only 32% of
mature melanosomes: enhance the
importance of the TYR gene for
melanosomes maturation

+ RPE secreted factors necessary for the
formation of EC fenestrations

+ Choroidal neovascularization and
capillaries atrophy can be initiated solely
by RPE factors alterations, without
previous drusen formation

-+ Identification of 2 potential therapeutic
targets: FGF-2 and MMPs

- Lack of material characterization

[149]

[110]

[106,
107]

[147]

[21]

[49-52]

[53]

[137]

[58]

[112]

Abbreviations: ADRD: autosomal dominant radial drusen; AMD: age-related macular degeneration; DHRD: Doyne honeycomb retinal dystrophy; DME: diabetic
macular edema; OCA: Oculocutaneous albinism; SFD: Sorsby’s fundus dystrophy; PDMS: polydimethylsiloxane; PEG: polyethylene glycol; PLGA: poly(DL-lactic-co-
glycolic acid); ePTFE: expanded polytetrafluoroethylene; SF: silk fibroin, TER: transepithelial resistance.

disorders such as diabetic retinopathy, RP or AMD [75]. Thanks to the
plasma treatment, the cells were able to adhere, with apparition of
pseudopods revealing the onset of spreading after 8 h, and ultimately
formed an organized monolayer in 7 days. More recently, D407 cell line
was co-cultured in a contactless setting with HUVECs to build an oBRB
on a chip [109]. The epithelial cells were cultured on top of an elec-
trospun porous fibrin membrane that was placed in Transwell holders
and introduced in a well containing methacrylate hyaluronic acid
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hydrogel seeded with HUVECs. In the presence of HUVECs, D407 cells
lost their hexagonal morphology with visible cell extensions formed
after 14 days that increased with time leading to a majority of
spindle-like cells at day 21.

As far as we know, the D407 cell line is not commercially available,
reducing its use, and was supplied as a gift in all studies. In addition, the
marginal use of D407 cell line can also be due to its numerous drawbacks
[121]. First, even if the cells are able to form a monolayer, they lack a
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Table 2
Material characterization of the oBRB models for cellular therapy.
Material Functionalization Thickness Topography Wettability - Mechanical properties Additional Ref#
Water contact characterization
angle
Collagen None 7 pm Smooth 80° NR NR [69]
type I
hAM + PCL None NR Fibrous (electrospinning) 119 ° for PCL Young’s modulus Porosity: btw 85 and [96]
with AFD of 200-300 nm alone and 92° (Tensile testing): 17,3 90%
with hAM MPa for PCL alone and
40 MPa with hAM
Bombyx mori  None Btw 5-30 pm Smooth NR Young’s modulus Permeability: btw 108 [99]
SF + PEG (Tensile testing): 10-25  and 2*10% cm 5!
+ HRP MPa
Parylene-C In vitro: Plasma 0,3 pm thick Smooth NR NR Diffusion coefficient btw [79,
(rCPCB- treatment or Matrigel membrane on 107 %and 10 ¥ em?s™!  80]
RPE1 In vivo: vitronectin 6 pm thick for molecule btw 4 and
implant) mesh 250 kDa
PBSu Laminin 521 and Around 20 pm Honeycomb porosity Btw 52 and 79° NR Pore diameter btw 1 and  [87]
Collagen IV Mean roughness (AFM): btw 3 pm
150 and 660 pm
PCL Integrin-binding 2,16 pm Fibrous (electrospinning) 92,4° for PCLand  NR NR [92]
peptides (iBPs) with AFD around 350 nm 20,2° for PCL +
iBPs
Pectin-PHB None 200 pm Fibrous (electrospinning) Btw 88 and 124° Young’s modulus NR [91]
with AFD btw 336 and 500 (Pectin/PHB (Tensile testing): btw
nm (Pectin/PHB ratio) ratio) 0,08 and 0,23 GPa
(Pectin/PHB ratio)
PET None 1-2 pm Fibrous (electrospinning) NR NR Average pore size: btw [90]
with 200; 500 or 1000 nm 0,23 pm? and 3,75 pm?
fiber diameter
PHBVS Oxygen plasma 5-10 pm Smooth 58,3° NR NR [75]
treatment Mean roughness (AFM):
82,03 nm
PI Laminin 24 or 7,6 pm Smooth Around 50° Tensile strength: 139 Pore diameter: 1 pm [70,
Mean roughness (AFM): MPa Porosity: 2,2%107 pores/ 71]
82,03 nm cm?
PLGA None 14 pm Smooth (solvent casting) or ~ NR Young’s modulus NR [88]
fibrous (electrospinning) (tensile testing): 217,9
with AFD of 331 nm MPa for smooth and
131,9 MPa for fibrous
material
PLGA or None Between 20 Smooth NR Loss moduli (Dynamic NR [72,
PLLA and 36 pm mechanical analyser): 170]
in the range of 500
MPa-50 GPa
PLGA; PLLA Laminin Around 10 pm Fibrous (electrospinning) NR Young’s modulus Porosity: around 50% [89]
or PLDLA with AFD below 70 nm and (AFM): 16 MPa for PCL;
or PCL surface roughness (AFM): 25 MPa for PLGA; 31
around 260 nm MPa for PLDLA and 48
MPa for PLLA
ePTFE Ammonia plasma Around 100 pm  Fibrous with AFD btw 133° for ePTFE, Mean elastic modulus NR [76,
treatment (PT) or n- 100-300 nm 68,5° for PT- (AFM): 1-2 GPa 78]
heptylamine coating ePTFE, 123,5° for
(nHA) nHA-ePTFE

Abbreviations: AFD: Average fiber diameter; Btw: Between; NR: Not reported; hAM: human amniotic membrane; HRP: horseradish peroxidase; PBSu: polybutylene
succinate; PCL: Polycaprolactone; PEG: polyethylene glycol; PET: polyethylene terephthalate; PHB: polyhydroxybutyrate; PHBVS8: Poly(hydroxybutyrate-co-
hydroxyvalerate); PI: Polyimide; PLDLA: Poly(D,L-lactic acid); PLGA: poly(L-lactic-co-glycolic acid); PLLA: poly(i-lactic acid); ePTFE: expanded polytetrafluoro-

ethylene; SF: silk fibroin.

complete polarization with notably short microvilli on the apical side
and a loss of cytoskeletal polarization. Moreover, the loss some enzy-
matic activities such as lecithin retinol acyl transferase and retinoid
isomerase compared to native RPE has been also demonstrated. Addi-
tionally, as for ARPE-19, the D407 cells fail to produce melanin. Thus,
the melanin from the original cells is divided among the daughter cells
without additional production, resulting in a complete loss of pigmen-
tation over time.

4.1.1.2. Explanted cells - hRPE. Before the establishment of cell lines or
the differentiation of stem cells, the only possible solution to obtain RPE
cells was to directly harvest them from retinal tissue of living or recently
deceased donors. We will focus here on human tissues and both human
adult (haRPE) and fetal (hfRPE) sources will be analysed for their
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relevance for oBRB modelling. For harvesting methods and culture
protocols discussion, the reader can refer to the review by Fronk and
Vargis [115].

4.1.1.2.1. Human fetal RPE cells. Harvesting and culture of human
fetal RPE (hfRPE) cells date back to the 1990’s [45,72,122] and have
been used in oBRB modelling in several studies ever since [57,59,90,
103]. The hfRPE were harvested from fetuses between 10 and 20 weeks
of gestation and were cultivated on various cell supports: Transwell
inserts with various coatings (collagen, laminin, fibronectin, gelatin and
human placenta ECM, the latter presenting the best results) [57],
Transwell inserts with Matrigel [103], and membranes made out of
PLGA, PLLA [72], PET [59,90] or PLCL [90]. Cells were able to adhere
and proliferate on these substrates showing the typical cuboidal shape of
RPE cells. It should be noted that the nature of the material and notably
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oBRB implants developed for RPE cellular therapy.
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Material

Cell type

In-vivo and clinical translation

Targeted
disease

Outcomes and limits

Ref#

Natural
materials

Hybrid
materials

Synthetic
materials

hAM (decellularized)

hAM (decellularized))

Bombyx mori SF + Human
placenta ECM or collagen
I

Collagen type I

hAM + PCL

Bombyx mori SF + PEG +
HRP

Bruch’s membrane
(Porcine) and PCL

Methacrylate and
Methacrylamide +
Fibronectin

Parylene-C + Matrigel or
vitronectin

PCL -+ integrin-binding
peptides

PBSu + Laminin 521 and
collagen IV

PDMS + Ammonia gas
plasma

Pectin-PHB

hESC-RPE

hiPSC-RPE

ARPE-19 or
hiPSC-RPE

ARPE-19

ARPE-19

hESC-derived
RPE

ARPE-19

Primary RPE

hESC-derived
RPE

ARPE-19

hESC-derived
RPE

ARPE-19

ARPE-19

1) Nude rats
2) RCS rats
3) Immunosuppressed NHP

New Zealand white albino
rabbits

None

Rabbits

None

RCS rats: acellular samples
only

Rats: acellular samples only

None

1) Nude rats

2) RCS rats

3) Yucatan minipigs

+ Clinical trial (Phase I and
IIa)

None

None

None

None
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RP and dry
AMD

AMD

AMD

AMD or RP

AMD

AMD

AMD

AMD or RP

AMD

-+ Expression of typical RPE markers both in vitro and
in vivo

+ Development of a GMP-compliant carrier to
implant the graft

+ No teratoma formation

+ Improved visual acuity and increased
photoreceptor survival in vivo

- Immunogenicity of the graft and need for
immunosuppression, the transplantation altering the
oBRB

+ No modification of the hAM upon
decellularization

+ All RPE marker expressions higher on hAM
compared to Matrigel coated plate

- Short term analysis in vivo (7 days)

+ Phenotype closer to the native RPE with hiPSC-
RPE than with ARPE-19

- No real benefits of the developed membrane
compared to laminin coated Transwell

+ Excellent biocompatibility of the membrane and
3-month stability at least in media

- Poor characterization of cellular behaviour and
phenotype

- Use of the ARPE-19 cell line, unsuitable for
implantation

+ Improved material properties by addition of hAM
in the PCL

+ Optimal cellular phenotype with 30% hAM

- Use of the ARPE-19 cell line, unsuitable for
implantation

+ Increased permeability with PEG and reinforced
cross-linking with HRP: membrane easier to handle
and transplant

-+ Increase of the growth factor expression after
material modification

- Lack of in vivo cellularized implantation to study
graft efficiency

+ Improved ARPE-19 phenotype on the bioink vs.
laminin coated Transwell

+ Suitable material properties for implantation

- Use of the ARPE-19 cell line, unsuitable for
implantation

+ Similar results as those obtained on explanted lens
capsule

- Altered phenotype of the cells which could be due
to the age of the donors (65-70 years old)

+ No immune reaction nor tumour formation

+ Preservation of the ONL

+ Survival and functionality of the RPE for up to a
month

+ Improved visual acuity with better detection of
light intensity

+ Promising results of the clinical trials (see Table 4)
+ Functionalization does not affect the fiber
diameter but lowers the contact angle

- Low characterization of the cells, notably
monolayer formation

- Use of the ARPE-19 cell line, unsuitable for
implantation

+ Complete optimization of the material

- No RPE monolayer observed, with poor RPE
characterization

+ PDMS is widely used in medical devices notably in
ophthalmology

+ Air plasma treatment increases wettability
enhancing cell growth

- Use of the ARPE-19 cell line, unsuitable for
implantation

+ Tunable hydrophobicity and mechanical
properties according to Pectin/PHB ratio

- Only 2D culture of non-confluent RPE, with low
characterization of the cells

[93,94]

[95]

[97,98]

[69]

[96]

[99]

[48]

[74]

[79-86]

[92]

[87]

[76]

[91]

(continued on next page)
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Material Cell type

In-vivo and clinical translation

Targeted Outcomes and limits Ref#

disease

hESC-derived
RPE

PET + Laminin and
collagen IV

1) Chinchilla-Bastard Hybrid
and Dutch-Belted rabbits

2) Cynomolgus monkeys

Adult human
stem cell RPE
(hRPESC)

PET + Human placenta

ECM rabbits

PET hfRPE
Zealand White rabbits:

acellular samples only

PHBVS D407 None

hESC-derived
RPE

PI + Laminin
rabbits

PLGA Primary RPE None

PLGA hiPSC-derived

RPE

1) Nude rats
2) RCS rats

3) Pigs with laser induced RPE

injury

PLGA or PLLA hfRPE None

PLGA; PLLA or PLDLA or
PCL + Laminin

Primary RPE
samples only

ARPE-19 and
Primary RPE

ePTFE + Ammonia None
plasma treatment or n-

heptylamine coating

1) Chinchilla-Bastard Hybrid

2) Cynomolgus monkeys

Chinchilla-Bastard and New

Albino New Zealand White

In RCS rats: acellular PLLA

- Use of the ARPE-19 cell line, unsuitable for
implantation

+ Stability of the graft even upon intercontinental
cell shipment (from Germany to Singapore)

+ RPE survival for a month along with
photoreceptor preservation and in vivo phagocytosis
+ RPE survival for up to 3 months, with better
survival upon local immunosuppression compared
to systemic

+ Absence of cellular proliferation

+ Maintenance of the photoreceptors and capacity
of phagocytosis of POS

- Non homogeneous pigmentation of the cells

+ Best cellular phenotype on 200 nm fibers
(pigmentation, morphology, adherence)

- Lack of in vivo cellularized implantation to study
graft efficiency

- Membrane porosity does not allow proper
nurturing of the photoreceptors

+ Material degrades as D-3-hydroxybutyrate,
constituent of human blood

+ Increase of the hydrophilicity and decrease of the
roughness with the plasma treatment

-+ PI clinically approved in several ophthalmic
applications

+ Feasibility of transplantation and no obvious sign
of inflammation or retinal atrophy

- Loss of pigmentation with time, mononuclear cell
infiltration and retinal atrophy: rejection of the
transplanted cells and xenograft induced
inflammation, even with immunosuppression

+ Improved morphology, monolayer formation (vs.
multilayer) and microvilli development on the
fibrous substrate

-+ Similar results obtained with electrospun collagen
and electrospun PLGA suggesting that the structure
is more than the material itself

-+ Cell survival with maintenance of their phenotype
upon implantation

+ Maintenance of the photoreceptors

+ Low inflammatory response and no tumour
formation

- Results similar to cell injection

- Missing protocols for material characterization

/ + FDA approved material

- Poor characterization of cellular phenotype and
behaviour

+ Best cellular behaviour on PLLA motivating its
implantation

+ No excessive immune response observed up to 4
weeks

- Lack of in vivo cellularized implantation to study
graft efficiency

+ Well-established biocompatibility and biostability
+ Hydrophilicity improved by plasma treatment
allowing cell adhesion and monolayer formation

- Only a few results with the primary RPE

AMD [61,62]

AMD [59,60,

128]

AMD

[90]

DME, RP,
AMD

[75]

AMD [70,71]

AMD or
Stargardt
disease

[88]

Dry AMD [731

[72,
170]

Dry AMD [89]

AMD [76,78]

Abbreviations: hAM: human amniotic membrane; HRP: horseradish peroxidase; PBSu: polybutylene succinate; PCL: Polycaprolactone; PDMS: polydimethylsiloxane;
PEG: polyethylene glycol; PET: polyethylene terephthalate; PHB: polyhydroxybutyrate; PHBVS8: Poly(hydroxybutyrate-co-hydroxyvalerate); PI: Polyimide; PLDLA:
Poly(D,1-lactic acid); PLGA: poly(L-lactic-co-glycolic acid); PLLA: poly(i-lactic acid); ePTFE: expanded polytetrafluoroethylene; SF: silk fibroin; RCS: Royal College of
Surgeons; NHP: non-human primates; RP: Retinitis pigmentosa; POS: photoreceptor outer segments.

its fiber diameters greatly influence both the proliferation rate and the
morphology of the cells [90]. hfRPE cells express typical markers such as
RPE65, ezrin, bestrophin and CRALBP and show a polarized secretion of
VEGF and PEDF [57]. With long culture duration, in the range of 2-3
months, hfRPE cells are able to form tight barriers, as shown by the
expression of tight junctions revealed by ZO-1 staining [90] and the
evaluation of the TER resulting in particularly high values, with an in-
crease from 200 Qecm? to 1000 Qecm? over 55 days in the study of
Stanzel et al. [59] and a mean TER of 501 Qecm? for the model of
Maminishkis et al. [57]. The hfRPE cells are cultivated on placenta ECM
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coated Transwell in both models. Interestingly, improvement of hfRPE
ability to form a tight barrier can be mediated by the co-culture with
appropriate ECs, as it was demonstrated by co-culturing hfRPE cells with
fetal choroid endothelial cells at different maturation stage (P5 vs. P30)
[103]. Results showed an increase in gene expression of ECM genes
suggesting a regulation of the basement membrane assembly and
consequent maturation of tight junctions (increased co-localisation of
Z0-1 and occludin) and enhanced barrier function (TER increased
values from less than 200 Qecm? to around 800 Qecm? between the
monoculture and the co-culture, after 14 days). Concerning the



C. Dujardin et al.

pigmentation of the hfRPE cells, it was reported early on that the hfRPE
cells present intracellular melanosomes [72], with the pigmentation
intensity varying with the culture duration. Indeed, Maminishkis et al.
reported that the pigmentation decreased during the first divisions,
suggesting that the daughter cells share the original pigment content,
but it started to increase after a few weeks and reached the original level
after 30 days [57]. A similar observation was made in another model in
which the cells were fully re-pigmented after 6-8 weeks [59].

Despite their many advantages compare to cell lines, the major
limitations of the hfRPE cells are the poor availability and, more
importantly, the ethical concerns rising from the use of human fetal
tissues.

4.1.1.2.2. Human adult RPE cells. One of the first extraction and
culture of haRPE cells dates back to the 1970’s with the study by
Mannagh et al. whose method is still used nowadays [114]. They made
several fundamental observations on the culture of haRPE cells. First,
the authors noted that the viability of the cells is inversely proportional
to the age of the donors, with 75% success under 60 years old versus
58% over 60 years old, highlighting the age of the donor as a key
parameter in culture success. Secondly, the cells were able to form a
confluent pigmented monolayer and survived for three to six months.
However, they also identified several drawbacks such as loss of
pigmentation with each cell division, and the spontaneous trans-
formation of haRPE cells into cell lines, characterized by a change in
morphology and an accelerated growth, which occurred in 7 cases over
the 119 primary cultures.

Since the pioneer works, several studies have employed haRPE cells
for oBRB modelling [78,88,89,118,123]. In several studies, a group
analysed the effect of surface modification of ePTFE membranes by
plasma polymerisation or by ammonia plasma treatment on the
behaviour of primary adult RPE cells, without mentioning of the age of
the donors [76,78,118,124]. If a first study focused on the attachment,
morphology and proliferation of the cells [118], in a second study,
Kearns et al. characterized in more depth the haRPE cells, with evalu-
ation of the presence of ZO-1, N-Cadherin and occludin, and the analysis
of the ECM production (laminin 111, collagen type I and IV and fibro-
nectin) [78]. With experiments that lasted up to 28 days, they proved
that although the support surface chemistry resulting from plasma
polymerisation or ammonia plasma treatment is very different, they
both support a functional monolayer of RPE and the underlying pro-
duced ECM is similar in the long term [78]. However, the character-
ization of the cells remained quite poor, notably lacking phagocytosis
evaluation or TER measurement.

The latter was evaluated by Mennel et al. who used haRPE cells
harvested from human eyes, obtained from a cornea bank and culti-
vating on Millicel-PCF (Millipore Corporation, USA). In this study,
cellular characterization was solely based on the morphology analysed
by transmission electron microscopy and on TER measurement, with
values around 30 Qecm? which is far from the physiological value (150
Qecm?). Thus, the monolayer formed by the haRPE cells has weaker
barrier function than the natural RPE cells, as it was observed for cell
lines.

Another group conducted studies to develop a RPE graft for trans-
plantation for AMD using commercial haRPE cells, with a more com-
plete cellular characterization [88,89]. By demonstrating the benefits of
using laminin coated electrospun membrane, they showed that the
haRPE cells were able to adhere and proliferate on the studied materials.
TER measurements resulted in values for the haRPE cells in the range of
the native one, especially for haRPE cells cultured on PLDLA or PLLA
membranes. Moreover, phagocytosis assay using polystyrene beads
revealed that even if the cells were always capable of phagocytosis, the
number of phagocytosed beads was higher for PLLA. The membrane
material also influenced the expression of typical RPE markers such as
7Z0-1, MERTK, PEDF, VEGF, BEST1, PMEL17 and RPE65, with enhanced
expression on PLLA.

Thus, haRPE cells recapitulate the principal RPE markers and
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functions, but special care is required on the choice of the material to be
as close as possible to the native RPE. Nonetheless, as for hfRPE cells,
one major limit of haRPE is still the availability and the accessibility to
donors.

4.1.1.3. Stem cell-derived RPE cells. Pluripotent stem cells include three
types that we can distinguish based on their origin: adult, embryonic and
induced pluripotent stem cells. In this section we focus on their appli-
cation to model the oBRB. Differentiation protocols to obtain RPE cells
from the different types of stem cells is out of the scope of this review
and the reader can refer to the previous reviews on this specific subject
by Bertolotti et al. [125], Leach & Clegg [126] and more recently by
Dehghan et al. [127].

4.1.1.3.1. Adult human RPE stem cell derived RPE cells. RPE stem cell
(RPESC) derived RPE are at the crosswalk of the haRPE cells (section
4.1.1.2.2) and the hiPSCs-derived RPE cells (section 4.1.1.3.3) and were
first reported by Salero et al. in 2012 [128]. In healthy adult oBRB, the
RPE cells are dormant and non-proliferative. However, in some diseases
such as proliferative vitreoretinopathy, adult RPE cells plasticity has
been observed, proving that adult RPE cells can somehow be reac-
tivated. By extracting adult RPE cells from both young and elderly do-
nors (up to 99 years old), Salero et al. demonstrated that a subpopulation
of RPE cells can be activated in vitro to self-renewing cells, capable of
growth. Remarkably, the age of the donor didn’t impact the cell growth
with a doubling rate of 2 days, up to 6 to 8 passages. During the pro-
liferation, the cells expressed pluripotency markers (c-Myc and KLF4)
[128]. After reaching confluence the cells regain their cobblestone
morphology. These RPE cells obtained from the proliferation of RPESC
expressed important markers of RPE cells (polarization, pigmentation,
Ezrin, BEST, MITF, RPE65, CRALBP, MCT1, Z0O-1) and when implanted
on a PET membrane in rabbits, they survived up to a month [59]. Later
on, the same graft was implanted in Non-Human Primates (NHP, Macaca
fascicularis, Cynomolgus) where the cells kept RPE hallmarks (phago-
cytosis, RPE65, CRALBP) upon implantation with absence of both pro-
liferation and apoptosis [60]. These cells were also used to develop two
disease models following two distinct approaches. First, by using RPE
cells from dry AMD patients to obtain RPESC-derived RPE cells to study
the disease mechanism and the potential use of nicotinamide as treat-
ment (see section 4.2.2) [129]. Second, in an attempt to mimic and study
neovascularization, RPESC were cultivated in the presence of HUVECs
to study angiogenic factors and mediators of neovascularization (see
section 4.2.2) [104].

4.1.1.3.2. Human embryonic stem cell derived RPE cells. The differ-
entiation of human embryonic stem cells (hESC) to generate various cell
types started in the late 1990’s [130] and one of the first reports of
hESC-derived RPE cells (hESC-RPE) dates back to the early 2000’s
[131]. In this pioneer study, the authors characterized the RPE cells
derived from 12 different hESC lines. They showed that, on gelatin
coated plates, the cells could be cultured up to 9 passages and, although
the cells would lose their morphology and pigmentation at first, they
recover them when reaching confluency, as it is also observed for hfRPE
cells for instance [57,59]. Around 90% of the hESC-RPE cells population
were capable of phagocytosis and the cells expressed typical RPE
markers such as CRALBP, PEDF, bestrophin and RPE65. The authors
used transcriptomics to compare hESC-RPE cells with hfRPE cells and
with previously published data on ARPE-19 and D407 cell lines [132].
The transcriptional identity of the hESC-RPE cells revealed to be closer
to hfRPE cells than to ARPE-19 and D407 cell lines. They also identified
well-substantiated RPE specific genes present in the hESC-RPE cells and
in the hfRPE cells but absent from the ARPE-19 (1186 genes) and from
the D407 (1452 genes) cell lines.

Since then, many studies have used hESC-RPE cells to model the
0oBRB, mainly for cell therapy applications [61-64,70,71,80-84,93,94,
99] but also for drug development [56]. Consistent with the results in
the aforementioned pioneering study, the hESC-RPE cells expressed
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multiple RPE markers and are capable of phagocytosis, notably when
cultivated on human amniotic membrane [94], on laminin coated syn-
thetic polyimide [70], on vitronectin- laminin- or collagen IV-coated
PET inserts [56,62,63], on RGD-alginate hydrogels [64], and on
collagen coated silk fibroin [99]. The hESC-RPE cells formed a mono-
layer with tight junctions (ZO-1 marker), but TER values differed be-
tween studies: from 40 to 80 Qecm? [70] to values above 200 Qecm?
[61] passing by values in the range of the native one (100-150 Qecm?)
[56]. The difference can probably be explained by different culture
duration as it was reported for hfRPE cells. Indeed, if the culture dura-
tion is not detailed in the study by Subrizi et al. [70], Peng et al. [56]
obtained TER physiological values after 6-8 weeks in culture whereas
Ilmarinen et al. [61] obtained higher TER values with culture duration
up to 20 weeks, giving more time for the RPE monolayer to mature.

Several models using hESC-RPE cells have reached pre-clinical
studies and have been implanted in animal models. The hESC-RPE
grafts have shown promising results in Royal College of Surgeons
(RCS) rats before uncomplete retinal degeneration, with increased
photoreceptor survival and consequently improvement of visual acuity
[80,94]. Ilmarinen et al. conducted in-vivo studies in rabbits (Chin-
chilla-Bastard hybrid and Dutch-Belted) and showed the benefits of a
differentiation of the hESC in xeno-free conditions to limit the immu-
nogenicity of the graft and improve the survival of the RPE cells [61].
They then implanted the graft in immunosuppressed Cynomolgus
monkeys with a mechanically disrupted oBRB and observed preserva-
tion of photoreceptors over a month with an efficient phagocytosis by
the implanted RPE cells [62]. One crucial risk of using stem cell-derived
RPE cells is the formation of a teratoma due to remaining contaminating
stem cells in the graft. Nude rats or nude mice have been used to assess
the risk of teratomas formation by either implanting the graft in the
subretinal space [80] or under the skin, as the subcutaneous route rep-
resents the worst-case scenario [93]. In both cases, over respectively 12
and 6 months, no teratoma was observed in the nude animals. These
pre-clinical trials lead the way to several clinicals trials that we discuss
in section 4.3.3.

Once the risk of teratoma put aside, two main concerns arise from the
use of hESC for RPE modelling: the availability of the cells and, most
importantly, the ethical concerns rising from the use of cells derived
from human embryo. Affecting only the models designed for cell ther-
apy, a third concern regards the immune reaction due to the mismatch of
the human leukocyte antigen (HLA) of the RPE graft and the patient,
leading to a need for local to systemic immunosuppression [93].

4.1.1.3.3. Human induced-pluripotent stem cell derived RPE. These
hESC-RPE cells limits can be overcome with the use of human induced
pluripotent stem cells (hiPSC), since they can either be derived from the
own patient’s cells notably for disease modelling or from cells in bio-
banks, for cellular therapy. For the latter, numerous strategies are
currently under study to obtain “fit-for-all” iPSC by developing biobanks
with enough HLA haplotypes to supply HLA-matched iPSC to a wide
patient population [133].

The first hiPSCs were reported by the group of Shinya Yamanaka in
2007 [134] and the first RPE cells derived from hiPSCs (hiPSC-RPE) date
back to the late 2000’s [135,136]. In these studies, they compared the
hiPSC-RPE cells with hfRPE cells and hESC-RPE cells, already estab-
lished at the time, and showed that there was no difference in the main
RPE markers between those cell types.

Since these early developments, multiple oBRB models have used
hiPSCs, most frequently derived from dermal fibroblasts [65,98,
111-113,137-139]. The use of hiPSCs has notably enabled the devel-
opment of multiple disease models by deriving hiPSCs-RPE cells from
fibroblasts from patients with retinal diseases [58,65,66,98,112,140].
Since hiPSCs derived from elderly donors present an accumulation of
mitochondrial DNA mutations, especially when derived from dermal
cells, other types of cells have been investigated to generate hiPSCs-RPE
cells, such as CD34 " peripheral blood cells [73,95]. As for hRESC-RPE, the
hiPSC-RPE express typical RPE markers such as RPE65, BEST1, VEGF,
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PEDF, CRALBP, Ezrin, MERTK, PMEL and MITF [65,73,95,98,138,140]
and secrete ECM proteins notably collagen IV [65,73,95,112,113,138]
and VI [112]. Moreover, they can form tight junctions with a TER close
to 150 Qecm? [138,140]. This value was reported to increase up to 500
Qecm? in the presence of a dense choriocapillary-bed [113], and up to
1000 Qecm? when extending cell culture from 7 to 10 weeks [73].
hiPSC-RPE also present lasting pigmentation and are capable of
phagocytosis [58,73,95,98,140]. To fully characterize hiPSC-RPE gene
expression, the expression patterns of 154 “hallmark” genes was studied
and the authors demonstrated that hiPSC-RPE were similar to human
fetal RPE [65].

As for hESC-RPE cells, the risk of tumour formation was assessed
after hiPSC-RPE cells implantation in immunocompromised rats and in
RCS rats without demonstrating any teratoma formation [65,73]. So far,
hiPSC-RPE grafts have been implanted in various animal models such as
RCS rats [65,73], pigs with laser induced injury [73] and Cynomolgus
monkeys with vitreous detachment [65] with promising results in terms
of inflammation, maintenance and phagocytosis of photoreceptors,
preservation of the outer nuclear layer and response to visual stimuli.
These encouraging results in preclinical trials lead to several clinical
trials detailed in section 4.3.3.

4.1.2. Endothelial cells

In recent years, strategies to prepare more physiologically relevant
constructs to model and treat the oBRB have focus on the co-culture of
RPE cells with ECs. However, compared to RPE cells, the availability of
choriocapillary cells is more limited, notably for the cell lines and for
primary cells. Some protocols described the generation of primary
choriocapillary cells derived from human donor eyes [141,142]. Un-
fortunately, they are characterized by limited cell viability in culture.
More recently, an immortalized choroidal endothelial cell line has been
established using temperature-sensitive simian virus large T antigen
[143]. This cell line could be culture at 33 °C for 27 passages. Another
immortalized choroidal cell line was generated by Giacalone et al. using
a specific endothelial cell promoter [144]. However, the weakness of
these protocols has limited the use of human eye donors as a reliable
source for choroidal cell lines. A commercial human choroidal endo-
thelial primary cell line that can be maintained in culture for up to 12
passages is currently available (Celprogen Inc.), but, to our knowledge,
it has not yet been used for development of BRB model. Thus, due to the
low availability of choroidal cell lines, most co-culture models to date
have relied on human umbilical vein endothelial cells (HUVECs) and
hiPSC-derived ECs.

4.1.2.1. Human umbilical vein endothelial cells (HUVEC). The umbilical
cord presents two arteries and one large vein that can be treated with
collagenase to harvest the ECs lining this vessel. The cells can then be
cultured and amplified following classical 2D culture. This is a non-
invasive, costly reduced and easy source of primary ECs, free of
ethical concerns. Moreover, these cells are now commercially available
in several cell companies. This explains why HUVECs are the first choice
to prepare pre-vascularized tissue models, not only in the field of retinal
engineering [145]. In monoculture, these cells do not recapitulate
0BRB-specific cellular properties, such as fenestrations that ensure
proper retinal functions and mediate the diseases where the choroid
plays a pivotal role, as described in section 2. The differences of HUVECs
with human retinal and choroidal endothelial cells were investigated by
the comparison of their gene expression profiles [146]. HUVECs pre-
sented upregulated expression of genes implicated in embryonic and
neuronal development, cell membrane components and ECM. In com-
parison, genes involved in immune responses, signal transduction and
cellular responses to stimuli were upregulated in ocular microvascular
endothelial cells. Unfortunately, the study did not specifically compared
HUVECs gene expression versus choroidal endothelial cells. In any case,
differences in genes involved in immune responses could be particularly
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relevant when developing diseased models due to their implication in
wet AMD and diabetic retinopathy, for instance. Yet, the studies to
model the 0BRB with HUVECs do not delve into immune aspects so it is
difficult to know if the co-culture with RPE cells and other support cells
contributes to cell maturation in this sense, as it occurs for fenestrations.
Indeed, by culturing HUVECs with RPE cells numerous groups have
reported changes in the HUVEC phenotype with the apparition of fen-
estrations, highlighting the important cell-cell communication between
RPE cells and ECs [101,102,112] (see section 4.2.3). Mammalian pri-
mary endothelial cells in co-culture were chosen by Hartnett et al. [100]
and Benedicto et al. [103] who worked with bovine and mouse
choroidal cells respectively. Interestingly, in the latter work by
comparing the exposition of RPEs to choroidal or HUVECs conditioned
medium the results suggested that both cell types secreted angiocrine
factors that enhanced RPE barrier function.

Based on these results, it is legitimate to question the a priori un-
suitability of HUVECs for oBRB when cultured and matured in the
presence of RPE cells. It would be interesting to further characterize the
HUVECs under co-culture and compare them to choroidal cells gene
expression and functions.

4.1.2.2. Human induced-pluripotent stem cell derived endothelial cells.
The advantage of using iPSCs has already been mentioned before (sec-
tion 4.1.1). In the case of co-culture models, the ability to obtain both
iPSCs derived RPE cells and ECs from the same patient offers the pos-
sibility to create disease models for personalized medicine [112,113,
139]. To our knowledge, only three groups have used hiPSCs-derived
ECs, characterized by the expression of CD31, ETV2 and vWF markers
[112,113,139]. Cell phenotype of differentiated cells differed from
choroidal cells, with lack of fenestra. But as for HUVECs, co-culture with
iPSCs-RPE cells in 3D induced choroidal fate with fenestration formation
characterized by the fenestration-associated protein
plasmalemma-vesicle-associated protein (PLVAP) [112,113], and
increased expression of maturation markers, as well as genes related to
RPE-choroidal homeostasis and BM formation [113].

4.2. BRB models developed for in vitro applications

4.2.1. Material considerations for in vitro models

Many oBRB models have been designed specifically for in vitro
studies, and some of them focus solely on the RPE cell layer [53,54,56,
58,98,117,123,129,131]. In those cases, as they were mostly designed
for disease modelling or drug screening, material development and
characterization were put aside to solely focus on the RPE cell behav-
iour. These models are thus often based on commercially available
materials such as Transwell insert or even culture plates, with, in most of
the cases, an additional protein coating.

Material design gained relevance with the recent development of co-
culture in vitro models, including both RPE and choroid cells. Few
models cultivated the two cell types in monolayer on each side of a
membrane made either with natural material as human amniotic
membrane [101] (Fig. 2.1) or with synthetic material as PDMS [106]. To
recapitulate the 3D architecture of the ECs, several studies have used
hydrogels to form vascular 3D structures. These hydrogels have been
made of collagen type I [108], gelatin/fibrinogen using bioprinting
[113], fibrin [110], collagen I/fibrin [111], methacrylated hyaluronic
acid [109] and PEG with RGD-adhesive peptides [112], either in
microfluidic chips [108,110,111] (Figs. 2.2 and 2.3) or in culture wells
[112]. The RPE monolayer can then be formed by seeding the cells either
directly on top of the hydrogel [110-112] or on a membrane placed on
top of the gel made of electrospun silk fibroin [109], polyester [108] or
vitronectin coated electrospun PLGA [113]. If the authors took special
attention in the choice of the material for the co-culture in vitro models,
material characterization was often absent. Only the overall dimensions
of the system are consistently reported. If the human choroid is
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approximatively 200 pm thick and is separated from the RPE by the 4 pm
thick BM, the dimensions observed in the co-culture models are usually
higher, from 400 pm to 1 mm for the choroid (400 pm - Paek et al. [111];
500 pm - Arik et al. [108]; 500 pm-1mm - Komez et al. [109]; 800 pm -
Chung et al. [110]), and from 10 pm to 300 pm for the BM (10 pm - Arik
et al. [108]; 25 pm - Komez et al. [109]; 300 pm - Chung et al. [110]).
Two recent models successfully modelled the entire o0BRB with a total
thickness around 50 pm, smaller than the physiological thickness (43 pm
total for Manian et al. [112], and around 50 pm with 4-10 pm mem-
brane for the BM for Song et al. [113]). Thus, in the current in vitro
models, no investigation of the mechanical properties, wettability,
porosity, permeability or topography are usually conducted, even if
those parameters are crucial for the cellular behaviour. Future studies
should thus pay particular attention to the characterization of their
systems to ensure the relevance of their models.

4.2.2. Pathological models

In vitro disease models allow the understanding of new pathology
mechanisms and the pre-screening of potential therapeutics, thus
reducing the need for animal experimentation. In the latter years, dis-
ease modelling increased thanks to the use of patient-derived hiPSCs
allowing the study of deleterious cellular behaviour. Several retinal
diseases have thus been modelled over the years, the most studied being
AMD, both in its wet and dry forms.

4.2.2.1. AMD models. Different AMD models have focused either on the
RPE alone or on the interactions between the choroid and the RPE
during the course of the disease.

To better understand the AMD onset, Moreira et al. studied the effect
of BM aging on the POS phagocytosis by the RPE cells [46]. BMs were
extracted from young (<46 years old - control) or old donors (>74 years
old) and were used as a support to cultivate ARPE-19 cells. The results
highlighted that the cell phagocytosis ability decreased with age,
concluding that the natural aging of BM components could play a role in
the onset of AMD. Another AMD RPE model studied the inflammation
mechanisms in dry AMD and the therapeutic effect of nicotinamide
[129]. To do so, RPE cells were derived from hiPSCs obtained from
human RPE cells and corneal fibroblasts of AMD patients between 73
and 93 years old (with control from healthy 71-91 years old donors). If
all cells (control and diseased) expressed classical RPE markers, only
cells from patients produced higher levels of drusen-related proteins and
of complement and inflammatory factors. Addition of nicotinamide
improved the disease-related phenotypes, thus targeting
nicotinamide-regulated pathways could be a potential strategy for AMD
treatment. Pathological RPE derived from AMD hiPSC (and healthy
age-matched control) were cultured on nitrite-modified ECM, to mimic
AMD-altered ECM [140]. If AMD RPE cells had similar morphology,
markers expression, TER and phagocytosis capability as the control
cells, they demonstrated a downregulation of several genes responsible
for metabolic-related pathways and cell attachment and a reduction of
mitochondrial functions, giving new insights on the AMD mechanisms.

By including the choroidal compartment, several co-culture devices
were able to model even more closely the pathological mechanisms.
Chung et al. studied choroidal neo-vascularization in wet AMD by
generating, in a microfluidic chip, a vascular network in a fibrin
hydrogel, on top of which were seeded the RPE cells [110] (Fig. 3.1A).
The vascular network and the RPE monolayer were separated by a 300
pm blank fibrin hydrogel to observe the formation of angiogenic sprouts
disrupting the RPE monolayer. This platform was also used to analyze
the regression of the pathological angiogenesis by application of bev-
acizumab (Avastin®), the clinical drug used in wet-AMD, showing the
potential of the chip for drug screening (Fig. 3.1B-E).

AMD and related macular dystrophies (MD) were further modelled
by including mesenchymal stem cells (MSC) in addition to EC and RPE
cells, all derived from AMD patients’ iPSCs [112]. The ECs were
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Fig. 3. oBRB disease modelling. 1/ Co-culture model of the choroidal neovascularization (CNV) in wet-AMD. (A) Scheme of the RPE-choroid complex
underlying the neural retina of the eye and design of the microfluidic device to mimic it, using HUVECs, ARPE-19 and fibroblasts. (B) Schematic illustration of CNV,
with the RPE layer and Bruch’s membrane being destroyed by angiogenic sprouting of the choroid induced by an abnormal VEGF (vascular endothelial growth factor)
gradient. (C) Representative images of VEGF treatment with or without bevacizumab. Excessive angiogenic sprouts in the gap channels were regarded as neo vessel
formation. Cotreatment of VEGF with bevacizumab inhibited angiogenic sprouting. Scale bar: 200 pm. (D) Measurements of the area of angiogenic sprouting in the
gap channel. The boundary of the gap and choroidal channel is indicated as a dotted line in (C). *P < 0.05. n = 3 for each condition. Adapted from Chung et al. [110]
with permission of John Wiley and Sons. 2/ Mono-culture model of SFD and DHRD. Formation of sub-RPE deposits with drusen-like composition underneath aged
(D90) SFD and DHRD hiPSC-RPE cultures. (A-D) Confocal images of cellular cross-sections displayed the presence of TIMP3-APOE-positive (A), EFEMP1-APOE—
positive (B), CRYAA/CRYAB-APOE-positive (C), and APOE-positive deposits underlying basement membrane marked by COL4 (D) in SFD and DHRD hiPSC-RPE
cultures. Scale bar: 25 pm. (E-F) Quantitative Western blot analyses revealed increased amount of COL4 protein in the ECM underlying SFD and DHRD
hiPSC-RPE cultures compared with Ctrl hiPSC-RPE cultures at D90. Data are presented as mean + SEM. *P < 0.05. Adapted with permission from Galloway et al.
[147]. 3/ Mono-culture model of oculocutaneous albinism. hiPSC-RPE from OCA1A and OCA2 patients, cultured on Transwell recapitulates the disease char-
acteristic pigmentation defects, by demonstrating various amounts of melanin and melanosomes (A-B) Brightfield microscopy images and transmission electron
microscopy of CTRL-, OCA1A-, and OCA2-hPSC-RPE monolayers. Scale bar: 200 pm and 2 pm respectively. (C-D) Quantification of the number of melanosomes per
cell and quantification of degenerating melanosomes in CTRL-iRPE (N = 32), OCA1A-iRPE (N = 20), and OCA2-iRPE (N = 20), where N is the number of unique TEM
images represents pooled data from a single differentiation event of four different lines in each group. The horizontal lines in the box plots indicate the median, the
boxes indicate the first and third quartiles, and the whiskers indicate the 5th and 95th percentiles. Student’s t-test was used to determine p values. Adapted from
Georges et al. [58] with permission of Elsevier.
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encapsulated in a PEG-RGD hydrogel to form the choriocapillaris
network while the RPE cells formed a monolayer on the gel surface. This
platform showed the important contribution of both the RPE cells and
MSC to the formation of fenestrated microvasculature-like structure in
the oBRB formation and their role in the progression of AMD/MD pa-
thologies. Interestingly, they demonstrated that choroidal neo-
vascularization and capillaries atrophy can be initiated solely by
alterations in RPE-secreted factors.

Song et al. investigated a different approach by supplementing their
ECs-RPE co-culture model with pericytes and fibroblasts to promote
vascularization [113]. They used their 3D platform to model both dry
and wet AMD. The first was induced by a treatment with
complement-complement human serum which induced in vitro drusen
formation by lipid deposit formation followed by RPE atrophy, capillary
degeneration, and loss in the barrier resistance, thus recapitulating dry
AMD phenotype in vitro. Wet AMD was generated using two different
approaches. The first consisted in modelling the effect of hypoxia by a
treatment of ML228, which activates the HIF-1a RPE transcription factor
leading to increased VEGF secretion. The second approach relied on RPE
cells derived from an iPSC line genetically modified to overexpress
STAT3, a pro-angiogenic and pro-inflammatory factor in RPE. Both
approaches lead to a complete disruption in the RPE monolayer, notably
characterized by a drop in the TER and by a hyperproliferation of the
choroid capillaries expanding towards the RPE monolayer. Once they
validated their platform, they showed that their model could also be
used as a drug testing device, by assessing the recovery of the wet-AMD
form after Bevacizumab treatment.

Thus, different approaches successfully mimic different symptoms
and mechanisms of AMD, offering different platforms for drug testing
applications. One limitation, notably for the last two more complex
models, is the lack of circulating flow in the formed vasculature which
could impact the distribution and action mechanisms of tested drugs.
Current microfluidic advances are encouraging for the future incorpo-
ration of flux in complex 3D models.

4.2.2.2. Other disease models. Diabetic macular edema was often
modelled by inducing hyperglycemia and hypoxia on RPE cell culture
[49-53]. The studies by Maugeri et al. revealed that vasoactive intesti-
nal peptide (VIP), pituitary adenylate cyclase-activating polypeptide
(PACAP) and caffeine counter the effects of the disease whereas nicotine
worthens the effect of hypoxia and hyperglycemia [49-52]. Similarly,
Doganlar et al. showed that by improving TER, reducing permeability
and protecting the cells against mitochondrial dysfunctions, melatonin
may have a beneficial therapeutic value to revert the effect of hypoxia
and hyperglycemia on the RPE cells. A co-culture model also investi-
gated the effect of diabetes on the o0BRB by cultivating, in a microfluidic
chip, HUVECs and ARPE-19 cells in monolayers on the opposite sides of
a porous membrane [106]. By placing the cells under low glucose con-
centration and hypoxia, an increased secretion of VEGF by the RPE cells
caused migration of HUVECs and a subsequent breakdown of the RPE
monolayer, reproducing the disease mechanism. The pathological effect
of hypoxia was also investigated by Kumar et al. by cultivating RPESC in
the presence of HUVECs to study angiogenic factors and mediators of
neovascularization [104]. Under hypoxia, increased levels of VEGF
protein and VEGF/VEGFR gene expression by human retinal progenitor
cells were detected. Interestingly, co-culture with ECs had a synergistic
effect under hypoxia and resulted in a significant increase of gene and
protein secretion and an enhanced neovascular response.

Three less-documented retinal genetic dystrophies, Sorsby’s fundus
dystrophy (SFD), Doyne honeycomb retinal dystrophy/Malattia Lev-
entinese (DHRD), and autosomal dominant radial drusen (ADRD) were
studied by deriving RPE cells from several hiPSCs carrying or not mu-
tations (2*SFD; 2*ARDR; 2*DHRD and 5 control lines) [147]. If all cells
expressed typical RPE markers, the diseased cells started to form
numerous sub-basal deposits after a few months in culture, with an onset
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depending on the disease (earlier for DHRD) and with different
drusen-like composition among the different diseases (Fig. 3.2).

Recently, a model of oculocutaneous albinism (OCA), a genetic
condition affecting pigmentation in the skin, the hair and the eye, has
been developed [58]. iPSCs were generated from fibroblasts from pa-
tients with either the OCA1A mutation (in TYR gene, n = 2) or the OCA2
mutation (in P gene/OCA2 gene, n = 2) or from healthy controls (n = 2),
and further derived into RPE cells. By comparing the pigmentation and
the melanosomes activity, they showed that, compared to the control,
OCA2 RPE cells demonstrated a small pigmentation with only 32% of
mature melanosomes (vs. 94% in control). The alterations were more
severe with the OCA1 mutation, where neither pigmentation nor mature
melanosomes were observed in the differentiated RPE (Fig. 3.3). Thus,
this model is in line with the clinical observations and could be used to
further understand the disease mechanisms and to test therapeutic
strategies.

To study gyrate atrophy, Meyer et al. has developed RPE derived
from gyrate atrophy hiPSC cells, from 3 patients with the A226V OAT
mutation [137]. The diseased cells expressed the typical RPE markers,
with levels similar to control cells. The presence of the mutation was
confirmed by measuring a lower OAT activity in the patients’ cells
compared to the controls. However, the authors showed that the treat-
ment of cells with elevated levels of vitamin B6, up to 600 pM, could
restore OAT activity in the diseased iPSC-RPE cells, highlighting the
vitamin as a potential treatment against gyrate atrophy.

Recently, Duong et al. showed the use of patient-hiPSC in the path-
ogenesis of choroideremia for the discovery of new treatments, notably
gene augmentation therapy [21]. Cultivated on fibronectin coated
Transwell membranes, the patients’ hiPSC-RPE cells expressed typical
RPE markers, were polarized and formed a tight monolayer with a TER
higher than 250 Qecm? Due to the mutation in the CHM gene, the
choroideremia RPE cells did not express the REP1 protein. With this
model, the authors demonstrated that the lack of REP1 leads to a
reduced phagocytosis by the RPE cells, an inhibition of the prenylation
of Rab proteins, involved in vesicular trafficking, as well as a perinuclear
accumulation of the Rab27a protein.

Thus, recent advances in the development of hiPSC-derived RPE cells
have allow the modelling of various genetic diseases, to better under-
stand their mechanisms and find potential treatments. However, so far,
except for AMD, the disease models have not included any support cells,
notably choroidal cells, despite the recently reported benefits of co-
culture presented in the following section.

4.2.3. Lessons from the co-culture

Modelling the RPE monolayer in the presence of ECs is a relatively
recent approach and the number of studies remains low (see Table 1).
Nevertheless, some conclusions can already be pointed out to help the
development of improved models and therapeutic implants.

One of the first studies where the impact of the co-culture in an oBRB
model was assessed was done almost two decades ago [100]. Their goal
was to study the effect of bovine ECs in monolayer on the barrier
capability of a monolayer of bovine RPE cells, using a Transwell system
and different types of cell interaction, including contact and contactless
co-cultures. In this study, the co-culture with ECs led to a reduction of
the barrier functionality, notably mediated by VEGF secretion. Later on
and in line with this first study, negative effects of the co-culture have
also been demonstrated by others. By using a model on a chip with two
channels, one for ARPE-19 cells and the other for HUVECs, Chen et al.
showed how HUVECs invaded and broke down the monolayer of
ARPE-19 cells, invalidating the system to evaluate the effect of glucose
concentration or chemical hypoxia [106]. Interestingly, Chung et al. also
observed an invasive and disruptive effect, but in their case, it was
caused by ARPE-19 cells, leading to choroidal vessel regression [110]. In
order to counter this phenomenon and to create a model of pathological
angiogenesis, authors increased the distance between the monolayer of
ARPE-19 cells and the network of HUVECs by adding a blank fibrin gel
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layer between them. A similar effect was reported by the team of Hasirci
with a reduced EC coverage of a tree-like structure made of
collagen-methacrylate when RPE cells were cultured on a porous elec-
trospun silk membrane on top [109]. It must be pointed out that, in this
last example, only contactless co-culture methods were used, with the
ECs network at the bottom of the well plate and the RPE membrane held
in a cell crown holder. These negative effects can be caused by the use of
suboptimal materials as tissue support. As reported by Chung et al., the
characteristics of the culturing device play a key role in those in-
teractions making it possible to even reverse the pernicious effect of
co-cultivation through the optimization of some biomaterial parameters
[110]. Calejo et al. also demonstrated that the material porosity has an
important influence on the interactions between the RPE cells and the
ECs, using monolayers on opposite side of a PLA membrane [148]. They
also showed the importance of the cell source. Indeed, if negative effects
were observed in the co-culture of hiPSC-derived RPE cells and primary
ECs, such as HUVECs, they were reduced when co-cultivating hiPSC-RPE
cells with hiPSC-ECs. It should however be noted that this study focuses
mainly on cell number and lacks additional cell function characteriza-
tion (only CRALBP for RPE and vWF factor for ECs).

Consequently, by designing the adequate material support, along
with the proper cell types, most authors have been able to develop non
pathological models where the benefits of cell communication between
RPE cells with ECs and/or other cell types is demonstrated.

4.2.3.1. Benefits of co-culturing retinal pigment epithelial and endothelial
cells. Several works have shown how the co-culture of RPE cells in the
presence of ECs improved RPE monolayer formation and maturation,
with increased number of tight junctions [102], as well as cellular po-
larization with microvilli on the apical surface [101], resulting in
improved barrier [101,103,110,111] and phagocytic activity [101,102],
and increased pigmentation of the retinal epithelial cells [111]. The
improvement of RPE functions is intimately related to the characteristics
of the underlying ECM. In this sense, co-culture with ECs has been
associated with the increase of matrix-related genes and protein depo-
sition by RPE cells, including laminin, collagen IV, collagen VI, fibro-
nectin and fibrillin on the basal side of RPE [102,103,111,112]. This
could be mediated by the secretion of angiocrine signals by ECs as
suggested by Benedicto et al. [103] who reported a new mechanism to
regulate oBRB maturation by the secretion of angiocrine molecules
implicated in the remodelling of basement membrane and resulting in
improved barrier functions. This was demonstrated by culturing hfRPE
cells in Transwell inserts with mouse fetal choroid ECs at different
maturation stage (post-natal day 5 (p5) vs. p30) [103]. This study raises
interesting hints for retinal tissue engineering as it shows the importance
of both the ECs maturation state, particularly relevant for studies
involving stem cells, and the composition of the ECM, having a major
role on barrier function. Indeed, a complex model was recently devel-
oped in which 3D culture of human retinal microvascular endothelial
cells (HRMVEC) and choroidal fibroblasts was performed in a fibrin and
collagen gel with two perfusable endothelialized channels and combined
with a monolayer of iPSC-derived RPE cells on top [111] (Fig. 2.3). The
presence of the choroid caused an increase of ECM deposition,
pigmentation and RPE65 expression. To note, this is one of the few
studies carried out and in the presence of choroidal fibroblasts to sup-
port the choroid and under flow conditions, a factor that can also affect
maturation and consolidation of the choroid.

The last work by Song et al. using also iPSCs-derived RPE cells
showed the constitution of a mature epithelium when cultured on PLGA
fibers in the presence of a dense capillary bed obtained by bioprinting of
hiPSCs-EC with human placental microvascular pericytes and adult
choroidal fibroblasts [113]. A key outcome in this work was the for-
mation of a 2-4 pm BM-like structure between the RPE and the vascular
compartment concomitant to the degradation of the PLGA support. The
constitution of this natural ECM was probably enhanced by the presence
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of pericytes and fibroblasts in the vascular compartment and by the
long-term culture of the construct (6 weeks). To our knowledge, this is
the model with the highest level of cell complexity developed to date.
The authors demonstrated that iPSCs-RPE expression profile greatly
differs when cells are seeded on this natural ECM compared to 2D plastic
substrates, highlighting the increased expression of genes implicated in
the visual cycle, angiogenic and non-angiogenic genes, components of
the BM and exosome assembly genes. Reciprocally to the beneficial ef-
fect of the vascular compartment on the RPE monolayer, the polarized
epithelium induced fenestrations in the capillary network that attained
an arterial and choroidal phenotype [113]. This result confirms the
observation by Manian et al. [112] also using a 3D model with iPSCs
derived into RPE cells and ECs in the presence of support cells. It should
be noted that this beneficial effect of RPE cells on ECs is not exclusive of
iPSCs and was reported by others before. In particular, HUVEC prolif-
eration and survival increased when co-cultured with quiescent and
confluent ARPE-19 cells [102]. Interestingly, HUVECs presented pores
and caveolae-like structures [102] and, in some cases, fenestra as soon as
after 72 h in co-culture [101,112]. Besides, enhanced RPE expression of
antiangiogenic genes accompanied by increased secretion of anti-
angiogenic factors, such as PEDF and THBSI resulted in a reduced EC
angiogenic capacity, confirmed by in vitro tube-formation assay, indi-
cating a vessel stabilization role mediated by the epithelium [102].

4.2.3.2. Benefits of incorporating support cells. As already mentioned,
recent studies point to the importance of including support cells in co-
cultures. To date, one-third of reported co-cultured oBRB models
included at least one support cell type, namely fibroblasts, including
human lung [106,108,110] and primary human choroidal [111,113,
139]; mesenchymal stem cells [112] and pericytes [113,139]. Studies
have revealed the important contribution of fibroblasts to support the
choroid networks [108,110,111,113] as well as to improve the epithelial
monolayer formation [110]. These outcomes are probably mediated by
the production of soluble factors and matrix proteins involved in lumen
formation and stabilization of microvessels. In the recent work by Song
et al., the authors went a step further by including not only fibroblasts
but also pericytes in the vascular compartment [113]. In line with other
studies, in the absence of support cells, angiogenesis was incomplete
while it was observed by addition of fibroblasts. Regarding pericytes, the
authors demonstrated their ability to promote EC migration, acceler-
ating the formation of new vessels, and confirming their role in stabi-
lizing the vascular network. This is without any doubt a very interesting
clue for future works in the field. As for mesenchymal cells, to the best of
our knowledge, they have only been used in one study whose results
point to a stabilizing role in the vasculature similar to that of pericytes
[112]. Notably, the incorporation of mesenchymal cells made it possible
to prolong the culture of the model from 2 weeks to 2 months.

4.2.3.3. Co-culture models are suitable to mimic pathologies. Models
based on co-culture have undoubtedly provided important insights into
the functioning of the retina and in particular the interaction between
the epithelium and the choroid. Bearing in mind that the origin of many
retinal diseases resides into alterations at this level, it is not surprising
that one of the main objectives of co-culture models has been, from the
beginning, the fine-tuning of pathological modelling. Co-culture-based
models have undoubtedly provided important insights into the func-
tioning of the retina and in particular the interaction between the
epithelium and the choroid. Thus, 2D Transwell systems [104], devices
on chips [108,110,149] and more complex 3D constructions [112,113]
have all proven their interest for the study of pathologies and drug
evaluation as already discussed in section 4.2.2.

4.3. oBRB models developed for in vivo implantation

We are now presenting the studies aiming to develop an implant for
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0BRB cellular therapy. To the best of our knowledge, all o0BRB implants
developed to this day do not yet integrate the choroid. Thus, this part
will cover the previous strategies for RPE cellular therapy, by focusing
especially on the ones having developed their own membrane instead of
using commercially available products such as Transwell inserts.

4.3.1. RPE implant material and characterization
When developing a material for tissue engineering, multiple pa-
rameters need to be considered such as the nature of the material, its
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topography, its wettability, its porosity, its mechanical properties, its
biocompatibility, and its potential functionalization to favor cellular
function (see details in Table 2).

e Natural versus synthetic material
The very first step of the implant design usually focuses on selecting

the appropriate material. As mentioned in section 3, multiple materials
have been investigated for oBRB cell therapy. Notably, many natural
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Fig. 4. Development of RPE implant for oBRB regenerative medicine. 1/ Use of a natural explanted tissue as RPE support. hESC-RPE cultured on decel-
lularized human amniotic membrane (hAM). (A) Scanning electron microscopy images of the hESC-RPE cell sheet on the hAM scaffold: the bottom image (a
magnification of the area indicated by the rectangle in the top image) shows the basement membrane and extracellular matrix fibers of the hAM scaffold. Scale bars:
5 pm (top) and 1 pm (bottom). (B) Section of the cell sheet illustrating the monolayer organization of hESC-RPE cells. Scale bar: 50 pm. (D) Transmission electron
microscopy image of the hESC-RPE cell sheet. Scale bar: 5 pm. Adapted from Ben M’Barek et al. [94] with permission of The American Association for the
Advancement of Science. 2/ Use of naturally sourced material, re-engineered to obtain a novel material. Development of a 3D printed bioink from explanted
porcine Bruch’s membrane and PCL (BMS). (A) Scanning electron microscopy (SEM) images of BMS and natural BM. Scale bar: 500 nm. (B-E) Effect of Bruch’s
membrane-derived extracellular matrix bioink (BM-ECM), compared to a laminin coated Transwell, on the behaviour of ARPE-19 cells: (B) Transepithelial electrical
resistance (TEER) values at various times; (C) Expression of ZO-1 for tight junction; (D) Phagocytosis capacity with polystyrene beads; (E) Expression of RPE65 for
phototransduction. Scale bars: (C) 50 pm and (D-E) 20 pm. The error bars represent the standard deviation. The data were compared using Student’s t-test and
differences were considered significant for * p < 0.05 and ** for p < 0.01 (n = 3). Adapted with permission (Creative Commons Attribution 4.0) from Kim et al. [48]
3/ Development of a synthetic membrane for RPE culture. Synthesis of an electrospun PLGA membrane (bottom line) to mimic the fibrous structure of the native
BM (top line). SEM imaging of the membrane fibers structure (first column) and the structure of cultivated human primary RPE monolayer compared to the native
RPE in its natural environment: as for native RPE, the haRPE on the PLGA membrane display the typical hexa/polygonal shape (second column) and are covered with
microvilli on the apical side (third column). Adapted from Warnke et al. [88] with permission of Elsevier. Figure created with BioRender.com.
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materials have been tailored to create a membrane for tissue engineer-
ing. For instance, Kim et al. created a bioink from porcine BM that
successfully supported RPE culture and that has been implanted in rats
(Fig. 4.2) [150]. Other natural materials, non-specific to the retina, have
been investigated such as silk fibroin from Bombyx mori cocoons as an
electrospun membrane [97,98], amniotic membrane (Fig. 4.1) [94,95]
and collagen type I [69,88]. To reinforce the properties of natural ma-
terials, some studies combined them with synthetic materials as for
instance hAM powder mixed with PCL [96] or PEG and horseradish
peroxidase added to silk fibroin to improve porosity and permeability
[99]. However, many of the reported natural materials are associated to
several limitations, such as the limited availability and reproducibility,
and raise ethical concerns in the need of animals or human donors.

To overcome these disadvantages, synthetic materials have been
proposed such as PDMS [77], PHBVS8 [75], PET [90], PLLA [72,89],
PLGA [72,88,89,151], PCL [89,90,92], polyimide [70,71], Parylene-C
[79] and PHB [91] (Fig. 4.2). Nonetheless, these materials present a
few drawbacks too. First, there synthesis usually requires the use of
organic solvents such as hexafluoropropanol or chloroform. Extra care
should therefore be paid to the trace of solvent in the material before
cellularization and implantation. Secondly, these materials rarely allow
efficient cellular adhesion without additional functionalization. Typi-
cally, coating of the material is performed with natural proteins. Lami-
nin (from mouse [70,89] or from human placenta [70,71]); collagen
type I (from human placenta [70] or from porcine [98,99]); collagen
type IV (from human placenta [70]); or complete ECM from human
placenta [97] have been reported as efficient biosurfaces to enhance
RPE cells adhesion on various materials. As for natural materials, such
proteins are often produced using animal models, which limits their
availability and raises ethical concerns. Thus, alternative functionali-
zation strategies have been investigated such as plasma treatment [75,
76,78,118], the production of recombinant proteins or the synthesis of
peptides promoting cellular adhesion as laminin peptides [70]; RGD
peptides [64] or integrin-binding peptides [92].

e Thickness

The thickness of an implant should mimic as closely as possible the
thickness of the native tissue to avoid additional tissue disruption or
damage upon implantation. Since the implants do not include the
choroid, studies focused on recapitulating the RPE on the material
support acting as the BM, whose thickness has been reported to be
around 2-4 pm thick in the human retina [10]. Based on this, to the
previously mentioned limitations of reported natural materials used as
RPE support, we should add the thickness that is often too high to mimic
the BM. For instance, the human amniotic membrane, used in several
models [93-95], has been reported to be around 100 pm thick [95]
which is 25 times thicker than the BM. However, studies have shown
that the hAM implantation do not alter the overlying retina layers in
non-human primates [93].

Current biofabrication material process, such as the commonly used
solvent casting and electrospinning, allow for a fine tuning of the ma-
terial thickness. o0BRB membranes with thicknesses lower than 10 pm
have thus been successfully obtained, with either natural [69,97-99] or
synthetic materials [73,75,79,89,90,92] (see Table 2).

e Topography

Most of the early materials developed for oBRB cell therapy had
particularly smooth surfaces. This is notably the case for hydrogels [65,
74] or for materials obtained using solvent casting method [72,75,76,
97]. However, due to its highly collagenous composition, the BM is
characterized by fibrous surfaces [152] with fibers around 60 nm in
diameter [88]. In line with this, the study by Warnke et al. showed that
nanofibrous membranes were beneficial on the RPE behaviour
compared to smooth films (Fig. 4.3) [88]. Indeed, by comparing
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electrospun PLGA membranes with casted PLGA films, they demon-
strated that primary RPE cells had a better cobblestone morphology,
formed monolayers (vs multilayers) and had a better polarization on the
nanofibers. Liu et al. then highlighted the impact of the nanofibrous
diameter on the cell behaviour by comparing electrospun membranes
with fibers with diameters of 200 nm, 500 m or 1000 nm [90]. Their
findings suggest that the membranes with the 200 nm fibers, the closest
to the natural BM fibers diameter, are best suited for RPE cell culture, in
terms of pigmentation, morphology, adherence and proliferation. Since
then, many groups have developed fibrous membranes for oBRB
modelling using different techniques such as heat-fusion [73], 3D
printing (Fig. 4.2) [48] or most commonly electrospinning (Fig. 4.3)
[88-92,96]. When reported, the average fiber diameter in these studies
is usually around 300 nm [73,78,88,91,92,96] which is 5 times higher
than the natural BM fibers. The study by Surrao et al. stands out with an
average fiber diameter lower than 70 nm for all tested materials [89].

o Wettability

The importance of the material wettability on cellular adhesion has
been extensively studied and previously reviewed and it has been re-
ported that cell adhesion is favored on moderately hydrophilic sub-
strates [153,154] such as collagen type I membranes whose water
contact angle was reported around 80° [69]. However, most of the
synthetic materials in oBRB models have higher contact angles, usually
above 100° (PCL: between 92° [92] and 119° [96]; PLGA:105°; PLLA:
108° [89]; PTFE: 133° [78]) which limits cellular adhesion. As previ-
ously mentioned, functionalization is often performed on synthetic
material, lowering their water contact angle. For instance, plasma
treatment has been used to reduce PTFE contact angle from 133° to 68,
5° [78]. This approach was also chosen to increase hydrophilicity of
PLGA fibres to enhance bioink attachment and cell adhesion in the
model developed by Song et al. [113]. Another strategy is to add ECM
proteins to the membrane composition as demonstrated by Majidnia
et al. who showed a decrease of the contact angle from 119° to 92° by
addition of human amniotic membrane in PCL. Similar results were
obtained by coating the membrane with adhesive peptides such as
integrin-binding peptides (contact angle going from 92° to 20° on PCL
[921).

e Mechanical properties

It has become increasingly evident that the mechanical properties of
a biomaterial have an important impact on cellular behaviour and tissue
functionality [155]. However, discussing the mechanical properties of
the oBRB membranes is challenging since their evaluation differs greatly
in methodologies between the different studies. Indeed, various classical
techniques have been used, mainly tensile deformation [88,91,96,99]
and atomic force microscopy [71,75,78,89], and also deflection tests
[79] and shear rheometry [48]. However, these methods evaluate the
mechanical properties through different variables (Young’s modulus,
ultimate strain, ultimate tensile strength and mean roughness to name a
few) and at different scales (from nanoscale to macroscale). Moreover,
when the same method is used, the test parameters can differ and affect
the results (characteristics of the probe in AFM for instance). Keeping in
mind these major constraints to compare results, Young’s modulus is
usually in the range of tens to hundreds of MPa for synthetic materials
such as PLGA, PLLA, PCL or PHB [88,89,91,96]. Are these values close to
the physiological tissue? The rare studies analysing the mechanics of the
human oBRB, and recently reviewed by Ferrara et al. [8], also used
different tissue extraction and isolation methods and different me-
chanical testing methods. Moreover, they usually characterized either
the entire retina or the entire choroid, with values characteristic of a soft
tissue, lower than a 1 MPa. However, if we look at individual collagen
fibers, important component of the BM, higher values, in the range of the
GPa, in tensile deformation or nanoindentation, are usually reported
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[155]. Thus, it is not clear to define a real target for the mechanical
properties for RPE replacement. As far as we know, no study has directly
compared extracted oBRB tissue with their own material by using the
same methodology on the two supports, which would be in our opinion
the ideal situation.

Another important aspect concerning the mechanical properties is to
make sure that the implant can sustain surgical implantation. In this
regard, when comparing different material compositions, the authors
would generally lean towards the formulation enhancing the robustness
of the implant [71,79,88,89,96].

e Permeability

Once implanted, the material will act as a barrier between the pa-
tient’s choroid and the grafted cells. The membrane thus needs to be
permeable enough to allow for all natural exchanges, in nutrients,
growth factors and oxygen, between the fenestrated blood vessels and
the RPE. One of the largest molecules involved in the RPE visual cycle,
and supplied by the choroid, is the vitamin A or retinol, which, with its
carrier, reaches a molecular weight (MW) around 75 kDa [156,157].
Hence, an oBRB membrane should allow the diffusion of all molecules
with MW as high as 75 kDa. Permeability studies can be conducted
easily by measuring the diffusion of fluorescent molecules, of various
MW, across the membrane, allowing the computation of the diffusion
coefficients for each MW. When more than 3 molecules are used, a linear
regression of the diffusion coefficient according to the MW gives the
membrane exclusion limit [157].

Yet, the permeability is still understudied and several studies used
only one type of molecule, usually with a small MW. For instance,
Ilmarinen et al. and Suzuki et al. conducted diffusion tests using mole-
cules of 700 Da and 500 Da respectively, too small to be physiologically
relevant [71,99].

Only a few studies conducted a complete permeability analysis, with
more than 3 investigated molecules, including one with a MW above 75
kDa. For instance, by using 6 different dextran molecules of MW ranging
from 4 to 250 kDa, Lu et al. proved that their parylene-C membrane has
diffusion coefficients between 1071% and 107! cm? s ! and an exclusion
limit of 1008 kDa, thus being adapted for oBRB application on the
permeability level [79].

If the exclusion limit is an important variable to characterize the
membrane, it should be kept in mind that the diffusion coefficients
should be compared to the ones from the native BM, which are
extremely difficult to characterize.

e Degradation

The degradation of the scaffold is particularly important in tissue
engineering applications. In the case of the o0BRB replacement, most of
the scaffolds are made to degrade and to be replaced by RPE-produced
ECM with time. In this perspective, most of the previously mentioned
studies selected biodegradable materials (PLLA, PLGA, PCL, PHB-V8),
except Parylene-C, PDMS, polyimide and ePTFE. Material degradation
rate will highly depend on its thickness and its mechanical properties.
Once implanted, it will also depend on the patient’s immune reaction to
the graft. In general, the degradation of oBRB implants is still poorly
studied and several non-comparable techniques have been used notably
enzymatic degradation [99] or simple incubation at 37 °C in PBS [96].

The design of oBRB implants for cellular therapy have greatly
evolved since the early models developed nearly two decades ago. The
development of new materials and new functionalization strategies have
improved the material properties while reducing the need for animal or
human donors. Moreover, technical advances have enabled the syn-
thesis of more complex membrane in terms of structure and topography
within thinner thicknesses. However, rare are the studies conducting a
thorough characterization of the RPE membrane and most are lacking
key properties such as the mechanical or the degradability, which are
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crucial features for the implant efficiency.

4.3.2. Animal models

After in vitro optimization and characterization of the RPE implants,
many studies conducted animal experimentation to determine surgical
feasibility, biocompatibility, implant integration and efficiency. The
smaller animal model studied for RPE replacement is usually the rat.
First, implantation tests in the subretinal space were often conducted in
nude athymic rats (Crl:NIH-Foxn1™") to test the feasibility of implan-
tation, the survival of the graft and evaluate, in the case of stem cell-
derived RPE, the risk of teratoma formation [73,80,94]. To test the
therapeutic efficiency of the graft, the standard rat model is the Royal
College of Surgeons (RCS) rat [158], characterized by an inherited
retinal degeneration due to a mutation of a gene encoding the tyrosine
kinase, MERTK [159]. Due to a defective phagocytosis of POS by the
RPE, the degeneration starts two to three weeks after birth and the
surgery is usually conducted on rats around 3-4 weeks old, when the
degeneration is still incomplete [65,82,94] and up to 10 weeks old [64].
Graft efficiency can be evaluated by assessing visual acuity, using the
optokinetic head movement reflex in rats after a visual stimulus, such as
moving white stripes on a black background [82,94]. By analyzing the
rats’ response while reducing the stripes width, Ben M’Barek et al.
showed that their implant allowed a sustained visual acuity, whereas
untreated or sham-treated rats demonstrated a markedly reduced visual
acuity after 3 months [94]. The functionality of the RPE cells can also be
evaluated in vitro on the explants by measuring the phagocytosis capa-
bility of labelled POS by the RPE cells [82]. Histological assessment can
also be conducted on explants to analyze photoreceptors survival, outer
nuclear layer preservation and rod/cones ratio [65,82,94,99]. On top of
graft efficiency, implantation in RCS rats also enables to evaluate the
potential toxicity and immunogenicity of the graft [65,73,82,94],
notably by implanting an acellular graft to solely study the impact of the
material [89,99]. With a larger eye, making the implantation easier,
rabbits have also been used for RPE transplantation. However, unlike
the rats, there is no widespread rabbit model with inherited retinal
degeneration, despite some advances by Kondo et al. [160,161]. Thus, to
the best of our knowledge, all studies have been conducted in wild-type
rabbit models such as New Zealand white rabbits [71,90,95], Chinchilla
bastard rabbits [59,61,90] and Dutch-belted rabbits [61]. In these
studies, the grafts have been implanted in the subretinal space to eval-
uate first the feasibility of the surgery and then their toxicity and
immunogenicity along with the ONL disruption and the implanted RPE
survival. However, since the rabbits do not present any retinal pathol-
ogy, the graft efficiency could not be studied with these models. In
future studies, a retinal degeneration could potentially be induced either
by transgenic modification [160], by injection of sodium iodate
[162-164], N-methyl-N-nitrosourea [163,164] or vitamin A dimers
[165] or even by excessive visible light exposure [92]. Following
encouraging results in small animal models and to test the graft at its
clinical size, the use of larger animal models, with an eye size similar to
humans, such as Yucatan minipigs [81], pigs [63,73] or non-human
primates as the Cynomolgus monkeys [60,62,65,93] is necessary,
notably to assess the surgical feasibility, the in vivo graft recovery and
the immunogenicity. To test the graft efficiency in these larger animals,
a disruption/degeneration of the oBRB needs to be induced prior to the
implantation. This can notably be done by the use of a laser [73] for
instance. In the specific case of AMD, a wider range of animal models are
proposed including mice, rats, rabbits, pigs and non-human primate, all
presenting several limitations [166].

4.3.3. Clinical translation

Thanks to successful pre-clinical evaluation on different animal
models, several groups were able to translate their implants into clinics
(see Table 4). To do so, they all first needed to report the obtention of the
Good Manufacturing Practises (GMP) grade for their entire protocol,
notably for the materials (polymer, coating proteins), the cell processing
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Table 4
Clinical trials on the implantation of a RPE cell sheet.
Research Targeted Material Cell type  Implant Number Follow- Improvement of Clinical trial ID Pre- Clinical
center/ disease size & of up visual acuity clinical reports
Company Number of patients reports
cells
iSTEM institute RP due to hAM hESC- Around On-going On- On-going NCT03963154 [93,94] Trial on-
monogenic (Biodegradable) derived 100 pm going going
mutation RPE thick
Regenerative Dry AMD Parylene hESC- 3,5%6,25 15 1 year ETDRS improved NCT02590692 [79-82] [83-86]
Patch (Biodegradable) derived mm?, 6 pm (average between 6 and 13
Technologies RPE thick & of 78 yo) letters in a year
around
100,000
cells
Moorfields Eye Wet and PET (Non- hESC- 6*3 mm?, 2 (above 1 year ETDRS improved NCT01691261 [63] [63]
Hospital NHS early dry biodegradable) derived 10 pm thick 60 yo) by 29 (Pat.1) and
Foundation AMD RPE & around 21 (Pat.2) letters
Trust & Pzifer 100,000 Reading speed
cells improve from 1,7
to 82,8 words/min
(Pat.1) and from
0 to 47,8 words/
min (Pat.2)
National Eye Dry AMD PLGA hiPSC- 4*2 mm?, On-going On- On-going NCT04339764 [73] Trial on-
Institute (Biodegradable) derived 10 pm thick going going
RPE & around
25,000 cells
RIKEN Center Wet AMD No substrate hiPSC- 1,3*3 mm? 1 (77 yo) 4 years VFQ-25 score UMIN000011929 [65] [66,67]
derived & around improved from (Japan)
RPE 50,000 cells 48,8 to 58,3 in a

year

Abbreviations: RP: retinitis pigmentosa; hRAM: human amniotic membrane; PET: polyethylene terephthalate; PLGA: poly(L-lactic-co-glycolic acid); ETDRS: Early Treatment of
Diabetic Retinopathy Severity Score; Pat: patient; VFQ-25: National Eye Institute Visual Functioning Questionnaire; yo: years old.

(differentiation, cryopreservation, culture) as well as the implant pro-
cessing and delivery. The latter is particularly challenging, notably to
implant the graft at the proper location and in the right position, without
damaging it along the way. To improve the delivery success rate, several
groups developed their own GMP-grade implantation devices [63,66,93,
167,168].

To the best of our knowledge, 5 clinical trials have been registered,
implanting a monolayer of RPE either on a polymeric substrate, or
implanted as a cell sheet without substrate and their characteristics are
presented in Table 4. Among those 5 clinical trials, three have reported
results on their I/Ila stage [63,66,67,83-86]. Thanks to their own de-
livery device, the authors were able to deliver the graft at the proper
location, with the RPE properly facing the ONL, thus demonstrating the
feasibility of the surgery. Kashani et al. notably reported that, over 15
patients, 86.9% of the defect area was covered by the implant [83]. In
those 3 reported clinical trials, they further showed that the implants do
not damage the upper retinal structures, with a preservation of the
photoreceptors. Several unexpected complications were still observed
during the follow-up period, the most recurrent being apparition of
haemorrhage. Indeed, over 15 patients, Kashani et al. reported system-
atic intra-retinal haemorrhage, and often subconjunctival (n = 12) and
sub-retinal (n = 9) haemorrhages [83]. Da Cruz et al. also reported a
retinal detachment in one patient, requiring additional surgery but
without inducing graft damage [63]. Once implanted, the evaluation of
the RPE cells behaviour is challenging, due to their location. The death,
unrelated to the surgery, of a patient allowed Kashani et al. to explant
and analyze the tissue, two years after the graft implantation [86]. At
this timepoint, they reported that the implanted RPE survived, without
any decrease in their pigmentation or expression of the typical markers
and presented signs of POS phagocytosis. Even if stage I clinical trials
involved patients with advanced retinal degeneration and considered as
legally blind, the 3 studies reported a maintenance or an improvement of
the visual acuity characterized by an improved ETDRS (Early Treatment
of Diabetic Retinopathy Severity Score) or VFQ-25 (National Eye Insti-
tute Visual Functioning Questionnaire) score (see Table 4). Da Cruz et al.
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even reported increased reading speed for the two patients [63]. Those
results are thus encouraging for the pursuits of the clinical trials on the
implantation of RPE as a cell sheet in patients with less advanced retinal
degeneration to evaluate the efficiency of the graft.

5. Conclusion and perspectives

Models of the oBRB have been developed for more than three de-
cades, with an increasing complexity to mimic as closely as possible the
native tissue. In the last years, the improvement of o0BRB models has
been further accelerated thanks to new technologies and techniques.

First, the discovery of new cell sources, including the primary cells
and hESC-derived RPE cells, allowed to move away from the use of cell
lines, such as the ARPE-19 cells, that do not recapitulate crucial features
of the RPE cells (section 4.1.1.1). However, those particular cell types
raised ethical concerns due to the need of donors or the production of
human embryos (Sections 4.1.1.2 and 4.1.1.3.2). All these limitations
were overcome with the emergence of the hiPSC-derived RPE cells
(section 4.1.1.3.3). This powerful new cell type is a great tool for the
development of in vitro models, notably by using cells derived from
patients to study disease mechanisms and potential therapeutic strate-
gies (section 4.2.2). Moreover, the hiPSC-derived RPE cells are today the
best candidate for cellular therapy since, by using the patient’s own cells
or by using iPSC from cell banks, it is possible to avoid or minimize the
risk of graft rejection (Sections 4.1.1.3.3 and 4.3).

Secondly, the development of new material processing techniques
has enabled an increasing complexity in the design of the culture sup-
port. If, at the beginning, the models for in vitro applications were
generally based on commercial Transwell inserts, they are now mostly
designed using microfluidic chips, that allow both a 3D structuring of
the tissue and the addition of flow (section 4.2.1). So far limited to the
modelling of the RPE layer, in vitro models have recently started to
include the choroidal compartment of the oBRB (section 4.2.3). First
designed as a monolayered culture, the ECs-RPE co-culture models
rapidly evolved using pattern vessels and, later, cell-encapsulating
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hydrogels to form a more complex vessel network. Numerous benefits on
the cellular behaviour are observed in the co-culture conditions, for both
the RPE cells and the ECs, as detailed in section 4.2.3. The co-culture
even extended to the addition of other cell types, such as fibroblasts,
mesenchymal stem cells and pericytes, that also greatly participate to a
better RPE cellular behaviour. It is thus our belief that future studies
should incorporate multiple cell types to promote a proper maturation of
the modelled oBRB, making the results even more relevant to translate
to the native tissue (section 4.2.3).

The progress in material processing also participated in the devel-
opment of more advanced membranes for RPE cellular therapy. Using
either natural or synthetic materials, usually with a bio-
functionalization, membranes have been synthesized using techniques
such as electrospinning or bioprinting, notably to mimic the fibrous
topography of the BM (section 4.3.3). In most studies, several optimi-
zation steps were conducted to improve the material in order to favor
cellular adhesion and behaviour. Successfully implanted in various an-
imal models (section 4.3.2), five implants reached the clinical trials, and
the first reported studies showed promising results (section 4.3.3). To
the best of our knowledge, the cell therapy models have all focused
solely on the RPE layer. Taking into consideration the previously
mentioned benefits of the co-culture, it could be interesting to imple-
ment co-culture with endothelial cells and/or support cells, to favor a
better RPE behaviour in models for cellular therapy. This co-culture
could take place only during the in vitro maturation of the RPE sheet
or also be included in the graft for the implantation.

Thus, if the oBRB models have greatly evolved in the last years,
recent studies pave the way for future further developments, on the
cellular and material levels.
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