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ABSTRACT

The advancement of human retinal pigment epithelial cell (hRRPE) replacement therapy is
partly dependent on optimization of cell culture, cell preservation, and storage medium.
This study was undertaken to search for a suitable storage temperature and storage
medium for hRPE. hRPE monolayer sheets were cultured under standard conditions at
37°C and then randomized for storage at six temperatures (4°C, 16°C, 20°C, 24°C, 28°C,
and 37°C) for seven days. After revealing a suitable storage temperature, hRPE sheets
were subsequently stored with and without the silk protein sericin added to the storage
medium. Live dead assay, light microscopy, transmission electron microscopy, pH, and
phenotypic expression of various proteins were used to assess cell cultures stored at
different temperatures. After seven days of storage, hRPE morphology was best preserved
at 4°C. Addition of sericin to the storage medium maintained the characteristic morphology
of the preserved cells, and improved pigmentation and levels of pigmentation-related

proteins in the cultured hRPE sheets following a seven-day storage period at 4°C.
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1. INTRODUCTION

Loss of healthy retinal pigment epithelial (RPE) cells can lead to visual impairment and
blindness. Diseased RPE cells may lose pigment, proliferate, migrate, and
transdifferentiate into other cell types (Kuznetsova, et al., 2014), thereby playing a key role
in the development of several eye diseases, including age-related macular degeneration
(AMD), Stargardt macular dystrophy (SMD) and some forms of retinitis pigmentosa (RP)
(Jager, et al., 2008; Kuznetsova, et al., 2014; Schwartz, et al., 2014). These conditions are
among the leading causes of vision loss and blindness in our part of the world (Friedman,
et al., 2004; Schwartz, et al., 2014). The number of people with AMD is estimated to be
20-25 million people worldwide (Cavallotti & Cerulli, 2008). In line with the expected
demographic changes, the prevalence of these sight-threatening eye diseases is predicted
to increase in the coming years (Cavallotti & Cerulli, 2008). Patients with RPE dysfunction-
related diseases experience significant reductions in quality of life (Casten & Rovner,
2008), reduced ability to participate in valued activities (Rovner & Casten, 2002), and
heavily rely on rehabilitative services. Diseases involving RPE cells therefore represent a
major medical and socioeconomic challenge.

The retinal pigment epithelium is a hexanocuboidal monolayer of pigmented cells
that is essential for the maintenance and survival of the photoreceptor cells, and in
regulating the integrity of the choroidal capillaries (Strauss, 2005). RPE transplantation
aims to reverse vision loss and has emerged as a promising treatment modality for several
eye disorders, including AMD, SMD, and RP (da Cruz, et al., 2007). Recently, clinical
studies using transplantation of human ex vivo cultured RPE cells have been reported
(Schwartz, et al., 2014). Interestingly, several studies have revealed that transplantation of
RPE cells into different areas of the brain successfully reverse parkinsonian deficits in rats,
monkeys, and patients with Parkinson disease (Stover, et al., 2005; Watts, et al., 2003;
Yin, et al., 2012). In addition, studies on the plasticity of RPE stem cells have revealed

their ability to transform into osteogenic, chondrogenic, adipogenic, and myogenic cell
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types (Salero, et al., 2012). Thus, RPE cell replacement may have curative potential in a
wide array of disorders, and is not limited to diseases solely related to vision.

While the potential of RPE cell transplantation as a therapeutic strategy in
improvement of several diseases has been clearly established by the extensive research
in this field over the past two decades, a considerable amount of work is still required to
refine the tissue engineering process. This includes not only optimization of cell culture
and storage protocols to maximize the quality of target tissue prior to transplantation, but
also exploration of additives that can promote neuroprotection of cells adjacent to the
transplanted tissue. One such additive, sericin (C3oH40N10016), a protein produced by
Bombyx mori (silkworm), has been used as a serum substitute and an additive for cell
cultures (Cao & Zhang, 2017). We have previously reported that sericin promotes
pigmentation of cultured RPE by inducing the NF-kB pathway and upregulates genes
related to pigmentation (Eidet, et al., 2016). In the present study, we aimed to explore if
sericin could benefit in RPE preservation.

Tissue engineering laboratories require specialized facilities and are subject to high
safety and quality standards. A limited number of laboratories are able to meet these
requirements. This will likely be a barrier to the potentially widespread future use of tissue
engineered RPE cells in the clinic. Optimization of storage temperature for cultured cells is
of importance because it can enable transportation of the cultured cells from centralized
laboratories to clinics worldwide (Van Buskirk, et al., 2004). Additionally, it can facilitate
sufficient time for quality control and microbiological testing (Van Buskirk, et al., 2004).
However, the optimal temperature for short-term storage of normal and differentiated RPE
cell cultures has not yet been established.

In the present study, we: (a) aimed at identifying a suitable storage temperature for
human retinal pigment epithelial (RRPE) cells, and (b) investigated if an alternative storage

medium additive could improve the pre-transplantation hRPE cell quality. Based on
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literature on storage of cultured epithelial cells (Utheim, et al., 2007) and an RPE cell line
(Pasovic, et al., 2013b), we hypothesized that storage temperatures between 4°C and

37°C differently affect the viability, phenotype and morphology of cultured hRPE cells.

2. MATERIALS AND METHODS

2.1. Materials

We obtained normal hRPE and complete epithelial cell medium (EpiCM) from ScienCell
Research Laboratories (San Diego, CA). Dulbecco’s Modified Eagle’s Medium (high
glucose, with pyruvate; hereafter named DMEM) and 4',6-diamidino-2-phenylindole (DAPI)
were purchased from Sigma Aldrich (St Louis, MO). Nunclon A surface 96-well plates,
pipettes and other routine plastics were obtained from VWR International (West Chester,
PA). Rabbit polyclonal anti-tyrosinase (clone H-109) and premelanosomal protein-17
(Pmel17; clone B1510) antibodies were acquired from Santa Cruz Biotechnology (Dallas,
TX). Mouse monoclonal anti-cellular retinaldehyde-binding protein (CRALBP; clone B2)
was from Abcam (Cambridge, UK). Mouse monoclonal anti-proliferating cell nuclear
antigen (PCNA; clone PC10) was purchased from DAKO (Glostrup, Denmark). Secondary
fluorescein isothiocyanate (FITC) and cyanin 3 (Cy3) conjugated anti-mouse or anti-rabbit
antibodies were from Abcam. Mouse anti-zonula occludens 1 (ZO-1; clone L1212) and

Live/Dead viability assay were from Invitrogen (Carlsbad, CA).

2.2. Cell Culture

Third passage hRPE cells were seeded (7.000 cells/cm?) in complete EpiCM on Nunclon
A surface 96-well plates and cultured under routine conditions with 95% air and 5% CO, at
37°C as described elsewhere (Eidet, et al., 2016), with the following modification: after two
days, EpiCM was replaced with DMEM containing 4.5 g/l glucose and pyruvate, 1 %

sericin, and 10.000 U penicillin/10 mg streptomycin at a final concentration of 1%
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(Ahmado, et al., 2011). The culture medium was changed every two days, and the hRPE

cells were maintained in culture for a total of nine days.

2.3. Cell Storage

Following the nine-day culture period, we replaced the culture medium with a storage
medium consisting of 0.3 ml Minimum Essential Medium (MEM), 25 mM 2-[4-(2-
hydroxyethyl)piperazin-1-yllethanesulfonic acid (HEPES), 22.3 mM sodium bicarbonate,
and 50 ug/mL gentamycin. Twenty-one multiplates (three for each storage temperature,
and three unstored multiplates) were randomized for storage at six temperatures (4°C,
16°C, 20°C, 24°C, 28°C, and 37°C) or processed immediately for analyses without storage
(control). The cultures were sealed with parafilm and stored for seven days in custom-built
storage containers without CO, supply. The storage containers and temperature stability
during storage have been previously described (Pasovic, et al., 2013b). Additionally, the
temperature inside each storage container was checked daily throughout the experiments.
2.4. Light Microscopy

Three representative photomicrographs from each culture group were captured using a
Leica DM microscope and Canon EOS 5D mark Il camera at 200x magnification. To
assess the fraction of pigment-containing cells in light microscopy photomicrographs, two
investigators counted the number of pigment-containing cells and related it to the total
number of cells to obtain the percentage of pigment-containing cells. The investigators

were blinded to the origin of the different cultures.

2.5. Live/Dead Viability Assay
After storage, the cultures were incubated at 37°C for 30 minutes with phosphate-buffered
saline (PBS) containing 1.0 uM calcein-acetoxymethyl ester (CAM) and ethidium

homodimer-1 (EH-1). Photomicrographs were captured at 200x magnification at pre-
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determined locations in the culture wells using a Nikon Eclipse Ti fluorescence microscope

with a DS-Qi1 black-and-white camera and a motorized stage.

2.6. Immunofluorescence

Following seven-day storage, the cells were fixed in 100 % ice-cold methanol for 15
minutes and subsequently washed three times with fresh PBS. Fixed cells were incubated
for 45 minutes at room temperature in a blocking buffer consisting of 10 % goat serum, 1
% bovine serum albumin (BSA), 0.1 % Triton X-100, 0.05 % Tween-20, and 0.05 %
sodium azide in PBS. Cells were then incubated overnight at 4°C with primary antibodies
diluted in blocking buffer (Table 1). FITC-conjugated and Cy3-conjugated secondary
antibodies were diluted (1:3000 and 1:250 respectively) in PBS with 1% BSA and
incubated for one hour at room temperature. The cultures were thereafter rinsed three
times in PBS and incubated with 1 ug/mL DAPI in PBS to stain cell nuclei before a final
wash with PBS. Photomicrographs were captured at 200x magnification at pre-determined
locations in the culture wells using a Nikon Eclipse Ti fluorescence microscope with a DS-
Qi1 black-and-white camera and a motorized stage. The exposure length and gain was
maintained at a constant level for all samples and the fluorescence intensities of the FITC
or Cy3 fluorochromes, which were conjugated to the secondary antibodies, were within the

dynamic range of the camera.

2.7. ImageJ Analysis

A combined CAM/EH-1 viability assay permitted the simultaneous quantification of CAM-
stained viable and EH-1-stained dead cells using custom-made macros with the freely
available software ImageJ (National Institutes of Health, Bethesda, MD). In brief, unevenly
transmitted light (rolling=50) was subtracted from all 16-bit photomicrographs using the
“Subtract Background”-command in ImagedJ before they were converted to binary photos,

as reported elsewhere (Khan, et al., 2016). The “Analyze particles”-command was then



163  used to automatically count the number of EH-1 stained nuclei. The culture well area

164  covered by CAM-stained cells was automatically measured using the “Area Fraction”-

165 command.

166 Phenotype was assessed by measuring mean fluorescence intensity within regions
167  of interest (ROI) by custom-made macros for Imaged (Figure 1). First, unevenly

168 transmitted light was removed using the “Subtract Background”-command. Then, ROI

169  were automatically created around each nucleus in the binary DAPI-stained images.

170  These selections were then restored in the 16-bit PCNA-stained photomicrographs and
171  expression of the nuclear marker PCNA was subsequently measured within the image
172  area covered by the DAPI-stained cell nuclei (Khan, et al., 2016). For the cytosolic

173 markers CRALBP, Pmel17 and tyrosinase, the selections created around the DAPI-stained
174  cell nuclei were enlarged by ImageJ to enclose the cytosolic area. This was facilitated

175  using the “Voronoi’-command. Expression of CRALBP, Pmel17 and tyrosinase was then
176  measured similarly in the cytosol. By using this method, we were able to normalize for

177  difference in cell density in each photomicrograph.

178 2.8. Transmission Electron Microscopy
179  The unstored control and stored cultures of hRPE cells were processed for transmission

180  electron microscopy (TEM) analysis as previously described (Raeder, et al., 2007). In
181  brief, ultrathin sections (60—70 nm thick) were cut on a Leica Ultracut Ultramicrotome
182  (Leica, Wetzlar, Germany) and examined using a CM120 transmission electron

183  microscope (Philips, Amsterdam, the Netherlands).

184 2.9. pH Measurement
185  pH of cell cultures was assessed manually at room temperature using pH indicator paper.

186
187 2.10. Statistical Analysis

188  Statistical analysis was performed using IBM SPSS Statistics for Macintosh version 22.0

189  (IBM Corp, Armonk, NY). The Kruskal-Wallis test for nonparametric analysis of variance
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was employed for comparing three or more groups, while the Mann-Whitney U-test was
used to compare two groups. A two-tailed P-value less than 0.05 was considered
significant. Data are expressed as mean + standard deviation. For all experiments, the

number of N (or the number of independent samples) relates to the number of wells.

3. RESULTS

3.1. Effect of Storage Temperature on Cultured Human Retinal Pigment
Epithelial Cell Viability

To study the impact of different storage temperatures on hRPE cell survival, we measured
the culture well area covered by CAM-stained live hRPE cells. Except for storage at 24°C,
which resulted in a reduced area of live cells (92.69% % 6.19%; P=0.03), no significant
reduction in live cells was found at the various storage temperatures compared to the
unstored control (Figure 2). Storage at the three lowest temperatures (4°C, 16°C and
20°C) typically, but not significantly, showed lower cell death values compared to control
(60% * 18%; P=0.11; 82% £ 12%; P=0.34; 68% + 5%; P=0.11, respectively), whereas
storage at the three highest temperatures (24°C, 28°C and 37°C) typically, but not
significantly, showed the highest cell death values compared to control (159% % 15%,
P=0.49; 127% £ 15%, P=0.99; 100% + 8%, P=0.99, respectively). The lowest cell death
count was observed at 4°C. The live dead assay indicates that storage temperature affects

viability of cultured hRPE cells.

3.2. Effect of Storage Temperature on Cultured Human Retinal Pigment
Epithelial Cell Phenotype

To assess the expression of various phenotypic markers in the cell cultures,
immunocytochemistry was employed, and protein levels were objectively measured using
Imaged (Figure 3). The level of Pmel17 in percentage of the control, a transmembrane

glycoprotein in pigmented cells (Berson, et al., 2001), was reduced across all storage
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temperatures compared to the control (P<0.05). The highest level of this protein was
observed at 16°C (62% + 0.08%), while the lowest level was seen at 4°C (30% % 0.13%).
The level of CRALBP in percentage of the control, another marker for differentiated hRPE
(Strauss, 2005), was highest at 16°C (111% £ 0.01%; P<0.05). The level of tyrosinase in
percentage of the control, a rate-regulating melanogenesis enzyme (Winder, et al., 1993),
was reduced at all storage temperatures compared to the control (P<0.05). The highest
level of this enzyme after storage was seen at 37°C (61% £ 0.001%), while the lowest
levels were at 20°C (19% = 0.01%). The level of PCNA, a proliferation marker, was
preserved at all storage temperatures, compared to the control. Collectively, no single

storage temperature consistently showed the most favorable RPE phenotype.

3.3. Cell Morphology
Light microscopy was performed to investigate the effect of storage temperature on the

morphology of stored hRPE cells. Prior to storage, the differentiated hRPE cells were
grown to confluence and they displayed characteristic hRPE morphology, i.e. hexagonal
cell shape, adequate cell-cell contact, and cytoplasmic pigmentation distinctive to RPE
(Figure 4A). After storage, morphology most similar to control was observed at 4°C (Figure
4B). At higher temperatures (16°C, 20°C, 24°C, 28°C, and 37°C) (Figure 4C-G), increased
intercellular space was observed and cells appeared to lose their characteristic hexagonal
shape. Cell shrinkage was observed at 37°C (Figure 4G). In addition, extracellular
pigmented granules were visible in cultures stored at temperatures above 4°C. The
fraction of pigment-containing cells was assessed (Table 2).

A phenotypic marker for tight junction proteins, zonula occludens (Z0O-1) was used to
assess the integrity of cell-cell junctions between different storage groups (Figure 5).
Control cultures not subjected to storage displayed profound ZO-1 staining (Figure 5A).

Following storage, cell-cell contact and ZO-1 staining were best preserved at 4°C and
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16°C (Figure 5B and C). Normal ZO-1 mediated cell-cell adhesion was generally not seen
at 28°C and 37°C (Figure 5F and G). Intercellular space appeared to increase
proportionally with storage temperature (Figure 5B-G). Collectively, morphology after

storage was best maintained at 4°C.

3.4. pH Measurements
Enzymes necessary for cellular function are most active at physiological pH (Boron &

Boulpaep, 2012). Hence, maintaining physiological pH is important in cell preservation. pH
in the storage medium was therefore manually assessed in all groups at the end of the
storage period by pH indicator paper. All pH measurements showed physiological pH

(pH=7 .4).

3.5. Optimization of Storage by a Serum-Free Additive
Using the optimal storage temperature based on the data reported above, i.e. 4°C, hRPE

cells were subsequently stored at 4°C with and without the silk protein sericin added to the
storage medium. The cells were cultured and stored with the same protocol described
above. After seven days of storage, live/dead assay showed no significant difference
between the two groups (P=0.13). However, higher levels of tyrosinase was detected in
cultures stored with sericin (141% £ 1%) in comparison to the cultures stored without
sericin (100% % 1%; P=0.03) (Figure 6A-C). In support of the results showing increased
levels of the pigmentation-related protein tyrosinase in sericin-stored cultures, a higher
level of premelanosome protein Pmel17 was detected in the cultures stored with 1 %
sericin (252% * 8%) compared to cells stored without sericin (100% % 6%; P=0.01) (Figure
6D-F). Both storage groups (+/- sericin) maintained morphology typical to hRPE as
described above, demonstrating hexagonal cell shape and adequate cell-cell contact
(Figure 6G-H). However, supplementing the storage medium with sericin appeared more
effective in maintaining cell pigmentation (Figure 6H). Melanosomes at different stages of

development were observed using TEM (Figure 7). Hence, these results show that storage
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medium supplied with the silk protein sericin does not alter hRPE viability or morphology

compared to control, but improves hRPE phenotype and pigmentation.

4. DISCUSSION
In this study, hRPE cell viability, phenotype, morphology, and pH status following seven

days of storage at six different temperatures ranging from 4°C through 16°C, 20°C, 24°C,
28°C, and 37°C, were assessed. We demonstrate that storage temperature affects cell
viability, phenotype, and morphology of cultured hRPE cells. Our results suggest that
pigmented hRPE cells are best preserved at a storage temperature of 4°C. We also show
that the silk protein sericin does not alter viability nor morphology compared to control, but
improves phenotype and pigmentation of cultured hRPE cells following a seven-day
storage period at 4°C.

In the present study, hRPE was stored at six different storage temperatures ranging
from 4°C to 37°C (4°C, 16°C, 20°C, 24°C, 28°C, and 37°C). A broader temperature range,
e.g. from -196°C, or -20°C, to 50°C could have been investigated, however, our selection
of temperatures was based on 1) relevant previous scientific literature (Pasovic, et al.,
2013a; Utheim, et al., 2007) and 2) practical considerations related to ease of hospital-
hospital transportation, intra-hospital transportation, and long-distance transportation
between tissue engineering laboratories and clinics.

Maintaining high viability of cultured hRPE cells following storage is critical in hRPE
cell replacement. High viability of the cells in the graft increases the success of
transplantation after transfer of the graft into the subretinal space (Wright, 2013). In a
previous study by our research group on the storage of the spontaneously immortalized
RPE cell line ARPE-19, cell viability varied considerably depending on storage
temperature (Pasovic, et al., 2013b). In the current study, however, storage temperature
did not affect cell viability to the same extent, with the exception of storage at 24°C. In

contrast to the differentiated and pigmented normal hRPE cells used in the current study,
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the ARPE-19 cells used in the previous study were from a non-pigmented cell line which is
relatively undifferentiated. Additionally, the ARPE-19 cells were cultured in a DMEM:F12-
based medium with 10% fetal bovine serum. Thus, the differences in cell type (normal
cells versus cell line), degree of differentiation/pigmentation, and culture media may
explain the dissimilarity in the results of the previous and present studies.

We demonstrate that storage temperature impacts cell viability in cultured hRPE
cells. The lowest cell viability following storage was seen at 24°C. Though not significant,
our data following storage further showed a tendency for relatively few dead cells in
cultures stored at temperatures between 4°C to 20°C and a relatively higher number of
dead cells in cultures stored at 24°C. This is in agreement with previous studies reporting
room temperature-induced cell death in several cell lines (Shimura, et al., 2000) and in
stored cultures of conjunctival epithelial cells (Khadka, et al., 2015). Some have
hypothesized that the change of cellular oxygen consumption at room temperatures
compared to other temperatures (4°C - 37°C) generates reactive oxygen species (ROS),
and that ROS subsequently induces cell death (Shimura, et al., 1997; Shimura, et al.,
2000).

Compared to the control, we show that 4°C was the best storage temperature for
maintaining cellular morphology. hRPE preserved at this temperature displayed classic
hRPE morphology, as demonstrated by the hexagonal cells of homogeneous size and
shape. Cell-cell contact, visualized by ZO-1, was also conserved, which contributes to the
maintenance of cell polarity (Van ltallie & Anderson, 2006). Moreover, ample hRPE cell-
cell contact plays a key role in upholding the in vivo differences of the chemical
composition between the subretinal extracellular space and the choroid (Maminishkis, et
al., 2006).

Additionally, cytosolic pigmentation was best maintained at 4°C. The pigmentation

of hRPE cells is critical to normal visual function (Strauss, 2005) for two main reasons:
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First, absorption of out of focus light by the RPE improves the quality of vision (Strauss,
2005). Second, the retina is almost continually exposed to ultraviolet light - a major factor
in the generation of ROS (Oduntan & Masige, 2011). ROS in turn cause oxidative damage
to cells and tissue and contribute to the pathogenesis of AMD (Oduntan & Masige, 2011).
The pigmentation of RPE facilitates UV light absorption (Strauss, 2005), and is therefore
necessary for the protection of vision. Levels of the pigmentation-associated proteins
Pmel17 and tyrosinase were not the highest in cells stored at 4°C compared to other
storage groups, but light microscopy showed more pigmented cells at this storage
temperature in comparison to higher storage temperatures. The latter finding is somewhat
unexpected since enzyme activity, e.g. the activity of tyrosinase, is related to temperature
and becomes reduced below 37°C (Boron & Boulpaep, 2012; Duarte, et al., 2012).
However, a possible cause of the lower percentage of pigment-containing cells found at
higher storage temperatures could be poorer cell integrity at these temperatures with
subsequent loss of pigment granules to the extra-cellular space.

The increased intercellular distance observed at higher temperatures (16°C, 20°C,
24°C, 28°C, and 37°C) might partly be attributed to the temperature-dependent membrane
permeability which allows transfer of molecules that subsequently cause osmolality-related
edema at higher temperatures, visualized in the cultures as increased intercellular
distance (Quinn, 1988). High membrane permeability is associated with high metabolic
activity because when there is an increase in membrane permeability and influx/efflux of
molecules, transmembrane ATPases increase in activity to ensure normal membrane
potential. These ATPases, including the sodium-potassium exchanger (Na+/K+ATPase)
consume substantial energy, and thus force the cells to up-regulate their metabolic activity.
Although normal, and even necessary in vivo (Boron & Boulpaep, 2012), this hypothesized
increase in membrane permeability may not be beneficial in cell preservation, as the aim

of cell storage is to keep the cellular activity (and thus the metabolic activity) at the very
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minimum, while still maintaining resemblance to the native tissue to assure proper cell
function upon transplantation. Hence, based on our results, the storage temperature that
best resembles native tissue in morphology is 4°C.

Supplementing the storage medium with the silk protein sericin at 4°C did not affect
hRPE viability, but increased the levels of the pigment-related proteins Pmel17 and
tyrosinase. Pmel17-expression is reported to correlate with melanin content (Kwon, et al.,
1991). The level of this protein was increased in cultures stored with 1% sericin in
comparison to the control cultures stored in storage medium without sericin. Consistent
with the phenotypic analysis, cultured hRPE cells stored with sericin appeared to be more
pigmented than the hRPE stored without sericin. Tyrosinase catalyzes the formation of
dihydroxyphenylalanine (L-DOPA) from L-tyrosine (Reinisalo, et al., 2012). L-DOPA is
thereafter converted into melanin (Wang & Hebert, 2006), which has several important
functions, including protection from ultraviolet radiation (Sanyal & Zeilmaker, 1988),
inhibition of lipid peroxidation (Memoli, et al., 1997), and neutralization of molecules toxic
to the cell (Double, 2006). The potential ability of sericin to enhance levels of tyrosinase in
hRPE is therefore beneficial in RPE tissue engineering. Our group has recently
demonstrated that sericin induces melanogenesis through activation of the NF-k8 pathway
(Eidet, et al., 2016). This is in contrast to the previously described anti-tyrosinase
properties of this protein (Aramwit, et al., 2010; Chlapanidas, et al., 2013). Since sericin is
a mix of proteins encoded by three different genes with different splice variants, the
difference in extraction techniques between the cited studies and the sericin employed in
our experiment may serve as a possible explanation. Further research is therefore needed
to investigate the specific peptides or pathways through which sericin has the observed
melanin-inducing effect.

The photomicrographs of cell cultures in the present study were automatically

analyzed using ImagedJ software in combination with custom-built macros (i.e. automated
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series of Imaged commands). In addition to better reproducibility, the application of ImageJ
macros has some other benefits over manual assessment; it facilitates objective
assessment that is free from human error and it uses a simple algorithm that can be
applied to large sample series, thereby reducing analysis time.

In conclusion, this study demonstrates that cultured normal and pigmented hRPE
cells, if stored between 4°C-37°C, are best preserved when stored at 4°C with sericin
added to the storage medium. Optimization of hRPE cell preservation is essential for the

future advancement of hRPE cell replacement therapy.

5. FIGURE LEGENDS

Figure 1: To assess the expression of various phenotypic markers in the cell cultures,
immunofluorescence was employed (A), and measurement of mean fluorescence intensity
using custom-made macros for ImageJ was performed as an indication of protein levels.
First, uneven image illumination was removed using the “Subtract Background”-command.
Then, each DAPI-stained nucleus was separated from the background noise by utilizing
the “Make binary”-function. Thereafter, bordering nuclei were separated by the
“Watershed”-command in order to avoid computation of adjoining nuclei as a single
nucleus. The resulting selections of cell nuclei (B) were then restored in the 16-bit PCNA-
stained photomicrographs and expression of the nuclear marker PCNA was subsequently
measured within the image area covered by the cell nuclei. For the cytosolic markers
Pmel17, CRALBP and tyrosinase, the selections created around the DAPI-stained nuclei
were enlarged by Imaged to enclose the cytosolic area (C). This was facilitated using the
“Voronoi’-command. Expression of Pmel17, CRALBP and tyrosinase was then measured

in the cytosol (D). Original magnification: 200x. Scale bars: 20 ym.

Figure 2: Cultured human retinal pigment epithelial cells (nRPE) were stored for seven

days at 4°C, 16°C, 20°C, 24°C, 28°C, and 37°C. Viability was objectively quantified using
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ImagedJ to measure calcein-acetoxymethyl ester (CAM)/ethidium homodimer-1 (EH-1)
fluorescence. (A) The bar chart shows culture well area covered by live cells normalized to
the unstored control cultures (100%). N=3 (three wells per storage temperature). Data are
expressed as mean = standard deviation. * P=0.028 compared to the unstored control. (B)
The bar chart displays number of dead cells normalized to the unstored control cultures
(100%). N=3 (three wells per storage temperature). Data are expressed as mean *
standard deviation. (C) The bar chart shows percentage of dead cells in each culture
condition. N=3 (three wells per storage temperature). Data are expressed as mean +

standard deviation.

Figure 3: Cultured human retinal pigment epithelial cells (nRPE) were stored for seven
days at 4°C, 16°C, 20°C, 24°C, 28°C, and 37°C. Cellular protein levels after storage were
compared to the unstored control (100%) by measuring mean fluorescence intensity within
the image area covered by cells. The bar charts show the mean fluorescence intensity of
immunofluorescence stainings with anti-premelanosomal protein-17 (Pmel17) (A), cellular
retinaldehyde binding protein (CRALBP) (E), tyrosinase (l), and proliferating cell nuclear
antigen (PCNA) (M) antibodies. Photomicrographs show anti-Pmel17 (B-D; red), anti-
CRALBP (F-H; red), anti-tyrosinase (J-L; red), and anti-PCNA (N-P; green).
Photomicrographs B, F, J, and N are representative of control cultures, whereas D, G, L,
and O are representative of cultures with the highest protein levels relative to control.
Photomicrographs C, H, K, and P are representative of cultures with the lowest protein
levels relative to control. Nuclei were stained with DAPI (blue). N=3 (three wells per
storage temperature). Data are expressed as mean + standard deviation. Original
magnification: 200x. * P<0.05 compared to all other groups. ** P<0.05 compared to all

other groups. *** P<0.05 compared to all other groups. Scale bars: 20 ym.
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Figure 4: Photomicrographs of cultured human retinal pigment epithelial cells (hRPE)
stored for seven days at 4°C (B), 16°C (C), 20°C (D), 24°C (E), 28°C (F), and 37°C (G).
Photomicrograph A is representative of unstored control cultures. Cells stored at 4°C best
resembled native tissue morphology as demonstrated by hexagonal cell shape, ample cell-
cell contact, and characteristic cytosolic pigmentation (arrows). Images are representative

of three wells per storage condition. Original magnification: 200x. Scale bars: 20 ym.

Figure 5: Immunofluorescence staining of tight junction protein zonula occludens (ZO-1)
(green) in cultured human retinal pigment epithelial cells (hRPE) showing presence of
tight-junctions between cells following storage at 4°C (B), 16°C (C), 20°C (D), and 24°C
(E). Small areas with absence of intercellular contact were observed at storage
temperatures 16°C (C), 20°C (D), and 24°C (E). Normal ZO-1 mediated cell-cell adhesion
was generally not seen at 28°C (F) and 37°C (G). Intercellular space is indicated by
asterixs. Nuclei were stained with DAPI (blue). All micrographs are representative of three

wells per storage condition. Original magnification: 200x. Scale bars: 20 ym.

Figure 6: To study the effect of the silk protein sericin on preservation of cultured human
retinal pigment epithelial cells (hRPE), cellular expression levels of tyrosinase, a key
enzyme responsible for melanin biosynthesis in hRPE, and premelanosomal protein-17
(Pmel17), a transmembrane glycoprotein in pigmented cells, were objectively measured
using immunofluorescence in addition to obtaining light microscopy photomicrographs. (A)
The bar chart shows the level of tyrosinase in hRPE cultures stored with or without 1 %
sericin for seven days at 4°C. Data are expressed as mean * standard deviation. N=4
(four wells per storage condition). *P=0.026. Immunostaining of anti-tyrosinase (red) in
hRPE cultures stored for seven days without (B) and with (C) sericin. Images are

representative of four wells per storage condition. Nuclei were stained with DAPI (blue).
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Original magnification: 200x. Scale bars: 20 um. (D) The bar chart shows the level of
Pmel17 in hRPE cultures stored with or without 1 % sericin for seven days at 4°C. Data
are expressed as mean + standard deviation. N=4 (four wells per storage condition).
**P=0.014. Immunostaining of anti-Pmel17 (red) in hRPE cultures stored for seven days
without (E) and with (F) sericin. Images are representative of four wells per storage
condition. Original magnification: 200x. Scale bars: 20 ym. Intracellular pigment in the
cultures stored with sericin (H) appeared to be more abundant than in the group without
sericin (G). Photomicrographs are representative of three wells per storage condition.

Original magnification: 200x. Scale bars: 20 ym.

Figure 7: (A) Transmission electron microscopy (TEM) image of cultured human retinal
pigment epithelial cells (hRPE) stored for seven days at 4°C with 1% sericin added to the
storage medium showing a polarized hRPE cell with tight junctions (TJ) and melanosomes
at different stages (I-1V). (B) TEM image of hRPE stored for seven days at 4°C without
sericin added to storage medium. The images are representative of three culture wells per
storage condition. TJ: tight junction, I: melanosome stage |, II: melanosome stage I, llI:

melanosome stage lll, IV: melanosome stage IV. Scale bars: 2 um.
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