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Abstract

The retinal pigment epithelium (RPE) plays a key role in the pathogenesis
of several blinding retinopathies. Alterations to RPE structure and function
are reported in Age-related Macular Degeneration, Stargardt and Best
disease as well as pattern dystrophies. However, the precise role of RPE
cells in disease aetiology remains incompletely understood. Many studies
into RPE pathobiology have utilised animal models, which only recapitulate
limited disease features. Some studies are also difficult to carry out in
animals as the ocular space remains largely inaccessible to powerful
microscopes. In contrast, in-vitro models provide an attractive alternative to
investigating pathogenic RPE changes associated with age and disease. In
this article we describe the step-by-step approach required to establish an
experimentally versatile in-vitro culture model of the outer retina
incorporating the RPE monolayer and supportive Bruch’s membrane (BrM).
We show that confluent monolayers of the spontaneously arisen human
ARPE-19 cell-line cultured under optimal conditions reproduce key features
of native RPE. These models can be used to study dynamic, intracellular
and extracellular pathogenic changes using the latest developments in
microscopy and imaging technology. We also discuss how RPE cells from
human foetal and stem-cell derived sources can be incorporated alongside
sophisticated BrM substitutes to replicate the aged/diseased outer retina in
a dish. The work presented here will enable users to rapidly establish a
realistic in-vitro model of the outer retina that is amenable to a high degree
of experimental manipulation which will also serve as an attractive
alternative to using animals. This in-vitro model therefore has the benefit of
achieving the 3Rs objective of reducing and replacing the use of animals in
research. As well as recapitulating salient structural and physiological
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features of native RPE, other advantages of this model include its simplicity,
rapid set-up time and unlimited scope for detailed single-cell resolution and
matrix studies.
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Research highlights

Scientific benefits:

¢ We provide a step-by-step protocol to rapidly establish an
in-vitro model of the outer retina incorporating the Retinal
Pigment Epithelium (RPE) and the supportive Bruch's
membrane.

¢ We discuss the advantages and limitations of RPE cells
(the ARPE-19 cell-line) used in this work.

e This in-vitro model allows the use of powerful confocal
microscopes (fast, high-resolution imaging) and new
platforms such as 3View and Lightsheet.

¢ Allows a high degree of experimental manipulation.

3Rs benefits:

e This in-vitro culture model can be used as an alternative
to in-vivo experiments in spontaneously arising,
acutely-induced or transgenic mouse models of retinal
degeneration, or be used in parallel with animal studies.

¢ This model enables users to obtain functional RPE
monolayers with desirable physiological and structural
features of the native RPE tissue after only 2-4 months in
culture.

e Such in-vitro RPE monolayers can therefore be used to
model disease features which do not manifest in some
mouse models for as long as 18 months.

Practical benefits:

e This in-vitro culture model has a relatively fast set-up period
enabling studies after 2-4 months.

¢ The well-characterised ARPE-19 cell-line used in this work
facilitates reproducibility and comparisons with a large body
of published literature.

¢ Cost effective compared to carrying out similar studies
in-vivo.

¢ Allows first-line investigations of specific disease pathways
in-vitro, hence suited to high-throughput drug discovery
screens.

Current applications:

¢ This set-up can be used to culture/model primary RPE cells
(from porcine, rodent and humans sources), cell-lines such
as ARPE-19 as well as human foetal and stem-cell derived
RPE from patients.

e Suitable for single-cell level studies and those investigating
dynamic changes to the RPE monolayer or the underlying
extracellular matrix.

¢ Used by researchers to study RPE changes in different
types of blinding diseases in which the retina irreversibly
degenerates including Age-related Macular Degeneration
(AMD), Sorsby Fundus Dystrophy and Retinitis
Pigmentosa.

Potential applications:

¢ Further refinements to this model can be made by
incorporating stem cell-derived RPE directly from patients,
synthetic membranes to better mimic the underlying
Bruch’s membrane and microfluidic devices to simulate
the choroid.

¢ Sets the standard to recapitulate structural and functional
features for future in-vitro 3D retinal models.
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Introduction

The retinal pigment epithelium (RPE) consists of a monolayer
of largely cuboidal-shaped pigmented cells found beneath the
neuroretina and overlying the vascular blood supply of the
choriocapillaris. Occupying this strategic position in the outer
retina the RPE performs multiple functions which are essen-
tial for retinal homeostasis and maintenance of life-long vision.
This includes the daily phagocytosis of shed Photoreceptor
Outer Segments (POS), re-isomerization of all-trans-retinal to
11-cis-retinal in the visual cycle, protection against effects of
photo-oxidation, trans-epithelial transport as well as the polar-
ised secretion of molecules towards the overlying neuroretina
and the underlying choroid. The RPE also forms part of the outer
blood-retinal barrier (BRB) which functions to confer an immune
privileged state within the ocular environment'. Dysfunction
or abnormalities of the RPE monolayer is correlated with early
stages of pathology linked to a range of ocular conditions such
as Age-related Macular Degeneration (AMD), Sorsbys fundus
dystrophy, Stargardt disease and Best disease, diabetic retin-
opathy as well as pattern dystrophies'~. However, the origins of
RPE dysfunction and how they contribute to such diverse ocular
conditions remains incompletely understood.

Numerous in-vivo models including non-human primates,
pigs, sheep, rabbits and rodents have been used to study retinal
pathobiology®. Of these, the most widely used are mice, which
show regional differences in Bruch’s membrane (BrM) thickness
and photoreceptor density, a similar rod to cone ratio at locations
comparable to the peripheral human macula as well as a similar
RPE monolayer to humans’. Mice also offer advantages in terms
of costs compared to the use of larger animals and the possibil-
ity of studying salient disease features in a matter of months. This
has led to the use of spontaneously arising®, acutely-induced’
and transgenic mouse models®, or indeed combined models where
genetics and diet has been manipulated and mice aged for long
periods to bring about disease features”'’. However, given the
lack of anatomical specialisation equivalent to humans, rodent
models are of limited value for studies into macular conditions.
Moreover, no single mouse model is capable of replicating the
full disease spectrum observed in human retinopathies. This
has often led to the unnecessary and over-use of poorly
characterised rodent models, many of which show only limited
disease features and/or have to be aged for long periods before
any obvious retinal pathology is detected"''. The arrangement of
ocular tissues such as the RPE also makes them difficult to
image, particularly for studies requiring dynamic, real-time
imaging or data at single-cell resolution. Welfare concerns and
severity limits of mouse models, other than basic information
on animal husbandry, are also poorly reported in the literature.
For instance, there is limited data on how a particular genetic
alteration or mice maintained over long periods (>18 month)
might affect their behaviour and quality of life. In contrast, in-vitro
models, although simplistic by comparison, are not limited by
these issues and boast distinct advantages over mouse models for
delineating cellular pathways of damage, or for drug screens to
identify effects on a given cell type. Cells cultured under in-vitro
conditions that recapitulate their in-situ environment have been
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shown to reproduce a phenotype that closely resemble native
tissues. These cells not only adopt native-like structural and
physiological characteristics, but also a genetic profile closely
matching their in-situ counterpart. RPE cells were initially
grown on plastic substrates and did not exhibit a fully differenti-
ated phenotype. Investigators therefore started culturing RPE
monolayers on commercially-sourced transwell inserts with vary-
ing pore sizes which mimics important features of the underly-
ing BrM*"?. The culture of RPE cells on 0.4um pore-size inserts
is now widely regarded to produce the most desirable RPE
phenotype'’. The presence of a porous underlying substrate
allows the RPE to undertake activities such as matrix deposition'*
and directional secretion of molecules'> which are key features of
these cells. Transwell inserts are now widely used to culture
primary porcine'’, murine'”'"¥, human foetal RPE (hfRPE)"“*
and adult human RPE™ as well as numerous cell-lines includ-
ing ARPE-19 cells'®'**%, Studies have shown that RPE cultured
under such conditions display structural and functional character-
istics of native RPE cells, albeit to differing extents'*'**'***, New
developments are also incorporated into transwell systems.
For instance, recent advances in stem-cell technology, which
allows the generation of pluripotent stem-cell derived RPE
(PSC-RPE) directly from patients’™*, are routinely modelled
in transwells. This approach has resulted in what many consider
to be the current gold-standard in RPE modelling. However,
several unresolved issues remain as respective labs use differ-
ent protocols and appear to differentiate cells to different extents
before studies are undertaken. Human PSCs are also limited by
effects of senescence and variability between clones. These may
cause future difficulties with reproducibility”. RPE cell-lines by
contrast, which some may consider to be the poor cousin of PSC-
RPE, continue to offer some advantages. The rat immortalised
RPE-J cell-line® and the spontaneously arising human ARPE-19
cell-line” are two noteworthy examples that have been exten-
sively used in transwell systems. ARPE-19 cells have certain
advantages as the RPE-J cells will only proliferate if main-
tained at 32°C and require retinoic acid for contact inhibition.
ARPE-19 cells are also highly characterised, well understood by
researchers and widely used for over 2 decades to gain key
insights into RPE pathobiology since first described by Dunn
and colleagues in 1996”. The consistency of ARPE-19 cells
sourced from commercial suppliers has also contributed to gen-
erating comparable and reproducible data across different labs
that is as yet unmatched in the field. The culture of ARPE-19
was further optimised in recent years™ such that they exhibit a
normal karyotype’!, apical-basolateral specialisation'® as well
as pigmentation and express characteristic proteins'®* includ-
ing components of the BRB'***>-** polarised secretion'®'"* and
phagocytosis™***. In fact, new evidence show that when
cultured for 4 months in optimised medium, ARPE-19 cells
exhibit a comparable transcriptome to the native RPE*. Further
refinement in modelling RPE cells on transwell inserts can be
anticipated due to advances in new artificial BrM substitutes’’**.

A literature search using PubMed Central in May 2018 using the
terms ‘Retinal Pigment Epithelium’ and ‘Transwell’, reported
a 193% increase of in-vitro studies within the past 5 years
compared to the previous S-year period. In contrast, search
terms ‘Retinal Pigment Epithelium’ and ‘in-vivo’ revealed a
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16% reduction in the number of reports using in-vivo models
encompassing rodents, rabbits, porcine, bovine and non-human
primates over a similar period. Based on these findings and an
average annual increase of 4.3% in citations with RPE studies, we
estimate that at least 45 publications reporting in-vivo work will
be replaced by in-vitro RPE modelling studies. Given the rapid
rate at which RPE modelling work is progressing, this will yield
at the very least 188 annual citations by 2023. In this article we
provide a detailed step-by-step approach for optimising an
in-vitro RPE cell model using the spontaneously arisen ARPE-19
cell-line. We also provide steps used to characterise this model,
discuss its advantages and limitations as well as how it fulfils the
3Rs objectives.

Methods

Establishing the RPE cell model

Culture of ARPE-19 cells. ARPE-19 cells’® were obtained from
the American Tissue Culture Collection (CRL-2302, ATCC, USA)
and maintained in a 37°C humidified incubator with 5% CO,
atmosphere and 95% air. Cells were cultured in an optimised
medium comprising Dulbecco’s modified Eagle’s Medium
(DMEM) with 4.5 g/l L-D glucose (high glucose), L-glutamine
and pyruvate (41966-029, Life Technologies, UK) supple-
mented with 1% heat inactivated foetal calf serum (N4762, Sigma
Aldrich, UK) and 1% of the penicillin streptomycin stock solution
(10,000 units/ml penicillin, 10mg/ml streptomycin in 0.85%
saline; P4333, Sigma Aldrich, UK)”. Cells cultured in T25cm?
flasks were maintained in a Sml volume with a complete media
change performed every 2-3 days. Cells cultured on Corning®
12mm, 0.4um pore, PET Transwell® Permeable Supports
(CLS3460, Sigma Aldrich, UK) were maintained in 0.5ml and
2ml of volume of media in apical and basal chambers. Cells
grown on Corning® 24mm, 0.4um pore, PET Transwell®
Permeable Supports (CLS3450, Sigma Aldrich, UK) were main-
tained in 1.5ml and 3ml volume of media in apical and basal
chambers. A complete media change in the apical chamber and
a 20% (v) change in the basal compartment was performed
every 2-3 days. Cells were used between passages 23-27.

Fibronectin coating of transwell inserts. Lyophilised fibronectin
(F2006, Sigma Aldrich, UK) was prepared to a final concentration
of 50ug/ml in double distilled water (ddH,0), and applied to the
apical surface of transwell inserts. A volume of 0.25ml or 0.6ml
was used for 12mm and 24mm inserts respectively. Transwells
were partially covered in a laminar flow hood and allowed to dry
overnight, after which any residual fibronectin was aspirated and
inserts washed in 1x phosphate buffered saline (PBS, Sigma
Aldrich, UK).

Passage of ARPE-19 cells. ARPE-19 cells were grown in T25cm?
flasks for up to 3 weeks prior to passaging at a 1:3 ratio. This
was achieved by washing cells in Ca** and Mg* free Hank’s
Balanced Salt Solution (HBSS; 14065049, Life Technologies,
UK) and incubation with 1.5ml 0.25% Trypsin/EDTA (25200056,
Life Technologies, UK) for 6 minutes, followed by neutralisa-
tion/trituration with 7ml volume of complete medium. The cell
suspension was centrifuged at 125g for 5 minutes after which
the pellet was suspended in fresh medium. Cells were seeded on
fibronectin coated/uncoated 0.4um PET transwell inserts (Corning,
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UK) at a density of 1.25x10* and 5x10* for 12mm or 24mm
inserts, and left undisturbed for 4 days to facilitate cell adhesion
prior to media change. The culture media used in apical and
basal transwell compartments were identical. Long-term cultures
were maintained for 2—4 months before assessing character-
istic structural RPE features or expression of cell-specific and
barrier proteins. Functional assays were carried out in 4 month
old cultures.

Characterisation and validation of the RPE cell model
Confocal Immunofluorescence microscopy. ARPE-19 cultures
were rinsed in 1xHBSS, fixed in ice-cold PBS containing 4%
formaldehyde for 30 minutes at 4°C and washed three times
in Ix PBS. Blocking and permeabilisation were achieved by
incubation with 5% normal goat serum (NGS; G9023, Sigma
Aldrich, UK) in 1x Phosphate Buffered Saline with Triton
X-100 (PBST, Sigma Aldrich, UK) for one hour prior to the
addition of primary antibody (prepared in blocking buffer)
which was incubated overnight at 4°C. The following primary
antibodies were used: ZO-1 (1:100, RRID: AB_2533456,
Thermo Fisher Scientific, UK), Occludin (1:100, RRID:
AB_2533977, Thermo Fisher Scientific, UK), RPE65 (1:100,
RRID: AB_2181006, Abcam, UK) and alpha 1 Na*/K* ATPase
(1:100, RRID:AB_306023, Abcam, UK). The following day,
cells were washed in 0.05% PBST and incubated with the
appropriate Alexa Fluor® labelled secondary antibody (RRID:
AB_2534115, RRID: AB_2534085, RRID: AB_2534116, RRID:
AB_2534087, RRID: AB_2534114, RRID: AB_2534064, Life
technologies, UK) at a dilution of 1:200 prepared in 0.05% PBST
for 1 hour. This was followed by three washes in 1x PBS and one
wash with ddH,0 after which cells were incubated with 1ug/ml
4’, 6’-diamino-2-phenylindole (DAPI; D9542, Sigma Aldrich,
UK) for 10 minutes. Inserts were washed an additional three
times in ddH,0 and mounted between two glass coverslips with
Mowiol® mounting medium (Harco Chemical Company Ltd.,
UK) prior to imaging with a Leica SP5 or SP8 laser-scanning
confocal microscope (Leica Microsystems, UK).

Transmission electron microscopy. Transwell inserts were
processed for transmission electron microscopy (TEM) by first
washing in 1X HBSS, followed by immersion in primary fixa-
tive (3% glutaraldehyde and 4% formaldehyde in 0.1M PIPES
[Agar Scientific, UK]; pH 7.2) for 1 hour, after which they
were rinsed twice for 10 minutes in 0.1M PIPES before post
fixation for 1 hour with 1% osmium tetroxide in 0.1M PIPES.
Inserts were rinsed twice in 0.1M PIPES and once in ddeO,
after which they were stained in 2% (aqueous) uranyl acetate
for 20 minutes. Samples were subsequently dehydrated by
passing the inserts through a series of ethanol gradients (30%,
50%, 70% and 95%) for 10 minutes each, followed by two 20
minute incubations in absolute ethanol (100%). A link reagent
acetonitrile (Agar Scientific, UK) was then applied to inserts for
10 minutes, after which samples were incubated overnight
with at a 1:1 ratio of acetonitrile to Spurr resin (Agar Scientific,
UK). The following day, cells were incubated with Spurr resin
for 6 hours and embedded and polymerised in fresh resin at
60°C for 24 hours. Ultrathin sections were cut using a Reichert
Ultracut E (Leica Microsystems, UK), collected on 200 mesh
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carbon and formvar coated copper grids and stained with
Reynolds Lead Stain (Agar Scientific, UK). Cross sections of
cultures on transwell inserts were visualised using a Hitachi
7000 transmission electron microscope (Hitachi, Germany) fitted
with a SIS Megaview III camera (EMSIS, Germany).

Trans-epithelial Electrical Resistance measurements. Trans-
epithelial Electrical Resistance (TEER) were carried out over
a 3 month period using an EVOM? epithelial voltohmmeter
and 4mm STX2 chopstick electrode (EVOM?; 300523, World
Precision Instruments Inc., USA). Briefly, the electrode was
sterilised in 70% ethanol, rinsed in ddH,O and equilibrated
in pre-warmed culture medium, before being simultaneously
introduced into the apical and basal transwell compartments.
Measurements were recorded from at least three separate wells
per experiment. In each case, five measurements were recorded
per well to obtain an average value. The reference value from a
fibronectin-coated insert and devoid of cells was subtracted
from the average value to yield a net TEER measurement.
This was subsequently corrected for the growth area using the
following formula (Equation 1). Measurements were performed
at room temperature within 6 minutes of removing cul-
tures from the incubator. A full media change was also per-
formed after weekly measurements to minimise the risk of
contamination.

Final TEER (€Y/cm?) = Net TEER (Q) x Area of Transwell insert (cm?) Equation 1

ELISA studies. Secreted levels of human vascular endothe-
lial growth factor (VEGEF: isoforms 165, 121) and pigment
epithelium derived factor (PEDF) in apical and basal transwell
compartments were quantified using the Novex® human
VEGF (KHGO111, Life Technologies, UK) and human PEDF
(RD191114200R, BioVendor, Germany) solid-phase sand-
wich ELISA. Conditioned media was collected from 2 month
old ARPE-19 cultures (n=3) and diluted 1:1 and 1:9 prior to
VEGF and PEDF ELISAs, respectively. Experiments were
carried out in triplicate and followed the manufacturers’ instruc-
tions. Optical densities were determined by measuring the
absorbance at 450nm using a micro-titre plate reader (FLU-
Ostar Optima; BMG LABTECH, UK) and accounting for the
570nm wavelength correction.

Preparation of POS-FITC. Porcine eyes (maximum of 2
days post mortem) were sourced from a butcher. An incision
was made proximate to the ora serata after which the anterior
ocular portion was removed and retinae detached gently from
the underlying RPE. These were subsequently pooled in KCl
buffer (0.3M KCI, 10mM HEPES, 0.5mM CaCl,, ImM MgCl;
pH 7.0) with 48% sucrose (w/v), agitated for 2 minutes and
centrifuged at 5000g for 5 minutes to facilitate POS detach-
ment. The resultant supernatant containing isolated POS was
filtered through a sterile gauze into 1.5ml Eppendorf tube
containing an equal volume of KCI buffer without sucrose. POS
were pelleted by centrifugation at 4,000g for 7 minutes, washed
three times in 1x PBS and re-suspended in DMEM with 2.5%
sucrose (w/v). POS were covalently tagged to Fluorescein
isothiocyanate (FITC) by incubation with 5ml labelling buffer
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(20Mm phosphate buffer pH 7.2, 5mM taurine with 10% w/v
sucrose) and 1.5ml FITC stock solution (2mg/mL FITC
isomer I in 0.IM Na,CO, buffer; pH 9.5) at room temperature
for 1 hour in the dark on a Stuart SB2 Rotator (Camlam Ltd,
UK). POS-FITC conjugates were pelleted by centrifugation at
3,000g for 5 minutes and re-suspended in DMEM with 2.5%
sucrose (w/v). Isolated POS can be stored for up to 6 months
at -80°C. The total protein content in preparations was
quantified using a BCA assay (23225, Thermo Fisher, UK)
following the manufacturer’s instructions.

POS feeding assay and assessment of trafficking dynam-
ics. ARPE-19 monolayers on transwell inserts were incubated
at 17°C for 30 minutes prior to exposure with 4mg/cm?
POS-FITC for a further 30 minutes at 17°C. This facilitates
maximal POS binding with minimal internalisation’” to initiate
a pulse-chase assay. The POS-FITC solution was aspirated
to remove unbound POS. Cultures were supplemented with
fresh media and returned to a humidified 37°C incubator with
5% CO, and 95% air. Cells were subsequently fixed at 2, 4, 6,
12, 24 and 48 hours with 1xPBS containing 4% formaldehyde
for 30 minutes at 4°C, after which they were incubated with 1%
BSA in PBS-Tween to block/permeabilise cells for 30 minutes.
Cultures were probed overnight at 4°C with the following pri-
mary antibodies prepared in blocking buffer. Rab 5 (1:200, RRID:
AB_470264, Abcam, UK), Rab 7 (1:200, RRID: AB_2629474,
Abcam, UK), LAMP1 (1:1000, RRID: AB_775978, Abcam, UK),
LAMP2A (1:1000, RRID: AB_775981, Abcam, UK) and LC3B
(1:200, RRID: AB_881433, Abcam, UK). Excess antibodies
were washed three times in 1xPBS, following which cultures
were incubated with the appropriate Alexa Fluor® secondary
antibody (RRID: AB_2534115, RRID: AB_2534085, RRID:
AB_2534116, RRID: AB_2534087, RRID: AB_2534114, RRID:
AB_2534064, Life technologies, UK) for one hour at room
temperature. Inserts were finally washed three times in 1xPBS,
once in ddH,0 and counterstained with Iug/ml DAPI for 10
minutes. Samples were mounted between two glass coverslips
with Mowiol® mounting medium and imaged using an SP8
laser-scanning confocal microscope (Leica Microsystems,
UK). Quantification of POS-FITC co-localisation with various
endocytic/phagocytic, lysosomal and autophagy compartments
(n=10 cells/compartment/time point) was performed using
Volocity software, version 6.1.1 (Perkin Elmer, UK), which
employs the Costes er al. automated statistical algorithm™®.
Co-localisation values were plotted for each compartment as a
function of time.

Statistical Analysis. Statistical analyses were conducted using
the GraphPad Prism 7 Software (GraphPad, US). Values were
first assessed to ensure data met assumptions of the selected
statistical test. Tests for each experiment appear in figure
legends. Briefly, ELISA quantification was assessed using the
unpaired student’s t-test, whilst TEER were evaluated using a
one way ANOVA and Tukey’s multiple comparisons tests. In
both cases, a single well corresponded to an experimental unit.
Data is presented as means = standard error of the mean
(SEM) where n represents independent experiments. Statistical
significance is denoted as * p <0.05, ** p<0.01, *** p<0.001 and
ek p <0.0001.
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Protocol

Here we describe the step-by-step procedure required for
establishing and validating long-term cultures of ARPE-19
monolayers on transwell inserts. A schematic highlighting the
sequence of steps and timelines are summarised in Figure 1.

Protocol for establishing the culture model

Step 1: Preparation of cell culture media

ARPE-19 cells (CRL-2302™ ATCC®, USA) require growth
in optimised culture media, which can be prepared according to
Table 1. Freshly prepared cell culture media is passed through
a vacuum filter to maximise sterility and used within 2 weeks.
A volume of 250ml is sufficient for the culture of 6 transwell
plates of 12mm diameter inserts or 4 plates of 24mm diameter
inserts (Table 4) for a period of approximately 2 weeks. Volumes
should be scaled according to the size and number of desired
transwells as storage of media for longer periods is not
recommended.

Step 2: Culture of ARPE-19 cells

ARPE-19 cells should be maintained in a humidified incubator
set at 37°C with an atmosphere of 5% CO,. Cells should be
cultured in a T25cm? flask containing 5ml of freshly prepared
media and passaged at a 1:3 ratio when confluent or approxi-
mately every 3 weeks. A complete media change should be
performed every 2-3 days to retain physiological glucose
levels*'. Although it is possible to maintain ARPE-19 cells
in T25cm? flasks for longer periods, cells becoming increas-
ingly difficult to passage following the formation of an under-
lying extracellular matrix. Passaging involves removal of
conditioned medium and washing cells with 1xHBSS followed
by exposure to 1.5ml 0.25% trypsin/EDTA for 6 minutes in
an incubator. The trypsin/EDTA solution is neutralised using
7ml of complete media and triturated to obtain single cells
after which the resulting suspension is centrifuged at 300g for
5 minutes. The pellet is re-suspended in a volume of freshly
prepared culture media and split at a 1:3 ratio between T25cm?
flasks. The importance of correct cell passaging to maintaining
an epithelial phenotype is discussed elsewhere’’. For the long
term storage in liquid nitrogen (-195.8°C) cells should be
suspended in the desired concentration in freezing medium
comprising 75% complete culture medium and 25% dimeth-
ylsulfoxide (DMSO; S-002-M, Sigma Aldrich, UK). For
ARPE-19 cells we recommend Iml aliquots of 1x10° cells.
These must first be frozen in a suitable container (Mr Frosty™,
Thermo Fisher Scientific UK) or equivalent with 100%
isopropanol at -80°C overnight prior to storage in liquid nitrogen.

Step 3: Coating transwell inserts with fibronectin

Prepare lyophilised fibronectin (F2006, Sigma Aldrich, UK)
to a final concentration of 50pg/ml by adding 20ml of sterile
ddH,0. We recommend preparing an initial 5Sml solution
using sterile ddH,O followed by transfer to a 50ml falcon
containing 15ml sterile ddH,O. The fibronectin solution
should be used immediately and is sufficient to coat six 12mm
diameter or five 24mm diameter transwell plates, or should be
divided into aliquots for storage at -20°C. Users should apply
the stock solution to the apical transwell compartment as indi-
cated in Table 2. Ensure that the entire surface of the membrane
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RPE
monolayer

Matrix

Membrane

Step 1: begin set-up procedure
Step 2: coat insert membrane

Step 3: seed membrane with
ARPE-19 cells

Step 4: TEER measurements

Step 5: TEM and ELISA studies

Step 6: Immunofluorescence
and functional assays

Figure 1. Schematic of transwell plate and cross-section showing Retinal Pigment Epithelial (RPE) cells on porous membrane within
insert. Key points in the establishing and validating RPE cultures on transwells. The steps and time periods required for this procedure are
indicated alongside each outcome measure.

Table 1. Materials used to prepare optimised ARPE-19 culture medium.

Product . Volume
Product FE R Supplier (ml) Storage
DMEM, high glucose, 1966099 L ife Technologies, UK~ 245 4°C

pyruvate

Short term: 4°C

Heat inactivated new Long term: -20°C

born calf serum (FCS) N4762 Sigma Aldrich, UK 2.5

Note: Avoid freeze-thaw of
FCS by preparing aliquots.

Penicillin-Streptomycin P4333 Sigma Aldrich, UK 2.5 -20°C
Abbreviations: Dulbecco’s Modified Eagle Medium (DMEM)

Table 2. Coating volumes for extracellular matrix proteins such as fibronectin
used in transwell inserts of different diameters.

Growth Surface Coating Wash
M s Area (cm?) Volume (ml) Volume (pl)
Corning® 24mm, 0.4um pore, PET
Transwell® Permeable Support 467 06 1
i ®
Corning® 12mm, 0.4um pore, PET 112 0.25 0.4

Transwell® Permeable Support

Abbreviations: Polyethylene terephthalate (PET)
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is covered after which transwells are left partially covered
in a laminar flow hood overnight. The following day any
residual fibronectin should be aspirated and wells washed
with 1x sterile PBS for cell seeding (Table 3). We observed
that ARPE-19 cells readily proliferate and mature to form
in-situ RPE-like monolayers on an underlying fibronectin matrix
although others had used a laminin substrate’*. Consequently,
work presented here are carried out on transwells coated with
fibronectin. It is also possible to culture cells in the absence
of an underlying coating on transwell membranes (Figure 2).
ARPE-19 cultured without an extracellular matrix (ECM)
substrate develop pigmentation, establish a trans-epithelial
barrier and secrete proteins directionally”. The culture of
cells without an underlying coating is particularly useful for
studies in which de-novo synthesis/deposition of extra cellular
components and their turnover can be monitored without any
influence of artificial substrates.

Technical tip: Rapid thawing of soluble fibronectin can result
in the irreversible precipitation of proteins. To avoid this we
suggest that the stock solution should be gradually thawed
at 4°C.

Step 4: Seeding and culture of ARPE-19 cells on transwell inserts
Cells are passaged as described in step 2. A confluent flask
of T25cm* ARPE-19 cells yield between 3-5 million cells.
Consequently, one T25cm? flask is sufficient to seed 10 plates
of 24mm diameter transwell inserts or 20 plates of 12mm diam-
eter inserts. Cells are seeded on fibronectin coated transwells
(Table 3), although the benefit of using uncoated transwell
membranes have also been discussed. Culture media are applied
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to the apical and basal transwell compartment at least one hour
prior to cell seeding (Table 4). Following seeding, we recom-
mend leaving cultures undisturbed for approximately 4 days
prior to the first media change. Cultures are maintained in a
37°C incubator with an atmosphere of 5% CO, and media
changed every 2-3 days (Table 4). After approximately 1 week
cultures appear confluent and by 2 weeks exhibit characteris-
tic cobblestone morphology. Obvious signs of pigmentation
will develop after 3-4 months, although some evidence of
pigmentation is apparent under light microscopy after 2 months.
The size of pores in transwell membranes are known to influ-
ence RPE morphology" hence we suggest users adhere to these
recommendations. Cultures are maintained for a minimum of 2
months prior to validation studies. For functional experiments,
such as POS feeding assays, we recommend maintaining
cultures for approximately 4 months.

Technical tip: Pipette solutions along plastic walls of the tran-
swell chamber at a steady state during media changes to
avoid inducing cell stress or cell detachment. When removing
media we recommend first tilting the transwell plate to a 45°
angle to avoid disturbing the RPE monolayer.

Protocol for characterising and validating the culture model
In this section we describe the steps used to validate and
characterise ARPE-19 monolayers on transwell inserts. These
approaches however may be adopted for the culture of RPE
from different sources, although the time taken to obtain
monolayers displaying physiological and structural features
akin to the native RPE may vary depending on the specific
type/source of RPE cells.

Table 3. Cell seeding densities. Seeding densities
used to start ARPE-19 cultures on transwell inserts of

different diameters.

Transwell size

Corning® 24mm, 0.4pum pore, PET

Seeding density
(cells/well)

5x10*

Transwell® Permeable Support

Corning® 12mm, 0.4um pore, PET

1.25%101

Transwell® Permeable Support

Abbreviations: Polyethylene terephthalate (PET)

Table 4. Media volumes and feeding regimes used for the culture of ARPE-19 cells
in transwell inserts. Media changed every 2-3 days.

Transwell size

Corning® 24mm, 0.4um pore, PET
Transwell® Permeable Support

Corning® 12mm, 0.4um pore, PET
Transwell® Permeable Support

Abbreviations: Polyethylene terephthalate (PET)

Upper chamber: 2
Lower chamber: 3

Upper chamber: 0.5
Lower chamber: 1.5

Volume in each transwell Volume change (%)
compartment (ml)

Upper chamber: 100
Lower chamber: 20

Upper chamber: 100
Lower chamber: 20
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Figure 2. Attachment and growth of ARPE-19 cells with or without an underlying fibronectin matrix. We tested effects of an extracellular
matrix (ECM) such as fibronectin on the ability of cells to form a monolayer on transwell membranes. Inserts coated with fibronectin [A,C,E] or
those without any coating [B,D,F] were imaged over several days after seeding. No differences were observed in cell attachment or growth.
Contact inhibition proceeded cell differentiation after approximately 10 days in culture. Scale bars correspond to 200pm.

Step S5: Confocal immunofluorescence studies of ARPE-19
monolayers

Cells that have been in culture for at least 2 month are used
to ensure RPE monolayers had adopted structural and physi-
ological features of native RPE. Transwell inserts are washed
with 1x sterile PBS prior to fixation in 4% PFA for 30 minutes.
Each transwell membrane is removed from its insert by running
a blade along the circumferential ring (Figure 3). The amount
of material (RPE monolayers) required to carry out experiments
may be maximised by sectioning transwell membranes into
multiple sections, although caution must be exercised to
prevent disturbing the delicate cell layer. We recommend using
a sharp razor blade to guillotine sections of the membrane out-
right as cutting or slicing generates sheer forces which rucks
membranes leading to cell detachment (Figure 3). Transwell
membranes are washed three times in 1x PBS and blocked/per-
meabilised in 5% NGS in 0.1% PBST for 1 hour. A battery
of antibodies are used to probe for components of the BRB
(ZO-1 and Occludin), to assess RPE polarisation (Na*/K* ATPase)
and to detect expression of the cell-specific marker (RPEG6S),
although other proteins such as CRALBP may also be included.
Readers are also referred to studies described in Ahmado et al.,
2011%. Primary Antibodies are diluted 1:100 in blocking buffer
for incubation at 4°C overnight (Table 5). The following day
membranes are washed three times in 0.05% PBST followed by
incubation with the appropriate Alexa Fluor® labelled second-
ary antibody (RRID: AB_2534115, RRID: AB_2534085, RRID:
AB_2534116, RRID: AB_2534087, RRID: AB_2534114,
RRID: AB_2534064, Life Technologies, UK) prepared in
0.05% PBST for 1 hour. Membranes are washed three

times in ddH,0 to remove any unbound secondary antibody
and mounted between two glass coverslips with Mowiol®
mounting medium (Harco Chemical Company Ltd., UK). We
recommend sandwiching membranes between 2 glass cover-
slips as opposed to pairing a single coverslip with a thicker
glass slide as this allows either side of the sample to be imaged
without potential optical interference from the porous
membrane. Z-stack image are captured with a laser-scanning
confocal microscope (Supplementary Figure S1 and Figure 4). We
recommend a minimum optical slice thickness of 1um through
z-stacks to help assess the polarised expression of RPE markers.

Technical tip: Pores within the membrane may be used as a ref-
erence point to help orient the position of apical and basolateral
RPE surfaces. However, users may have to account for small
undulations in the membrane which will alter the focal plane
across the sample.

Step 6: Transmission electron microscopy studies of ARPE-19
cultures

Transmission Electron Microscopy (TEM) studies are per-
formed on monolayers cultured for at least 2 months to ensure
structural specialisation of the apical and basolateral RPE
surfaces. Inserts are washed in 1x HBSS immediately
following removal of conditioned media to prevent dehydration
and fixed in primary fixative (3% glutaraldehyde and 4%
formaldehyde in 0.1M PIPES; pH 7.2) for one hour.
Samples are subsequently washed twice in 0.1M PIPES and
post fixed in 1% buffered osmium tetroxide (Oxkem, UK)
prepared in 0.1M PIPES for 1 hour. Following fixation, samples
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Remove intact membrane Use blade to cut membrane

|

Use scalpel to cut membrane

Figure 3. A convenient procedure for removing and sectioning membrane inserts from transwells. Transwell membranes can be
detached by making incisions with a scalpel following the circumference of the plastic chamber. The insert lip may be used as an indicator
of the boundary. Once removed, the detached membrane can be guillotined using a sharp razorblade. We advise against slicing or cutting
using sheer forces as this is likely to damage or dislodge the Retinal Pigment Epithelial monolayer.

Table 5. List of primary antibodies used for confocal immunofluorescence studies.

. . . Product Host . -
Primary antibody Supplier ST RRID species Clone/isotype Dilution
Zonula Occludens-1 (ZO-1) Thgcr}‘eomﬁf'fcher 40-2200 AB_2533456 Rabbit  pAb/gG 1:100
Occludin Thermo Fisher 24 4509 AB 2533977  Rabbit AbllgG  1:100
Scientific - PAL/Y :
Retinal Pigment Epithelium- )
specific 65 kDa protein (RPES5) Abcam ab78036 AB_2181006 Mouse mADb, IgG1 1:100
alpha 1 Na*/K+ ATPase Abcam ab7671  AB_306023 Mouse mf(ZblgaG1 1:100
Rab 5 Abcam ab18211 AB_470264 Rabbit pAb/IgG 1:200
Rab 7 Abcam ab137029 AB_2629474 Rabbit mAb/IgG 1:200
LAMPA1 Abcam ab24170 AB_775978  Rabbit pAb/IgG 1:1000
LAMP2A Abcam ab18528 AB_775981 Rabbit pAb, IgG 1:1000
LC3B Abcam ab48394 AB_881433  Rabbit pAb/IgG 1:200

are rinsed twice in 0.IM PIPES, once in ddH,0 and stained
with 2% (aqueous) uranyl acetate (Agar Scientific, UK) for
20 minutes. At this stage membranes may be submerged in a
30% ethanol solution for removal from transwells. It is vital that
this process is carried under an appropriate liquid (buffer, ethanol)

to prevent the cells drying out which would render them
useless for microscopy. Samples are passed successively
through a graded series of ethanol concentrations (30%, 50%,
70% and 95% ethanol) for 10 minutes each, followed by
two successive incubation periods in absolute ethanol for
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Figure 4. Characterisation of ARPE-19 monolayers cultured on transwell inserts. Cultures were probed for [A-D] the early tight junctional
marker Zonula Occludens-1, which showed cobblestone morphology characteristic of Retinal Pigment Epithelial (RPE) cells. [E-H] We also
observed expression of the mid-late barrier protein occludin, although their staining was somewhat weaker. [I-L] The epithelial transporter
Na*/K* ATPase was observed in APPE-19 monolayers (arrows) but was not evident in all cells. Staining was however observed predominantly
on the apical RPE surface, a feature reported in highly differentiated RPE cells. [M-P] The cell-specific marker RPE-specific 65 kDa protein
(RPEB5) was also observed after 2 months in culture. Nuclei were counterstained with DAPI (blue). [A-C, E-G, I-K, M-0] show representative
en-face confocal images whilst [D,H,L,P] show corresponding z-plane reconstructions. Scale bars correspond to 20pm.

20 minutes to achieve optimal dehydration. The link reagent
acetonitrile (Fisher Scientific, UK) is applied for 10 minutes
and membranes incubated in a mixture containing an equal
ratio of acetonitrile to Spurr resin overnight. In our experience,
Spurr resin appears to be the best medium to effectively bond
filters, although sections often split along the resin/filter
interface during sectioning and when viewing under the
microscope. The following day, samples are incubated for an
additional 6 hours in Spurr resin and embed in fresh Spurr resin

for polymerisation at 60°C for 24 hours. Samples should be
embedded in Spurr resin as triangular slices with the apex of the
triangle positioned towards the bottom of the embedding
capsule (Figure 5), which facilitates ease of cutting. This pro-
cedure is carried out without a rotator as cells could otherwise
detach from the underlying membrane. Ultrathin/silver TEM
sections are prepared using a Reichert Ultracut E ultramicro-
tome and collected on 200 mesh carbon and formvar coated
copper palladium grids. We advise against the use of
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2 3

Figure 5. Preparation of polyethylene terephthalate (PET) membranes for transmission electron microscopy (TEM). Schematic outlining
steps carried out to embed segmented transwell membranes into capsules containing fresh Spurr resin. The apex is positioned downwards,

which greatly assists with cutting sections for TEM.

chloroform to stretch sections which exacerbates potential
separation of the resin/membrane interface during section-
ing. Sections are subsequently stained with Reynold’s lead
stain and visualised using a Hitachi 7000 transmission electron
microscope fitted with a SIS Megaview III plate EMSIS camera
(Figure 6).

Technical tip: We recommend viewing samples starting at a
lower magnification with the electron beam spread widely in
order to minimise shrinkage or movement across sections, and to
protect against the possibility of splitting at the resin/membrane
interface.

Step 7: Trans-epithelial electrical resistance measurement of
ARPE-19 cultures

TEER studies are carried out after a minimum of 6 weeks in
culture as ARPE-19 cells do not form an effective barrier
before this time (Figure 7A-B). ARPE-19 cells also generate
relatively poor barriers compared to hfRPE or PSC-RPE. How-
ever, the method describe herein can be adopted to test barriers
created by RPE cells from different sources. Electrical record-
ings are obtained using an EVOM? epithelial voltohmmeter and
a 4mm STX2 chopstick electrode (EVOM?* 300523, World
Precision Instruments Inc., USA). As importance is given
to maintaining sterility in RPE cultured for long periods,
electrodes are first sterilised in 70% ethanol, rinsed in ddH,O
and equilibrated in pre-warmed culture medium prior to use.
For this reason we also recommend performing a complete
media change in both transwell compartments after measurements.
Electrodes are inserted perpendicularly into the apical and
basal compartments so that the tip of each arm is immersed
in media. Five recordings are taken from each transwell at
set time intervals (10 seconds) to calculate the average TEER
value. Measurements are recorded from at least three separate
transwell inserts. The reference value from a fibronec-
tin coated transwell without cells is subtracted from initial

measurements (Equation 2) and the net recording corrected
for area of cell growth to yield a final TEER value (Equation 3,
Table 2). All measurements are performed at room temperature
within 6 minutes of removing cells from the incubator.

Net TEER (Q) = Measured TEER (Q) - Reference TEER (Q) [Equation 2]

Final TEER (C/cn?) = Net TEER (Q) x Area of transwell membrane (cnm?) [Equation 3]

Technical tip: Care should be taken to prevent electrodes
from touching chamber walls as this results in inconsistent
TEER values.

Step 8: ELISA studies of ARPE-19 cultures

The capacity to secrete proteins directionally can be assessed
by performing an ELISA on conditioned media harvested from
apical and basal transwell compartments (Figure 1). A Novex®
human VEGF solid-phase sandwich ELISA kit (Life Technolo-
gies, UK) is used to measure secreted levels of VEGF, whilst
a Biovendor Human PEDF solid-phase sandwich ELISA kit
(Biovendor, UK) is used to measure secreted levels of PEDF.
A complete media change is performed prior to quantifying
soluble protein levels during a 2-3 day period. Collected
samples are kept at 4°C or on ice before quantification to
prevent protein degradation or stored at -80°C for future use.
ELISA quantification is carried out in triplicate on a mini-
mum of three separate wells (Figure 7C-D). The volume
of media lost due to sampling is restored afterwards by the
addition of freshly prepared media into apical and basal
transwell compartments. Assays are carried out following the
manufacturers’ guidelines (Table 6).

Step 9: Photoreceptor outer segment phagocytosis assay
Post-confluent ARPE-19 cells are reported to exhibit phagocytic
activity after 2 weeks in culture”, although we recommend
using cultures of approximately 4 months so cells exhibit a
gene profile comparable to native RPE™.
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Figure 6. Ultrastructural studies of ARPE-19 monolayers cultured on transwell inserts. Cultures were assessed by transmission electron
microscopy to determine the extent of Retinal Pigment Epithelium (RPE) structural specialisation on transwell inserts. [A] Cross-section of
the RPE monolayer showing microvilli (Mv) on apical surface (arrows). Pores within the polyethylene terephthalate (PET) membrane are also
visible. Scale bar corresponds to 5um. [B] Basolateral infolds (Bi) in RPE cells adjacent to the transwell membrane (arrows) are evident,
under which we have previously observed the accumulation of sub-RPE deposits in long-term culture'®. Scale bar corresponds to 500nm.
[C-E] Intracellular organelles including mitochondria (Mt), vesicular compartments such as phagosomes/endosomes and lysosomes, rough
endoplasmic reticulum (RER), Golgi and pigment molecules (P) were evident, indicating apical-basolateral specialisation recapitulating
arrangement of in-situ RPE. Scale bars correspond to 200nm in [C,D] and 1pm in [D]. [F-G] We also observed the presence of tight Junctions
(Tj) and adherens Junctions (Aj) in apical borders of RPE cells (arrows). Scale bars correspond to 200nm. TEM micrograph in panel B was
published previously'® under the Creative Commons licence.
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Figure 7. Physiological studies of ARPE-19 monolayers cultured on transwell inserts. Trans-epithelial Electrical Resistance (TEER)
measurements were obtained from long-term cultures to evaluate effectiveness of the Retinal Pigment Epithelial barrier. [A] Measurements
were conducted from transwells (n=3) at weekly time intervals after seeding. Values were plotted as a percentage change from the previous
measurement which show a gradual increase as junctions form and mature. [B] Fluctuations between average weekly TEER were observed
prior to week 6 (p=0.009 at 3 weeks, p=0.013 at 4 weeks and p=0.001 at 6 weeks, one-way ANOVA with Tukey’s multiple comparisons) after
which a stable value of 40.72 Q.cm? was achieved. Data is presented as mean + SEM. Next, we quantified polarised secretion of Vascular
Endothelial Growth Factor (VEGF) and Pigment Epithelium Derived Factor (PEDF) by ARPE-19 cells. Conditioned media was collected (n=3)
after 72 hours and proteins quantified by ELISA. [C] The apical compartment was found to contain 0.942 + 0.035ng/ml of VEGF compared to
2.852 + 0.145ng/ml in the basal chamber, which was statistically significant (p=0.0002). [D] PEDF concentrations in the apical compartment
was 16.95 + 0.72ng/ml compared to 25.05 + 3.93ng/ml in the basal chamber. There were no significant differences (p= 0.112) although more
PEDF was secreted via the basolateral RPE surface. Data is presented as mean + SEM with statistical comparisons made using the unpaired
student’s t-test and sourced in part from material published previously'® under the Creative Commons licence.

Table 6. ELISA kits used to detect VEGF and PEDF. Users should check assay detection thresholds and suitability for use with
conditioned culture media.

Product Name Supplier Product Number Technical Protocol/Guides
Novex® human Vascular Life
Endothelial Growth Factor . KHGO111 https://www.thermofisher.com/order/catalog/product/KHGO111
(VEGF) ELISA Technologies, UK
Human Pigment Epithelium BioVendor, . ' . . o 3
Derived Factor (PEDF) ELISA Germany RD191114200R  https://www.biovendor.com/pedf-human-elisa?d=114#undefined

Isolation of photoreceptor outer segments

Porcine eyes are obtained from a butcher or abattoir within 2
days of post mortem and POS isolated on the same day. An
incision is made at the ora serata to remove the anterior eye
portion after which the retina can be gently detached. We find
this is best achieved by teasing the retina away from the RPE

in a circular fashion. The optic nerve is severed at the nerve
head to detach the retina. The retinae are pooled in KCI buffer
(0.3M KCI, 10mM HEPES, 0.5mM CaCl2, 1mM MgCl2;
pH 7.0) with 48% sucrose (w/v) and agitated vigorously for
2 minutes on a rotation mixer after which the solution is centri-
fuged for 5 minutes at 5,000g. At this point isolated POS appear
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in the supernatant and the pellet can be discarded. Filter the
POS containing supernatant through a sterile surgical gauze
positioned on a 1.5ml Eppendorf tube into an equal volume
of KCI buffer without sucrose and incubate at room tempera-
ture for 5 minutes. Centrifuge the suspension at 4,000g for
7 minutes to pellet isolated POS and discard the supernatant.
Wash POS pellets three times in 1xPBS and re-suspend in
DMEM with 2.5% (w/v) sucrose™. POS is covalently conju-
gated to fluorescein isothiocyanate (FITC). This is achieved by
incubating pooled POS in 5ml labelling buffer (20Mm phos-
phate buffer pH 7.2, 5SmM taurine with 10% w/v sucrose) and
1.5ml FITC stock solution (2mg/mL FITC isomer I in 0.1M
Na2CO3 buffer; pH 9.5) on a rotator mixer at room temperature
for 1 hour in the dark. Pellet the POS-FITC by centrifugation at
3,000g for 5 minutes, suspend in DMEM with 2.5% sucrose
(w/v) and store for a maximum of 6 months at -80°C. Once
thawed isolated POS should not be refrozen. The total
protein content of POS preparations can be quantified using
a BCA assay prior to use.

Photoreceptor outer segment feeding assay

Cultures are incubated at 17°C for 30 minutes after which
4mg/cm? POS-FITC is applied to RPE cultures for 30 minutes
to maximise binding with minimal internalisation”. This
concentration is sufficient to challenge each RPE cell with
approximately 10 isolated POS molecules*. Alternatively, if
cultures cannot be chilled to 17°C they may be incubated with
isolated POS for 2 hours at 37°C to achieve a similar effect®.
Following the feeding assay, wash inserts once in fresh medium
and return to an incubator set at 37°C and 5% CO,. Tran-
swells are removed at desired time points after which they
are washed once in 1xHBSS followed by fixation in 1xPBS
containing 4% formaldehyde for 30 minutes at 4°C. Wash cells
three times in 1x PBS and store at 4°C until use. Immunostaining
is performed by blocking/permeabilising cells in PBS-Tween
containing 1% BSA for 30 minutes followed by incubation
at 4°C overnight with the desired antibody (Table 5) prepared
in the same solution. The following day, wash cells three
times with 1xPBS to remove any unbound primary antibodies
and incubate with the appropriate secondary antibody (step 5)
for 1 hour at room temperature. Wash samples as before and
incubate with Iug/ml DAPI (prepared in ddH,0) for 10 minutes
before performing three final washes in 1xPBS. Mount the
sample between two glass coverslips using Mowiol® mounting
medium for confocal microscopy studies (step 5).

For co-localisation studies we use an unbiased statistical
algorithm described by Costes et al*’ and performed using
Volocity Software (Perkin Elmer, UK). Considerations prior
to undertaking co-localisation studies include careful selection
of suitable fluorophores to avoid bleed through and chromatic
aberration as well as pixel saturation (Figure 8). We also
suggest selecting non-overlapping and non-adjacent fluoro-
phores and refer to several excellent articles on co-localisation
studies*,

Results

Characterisation studies

ARPE-19 monolayers on transwell inserts can be easily main-
tained in long term culture (Figure 1). This allows them to
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mature and express structural and physiological features of
native RPE. Our experiments were carried out on monolayers
that had been in culture for 2—4 months. We also tested the
ability of ARPE-19 cells to attach and spread on transwell
membranes with or without the presence of fibronectin; the
preferred substrate for these cells in our experience'®***". Our
findings show that cells were capable of attachment and
growth to confluence on PET membranes irrespective of the
presence/absence of an underlying fibronectin matrix (Figure 2).
Prior to carrying out imaging studies transwell membranes
were carefully removed from their plastic wells. We show a
convenient method by which even a small transwell insert
can be sectioned into several segments so that the investigator
is able to probe for multiple markers and thus maximise the
possibility of obtaining data from each transwell (Figure 3).
In-vitro RPE monolayers were studied for physiological and
structural features characteristic of RPE cells. We first probed for
junctional complexes zonula occludens (ZO-1) (Figure 4A-D)
and occludin (Figure 4E-H). We also looked for evi-
dence of apically expressed Na*K* ATPase (Figure 4I-L)
and the cell-specific marker RPE65 (Figure 4M-P). After 2
months in culture ARPE-19 monolayers expressed the early tight-
junction protein ZO-1 with a border demarcating cell-to-cell
contact, and 3D imaging revealing polarisation towards
the apical cellular region. ZO-1 staining was also observed
in the cytoplasm and prominently in the nucleus, which is
consistent with reported literature’'. Expression of occludin during
mid-late stages of barrier formation was also observed. Next, we
probed for expression of the Na*/K* ATPase transporter to assess
the presence of a polarised plasma membrane. Na*”K* ATPase is
predominantly expressed on the apical RPE surface where
it facilitates the process of photo-transduction. Apically
expressed Na*/K* ATPase is also linked with a highly differenti-
ated, polarised RPE phenotype™. We detected Na*/K* ATPase
in some but not all cells, although expression appeared to be
limited to the apical RPE surface (Figure 4L.). We also probed
for the cell-specific retinoid isomerohydrolase RPE65 marker to
confirm identity of RPE cells in the monolayer (Figure 4M-P).
RPEG65 was observed as punctate, cytoplasmic staining as reported
by others™ and confirmed the identity of RPE cells in long-
term culture. Next, we assessed the extent to which ARPE-19
monolayers on transwells adopt ultrastructural features of
native RPE. We describe a convenient technique by which
transwell membranes can be sectioned into smaller segments
to be embedded in resin blocks for TEM studies (Figure 5). We
observed evidence of numerous microvilli on the apical RPE
surface (Figure 6A) and infolded/convolutions of the basolateral
cell membrane (Figure 6B), characteristic of native RPE. Micro-
graphs also showed details of intracellular organelles including
mitochondria, compartments in the endocytic-lysosomal path-
way and pigment molecules (Figure 6C-E). Mitochondria,
for instance, appear in cross-section as a double membrane-
bound structures with luminal cristae, whilst vesicles contained
cargos of varying electron densities. The arrangements of these
organelles conformed to the apical-basolateral axis of native
RPE. Junctional complexes between RPE, detected previously by
immunofluorescence studies (Figure 4A—H), were also observed
at ultrastructural resolution as tight junctions and adherens
junctions along membranes at the apical region of RPE
cells (Figure 6F-G). These were observed as electron-dense
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Figure 8. Intracellular trafficking and processing of photoreceptor outer segments in a feeding assay. Cultures were pulsed with
photoreceptor outer segments (POS) bound to FITC. Cargo internalisation and trafficking via phagosomes/endosomes, lysosomes and
autophagy bodies were quantified at 2, 4, 6, 12, 24 and 48 hours. Following internalisation, POS were detected [A-B] in Rab 5 early
vesicles by 2-4 hours. These diminished over time as cargo appeared [C-D] in Rab 7-positive compartments. [E-F] At 6 hours, a large
proportion of POS were present in early lysosomes and [G-H] in LAMP2 vesicles by 12-24 hours. [I-J] Cargos appeared in LC3B-positive
autophagy bodies afterwards which were present up to 48 hours. Images show representative confocal images with quantification (n=10
cells/compartment/time point) in 2 independent experiments. Inserts show extent of co-localisation in red (R) and green (G) channels using
an unbiased quantification method by Volocity. Data is presented as mean + SEM and sourced in part from material published previously'®*°
under the Creative Commons licence.
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regions indicating points of cell-to-cell contact and associated
with desmosomes in some instances.

Validation studies

Establishment of an effective trans-epithelial barrier is a key
feature of native RPE, and one that can be readily meas-
ured in transwell cultures. We carried out TEERs of ARPE-19
cultures over an approximately 3 month period. A stable elec-
trical gradient was established following 6 weeks in culture
(Figure 7A), after which there were no appreciable changes to
the barrier (Figure 7B). An average TEER value of 40.72 Q/cm?
was noted once cultures had established a stable barrier
in-line with previous reports’>*. Polarised secretion of molecules
towards the overlying neuroretina and the underlying choroid
is an important feature of RPE cells"”. Proteins such as VEGF
and PEDF that are synthesised/secreted by RPE are known to
possess pro-angiogenic and neuroprotective effects, respectively'.
Directional secretion of such molecules can easily be quantified
in transwell compartments once cells establish an effective
trans-epithelial barrier. To assess if this was achieved in
culture we measured VEGF and PEDF levels in conditioned
media using two different ELISAs. ARPE-19 cells secreted
VEGF through both apical and basolateral surfaces at con-
centrations of 0.942 + 0.035ng/ml and 2.852 + 0.145ng/ml,
respectively. VEGF secretion towards the choroid was there-
fore significantly higher compared to amounts released towards
the neuroretina (Figure 7C). PEDF levels were also secreted
via both surfaces at concentrations of 16.95 =+ 0.72ng/ml
(apical) and 25.05 + 3.93ng/ml (basal). Statistically, there
were no differences in amounts of PEDF secreted towards the
choroid or neuroretina (Figure 7D). Next, we assessed the
ability of cultured ARPE-19 cells to bind and internalise POS
cargo. In-situ RPE daily internalises and proteolytically degrade
POS from overlying photoreceptors, the impairment of which
plays a key role in retinopathy'. POS-FITC cargos were fed
to 4 month old monolayers using a pulse-chase method described
previously”. Each compartment in the endosome/phagosome-
lysosomal and autophagy pathway was assessed at 2, 4, 6, 12,
24 and 48 hours for the extent of co-localisation with fluo-
rescently-labelled POS. Cargos initially appeared in early
Rab 5 compartments (Figure 8A-B), which by ~6 hours had
trafficked to Rab 7 late vesicles (Figure 8C-D). Between
6-12 hours, a large proportion of cargo had co-localised to
early LAMP1 (Figure 8E-F) and mature LAMP2A lysosomes
(Figure 8G-H). 48 hours after the pulse-chase assay was
initiated, a large proportion of cargo appeared in LC3B-positive
autophagy bodies (Figure 81-J).

Dataset 1. Raw data underlying Figure 2

http://dx.doi.org/10.5256/f1000research.15409.d209252

Dataset 2. Raw data underlying Figure 4 and S1

http://dx.doi.org/10.5256/f1000research.15409.d209253

Dataset 3. Raw data underlying Figure 6

http://dx.doi.org/10.5256/f1000research.15409.d209254
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Dataset 4. Raw data underlying Figure 7

http://dx.doi.org/10.5256/f1000research.15409.d209255

Dataset 5. Raw data underlying Figure 8

http://dx.doi.org/10.5256/f1000research.15409.d209256

Discussion

In this article, we describe a convenient protocol by which
users can rapidly establish and study RPE cells in long-term
culture. We used the human ARPE-19 cell-line, although the
approaches described herein may be adopted for studying
RPE from a variety of sources. We provide examples from our
own laboratory as well as other groups to highlight the type of
questions which investigators could realistically address using
this model. These are by no means exhaustive as there is a
considerable amount of literature that is beyond the scope of this
article. Readers are directed to accompanying citations as well
as to a special issue of Experimental Eye Research for detailed
reviews covering specific aspects of RPE biology’*; Retinal
Pigment Epithelium cell culture: Current standards and techni-
cal criteria for model systems (2014, Volume 126; 1-84, Edited
by Bruce A. Pfeffer and Nancy J. Philp). We also discuss the
versatility of transwell culture models as well as advantages and
limitations of APRE-19 cells in particular, and where in-vitro
models could replace similar work carried out in animals.

The use of transwell inserts to culture RPE is widely accepted
as the best method to study this cell-type and to model
dysfunction of this important tissue in-vitro. This has led to a
plethora of studies in which RPE cells from different sources have
been cultured on transwell systems'®'”'"~ > The use of tran-
swell supports appear to mimic important structural features of
the BrM, as cells displayed desirable structural and func-
tional features of native RPE. Limitations to this approach
are driven largely by the source/type of RPE cells as well as
differences in culture conditions. For instance, the culture of
hfRPE on transwell inserts produced what some consider to be
the holy grail of RPE culture by mimicking drusen formation
associated with complement activation™. Further advances in RPE
modelling were made by culturing PSC-RPE from Sorsby
fundus dystrophy, Doyne honeycomb retinal dystrophy/malattia
Leventinese and autosomal dominant radial drusen patients,
which recapitulated important RPE-associated disease features
in-vitro’®. Use of the ARPE-19 cell-line by contrast, which had
been in use for significantly longer, appeared to be less attrac-
tive. When cultured under certain growth conditions these cells
failed to replicate directional secretion of proteins, showed limited
evidence of pigmentation and impaired retinoid metabolism as
well as poor expression of markers PMEL17, BEST1, CRALBP
and MerTK”*7. More recently however, it has been demon-
strated that when cultured under optimised growth medium on
transwell inserts for extended periods, ARPE-19 cells regain a
phenotype and gene expression profile comparable to that of
native RPE cells*+**. Moreover, recent improvements to ARPE-19
culture meant that features that were difficult to reproduce
previously including directional secretion of proteins, apical-
basolateral morphology, pigmentation, internalisation of POS
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and expression of mRNA/proteins in retinoid metabolism have
all been successfully recapitulated'®”. In fact, when cultured
for ~4 months, the genetic profile of ARPE-19 cells were found
to be comparable to hfRPE and PSC-RPE*. Through the adop-
tion of high glucose and sodium pyruvate media described by
Ahmado and colleagues™ as well as other advances described
herein, we and others have collectively improved the capac-
ity to exploit ARPE-19 cells to model specific aspects of
retinopathy under culture conditions. For example, we have
shown that after two months in culture, VEGF and PEDF are
secreted by ARPE-19 at concentrations similar to levels reported
in hfRPE'®*. In-vitro models such as those described herein
provide a convenient method to assay directional secretion of
molecules which would otherwise be challenging to study
using in-situ RPE in mouse models. We also show the
presence of desirable ultrastructural features after 2 months in
culture including apical-basolateral specialisation and presence
of apically distributed pigment which typically become visible
without a microscope after 3—4 months in culture'®*. Similarly,
for the first time, we report the presence of RPE65 and the
apical expression of Na'/K* ATPase after just 2 months in
culture'®. Na*/K* ATPase expression however was limited to a
sub-population of RPE cells. A similar observation was made
by others after 15 weeks in culture”, suggesting a potential
limitation of this cell-line. Given that the expression of this
transporter is correlated with the increased pigment™, we rec-
ommend maintaining ARPE-19 cultures for 2-4 months before
carrying out any studies on trans-epithelial transport.

ARPE-19 cells express the appropriate surface receptors
and ligands for binding to POS. Investigators have therefore
exploited these cells to study cargo trafficking and impairment
of this process which is associated with disease’”. However,
some caution is advised as post confluent ARPE-19 cells
were reported to internalise cargo after only 2 weeks without
expressing MerTK (for POS internalisation) or ITGAV (for
POS recognition/binding) receptors until at least 4 months
in culture’®. We therefore recommend that POS binding and
trafficking studies should only be carried out after this period.
Investigators should also note that cargo trafficking rates
differ somewhat between primary RPE and ARPE-19 cells with
slower speeds reported in the latter’®. Using a pulse-chase assay
we used cultures to obtain a detailed timeline of POS trafficking
in ARPE-19 cells'®*". Our findings reveal the time wise entry of
POS to Rab 5-positive early compartments followed by Rab 7
late vesicles and appearance in lysosomes between 6—12 hours.
Cargos were detected in LC3B autophagy bodies as late as
48 hours after pulse chase, although a majority of cargo were
degraded within 16-20 hours as reported before’. Impor-
tantly, such new information defining trafficking rates in heathy
cells may be used as a reference point in modelling specific
disease conditions, and how they affects POS processing and
degradation linked to retinopathies. These studies are far
easier to manipulate and carryout under in-vitro conditions hence
investigators may prefer to eschew mouse models for this type of
work.

F1000Research 2018, 7:1107 Last updated: 15 JAN 2020

Another important feature of the RPE modelled under in-vitro
conditions is their capacity to develop and form junctional
complexes integral to creating the BRB'*. Although we observed
the expression of early and mid-late barrier complexes after
2 months in culture by confocal microscopy as well as tight
junctions and adherens junctions at ultrastructural resolution,
ARPE-19 cells appear to be less well suited to barrier studies.
Z0-1 is reported to shuttle to/from the nucleus depending on the
extent and maturity of tight junctions’~’. We observed strong
ZO-1 staining in cell margins as well as in nuclei after 8 weeks,
suggesting a potentially incomplete maturation of the barrier.
Staining for occludin was also limited to circumferential tight
junctions. 15 week old ARPE-19 cells however displayed a
stronger pattern of staining for ZO-1 and occludin®, suggest-
ing a degree of on-going barrier maturation at earlier time
points (8 weeks) at which our experiments were carried out.
Immature and/or incomplete barrier complexes appear to be
reflected in low TEER values for ARPE-19 cells, which is
seldom reported to exceed 50 Q/cm**. We recorded an
average TEER of 40.7 Q/cm? over a 3 month period, which
was substantially less compared to values of 200-1500 Q/cm?
reported in RPE cells from other sources™. For these reasons
we do not advocate the use of the ARPE-19 cell-line for barrier
studies.

In summary, this article provides an in-depth set-up and
validation protocol for establishing a culture model of the outer
retina using the widely utilized ARPE-19 cell-line. We also
discussed advantages and limitations of transwell models in
general and ARPE-19 cells in particular, so that users may
best exploit this versatile system for their studies. Advantages
over mouse models such as (1) its use as a viable alternative,
(2) ability to rapidly generate functional RPE monolayers
akin to native tissues, and (3) ability to reproduce disease
features that could only be previously studied in mice'****°, makes
in-vitro models of the outer retina especially attractive. Their
versatility is further demonstrated by studies in which the sur-
face of transwell membranes are directly modified to mimic
effects of aging®. Investigators are also well-placed to take
advantage of new developments in stem-cell technology and
refinements to in-vitro cultures described herein®* as well
as a plethora of artificial BrM substrates on offer. The latter
may be set-up and assembled similarly to transwells by using
commercially available products such as CellCrown™ inserts
(Sigma, UK). The growing interest in microfluidic devices
allow laboratories to model relationships between the RPE
vs. choroidal endothelial cells and blood flow by incorporat-
ing the latter into transwell devices. These advances combined
with the development of fast/high-resolution imaging and
new 3D imaging platforms such as serial block face scanning
electron microscopy and Lightsheet are likely to usher in further
opportunities to exploit in-vitro models. Consequently, inves-
tigators may wish to consider these culture models as attrac-
tive alternatives to using animals, or at least as powerful new
tools to be exploited in parallel that will also have the benefit
of reducing and replacing animals used in research.
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Figure S1: Secondary antibody controls used to detect Retinal Pigment Epithelium proteins in ARPE-19 cultures on transwells.
[A-C] Probing with goat anti-rabbit Alexa 594 (red) or [D-F] goat anti-mouse Alexa 594 (red) produced no signals. Nuclei were

labelled with DAPI (blue). Scale bars correspond to 20 um.
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lan J. Jackson
MRC Human Genetics Unit, Institute of Genetics and Molecular Medicine, University of Edinburgh,
Edinburgh, UK

This paper is describing the culture of ARPE-19 cells on fibronectin-coated membranes. Cultures of
ARPE-19 cells have been used for some time as models of retinal pigment epithelium. Other cell types
are used: human fetal RPE cells, pig or mouse primary RPE cells and latterly human induced pluripotent
stem cells and embryonic stem cells. The method described overall is not novel, but it is very well
documented in considerable detail in this paper. The use of ARPE-19 cells has some merits in terms of
reproducibility.

Whilst differentiated iPS cells from patients is a means of investigating diseases processes in vitro, this is
time consuming and technically challenging. On the other hand ARPE-19 cells have been edited by
CRISPR and could be used to the same ends possibly more easily. Further engineering of ARPE-19 cells
could introduce, for example, reporters for live imaging.

The methodology is clear and the protocols are detailed.
The results as presented are clear. Once downloaded and unzipped, the source data are clear

In the Abstract the authors say that they are describing a model of the outer retina incorporating the RPE
and the supportive Bruch's membrane. | think it is debatable whether this is a good model of Bruch's
membrane; there isn't a full barrier established, for example. In their characterisation they compare their
data to previously published data from other systems; this isn't ideal as there could be protocol and lab
differences. It would also be worth noting in the Discussion that previous work (Ablonczy et al 2011, their
ref 22) has compared ARPE-19 cells to human fetal RPE cells grown on permeable filters and concluded
that hfRPE cells were a better model. They concluded that ARPE-19 cells resembled a pathological RPE.

Are a suitable application and appropriate end-users identified?
Yes
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If applicable, is the statistical analysis and its interpretation appropriate?
| cannot comment. A qualified statistician is required.

Are the 3Rs implications of the work described accurately?
Yes

Is the rationale for developing the new method (or application) clearly explained?
Partly

Is the description of the method technically sound?
Yes

Are sufficient details provided to allow replication of the method development and its use by
others?
Yes

If any results are presented, are all the source data underlying the results available to ensure full
reproducibility?
Yes

Are the conclusions about the method and its performance adequately supported by the
findings presented in the article?
Partly
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Overview:

This article aims to address the utilisation of a viable, in vitro, retinal pigment epithelium (RPE) cell culture
model, as an alternative to animal models, for disease elucidation and the ageing mechanism.
Specifically, the article describes a novel, step-by-step, technique to establish an experimentally versatile
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model of the outer retina- incorporating the RPE monolayer and associated Bruch’s membrane (BrM).

General Assessment:

Introduction: Concise overview and summary of RPE cells and aligns the importance of this layer and to
disease aetiology. Examples of current in vivo models used for the assessment of retinal pathobiology is
mentioned and the exploitation of mice is emphasised appropriately- although the inclusion of absolute
specific numbers of rodents/mice should be stated if possible. For completeness of 3R, a sentence
regarding in silico/computational alternate retinal models should be included in the Introduction. The
authors correctly highlight the importance of a suitable microenvironment to the induction/differentiation of
the (RPE) cells and emphasis is placed on Transwells. However, a brief mention of additional
stimuli/factors should also be elaborated upon including use of hydrogels, co-culture, surface topography,
surface geometry/curvature, growth factors- see literature. Good overview of ARPE-19 cells- with
emphasis of it being human cell line. Should a critique of the use of human donor tissue/cells be
mentioned- from a 3R perspective?

M&M: It may be worth stating the original passage number of these cells, if known and/or since purchase,
as the culture methodology is dependent on low/high status c.f. Dunn et al., 1996, Ahmado et al., 2011,
Samuel et al., 2017. Would using 1% human serum and/or serum-alternative be possible- considering the
implication of the 3R? Why fibronectin coating and not the other ECM proteins/laminin/Matrigel- laminin is
a component of basal RPE lamina? The coating exploits surface adsorption- why do you let the Transwell
“dry” overnight and how can you aspirate residual fibronectin if so- rather to “coat” overnight?
Confirmation of the presence of fibronectin coating was achieved by? Agitation during the coating
procedure? Is the ELISA a single timepoint at 2-months or cumulative collection of media- how is this
achieved when there are frequent media changes required? FBS contains exogenous (ECM) proteins as
well as VEGF and PEDF? Please state “room temperature” for TEER measurement (and POS)- | assume
that this was performed in a hood rather than “on the bench” hence airflow/room temperature
appropriate? Capital “T” for Transwell throughout.- registered product.

Protocol:

Step 1: Additionally filter step may be seen as “overkill’- an additional step could actually increase
infection risk- reagents can simply be added using aseptic technique? Please mention storage condition
and “warming-up” protocol for media. Discrepancy to name of “FBS” mentioned in the M&M and Table 1:
FBS = foetal calf serum; N4762 is newborn calf serum (NBCS)- difference in composition especially
antibodies and exogenous protein profile.

Step 2: Amend to ensure that the FN-coating step is mentioned before the seeding of cells- the former is
required before the latter and should also tally with Figure 1. What % confluency is reached before media
change? The 6-minute trypsin protocol is very exact- did you confirm visually under a microscope?
Over/under-incubating can be problematic as it may lead to selective population isolation- also, as the
author stated, longer-term cells generate their own ECM which will enhance the cells’ adhesiveness to the
substrate. Was a simple viability and cell count i.e. trypan blue performed- needs to be mentioned in Step
4- determine initial seeding densities?

Step 3: any agitation used during the coating process?

Step 3 (technical tip): fibronectin solution should never be vortexed/centrifuged either- also results in
“crashing out” of solution. Note that “steps” in Figure 1 and main text are out of synch- please amend e.g.
Step 3 in Figure 1 is “seeding” whereas in the text, Step 4 is seeding the Transwell.

Step 4: State volume applied to apical and basal compartments prior to seeding? What volume was the

Page 24 of 27



FIOOOResearch F1000Research 2018, 7:1107 Last updated: 15 JAN 2020

cell suspension when adding to the Transwells- possible sink conditions? Clarify what “obvious signs of
pigmentation is”.

Step 4 (technical tip): was there a slight agitation when cells were first added to ensure uniform coating
of substrate?

Step 5: Steps out of sync with Figure legend. Can anything about morphology be discussed from the
images? The study emphasises the long-term ability of the culture conditions i.e. 2-4 months- do you have
any associated images for the extended timepoints to indicate viability and/or correct phenotype?
Previous researchers have exploited wax embedding as a way to preserve/protect the samples before
imaging- similar to your TEM preparation- any reason/justification/mention of the suitability? Capital A in
antibodies. What confocal was used and associated operating conditions required. Could Figure 4, panel
I, J and K be recomposed with the same magnification/scale as the other panels- allow easier
comparison. State timepoint of image acquisition- assuming 2 months based on RPE65 sentence? Full
name for NGS required- normal goat serum?

Step 6: State the dimensions/manufacturer of the embedding capsule used. Details for Reynold’s Lead
stain required i.e. citrate? concentration, time.

Isolation of POS: Please state pore size/manufacturer for the surgical gauze used for filtration.

POS feeding assay: how were the samples chilled/incubated to 17°C- state instrument used and/or
humidified/gaseous incubator? Optimal internalisation occurs at 37°C- so why 2 hours at 37°C same as
30 minutes at 17°C?

Results: Authors comment on attachment and spreading characteristics but have not alluded to what is
ideal/typical of RPE cells- expansion needed regarding morphology of cells. Growth, per se, has not really
been documented- absolute cell count, mitochondrial activity assessmenti.e. MTT/XTT/MTS assays
required alongside a complementary LDH-release profile would fully confirm that the cells are active, alive
and not subject to (induced) death i.e. apoptosis or necrosis. No cell numbers are mentioned throughout
the long-term culture aside from the initial cell seeding density and justification of contact inhibition.
Appropriate representative markers have been selected and results suggest that the cells are of the
correct phenotype, barrier formation and correct functionality.

Discussion: A good descriptive and critical overview is provided by the authors. However, there is actually
no direct incorporation of a Bruch’s membrane e.g. ex vivo tissue or biomimetic collagen-elastin substitute
within this study which contrasts the statement(s) made in the Abstract and Research Highlights. The
authors also point out the shortfall of their model e.g. ATPase expression, TEER/barrier function, POS
binding. | would like a bit more discussion with regards to how this technique/protocol could be applied to
mimic diseased states- is it simply culturing cells from (diseased) donor tissues/cells? Would a full
(re)validation of culture conditions be required or is the assumption that Transwell plus culture media
optimisation would suffice? Could this be incorporated within a 3D model? Multilayer/co-culture format?
Slight expansion on future integration in ocular toxicity assessment and drug discovery would be
beneficial.

References: All appropriate- suitable and up-to-date

Supplementary material: All appropriate and relevant
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Are a suitable application and appropriate end-users identified?
Yes

If applicable, is the statistical analysis and its interpretation appropriate?
Yes

Are the 3Rs implications of the work described accurately?
Yes

Is the rationale for developing the new method (or application) clearly explained?
Yes

Is the description of the method technically sound?
Yes

Are sufficient details provided to allow replication of the method development and its use by
others?
Yes

If any results are presented, are all the source data underlying the results available to ensure full
reproducibility?
Yes

Are the conclusions about the method and its performance adequately supported by the
findings presented in the article?
Yes
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