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Abstract

e AIM: To investigate the retinal photoreceptor differen-
tiation potential of human orbital adipose tissue-derived
stem cells (ADSCs) generated by enzyme (EN) and ex-
plant (EX) culture methods.

e METHODS: We investigated potentials of human orbital
ADSCs to differentiate into photoreceptors through EN
and EX culture methods. EN and EX orbital ADSCs were
obtained from the same donor during rehabilitative orb-
ital decompression, and then were subject to a 3-step
induction using Noggin, DKK-1, IGF-1 and b-FGF at di-
fferent time points for 38d. Stem cell, eye-field and
photoreceptor-related gene and protein markers were
measured by reverse transcription-polymerase chain
reaction (RT-PCR) and immunofluorescent (IMF) staining.
e RESULTS: Both EX and EN orbital ADSCs expressed
CD133, a marker of cell differentiation. Moreover, PAX6
and rhodopsin, markers of the retinal progenitor cells,
were detected from EX and EN orbital ADSCs. In EX
orbital ADSCs, PAX6 mRNA was detected on the 17" day
and then the rhodopsin mRNA was detected on the 24"
day. In contrast, the EN orbital ADSCs expressed PAX6
and rhodopsin mRNA on the 31% day. EX orbital ADSCs
expressed rhodopsin protein on the 24™ day, while EN
orbital ADSCs expressed rhodopsin protein on the 31% day.
e CONCLUSION: Orbital ADSCs isolated by direct explants
culture show earlier and stronger expressions of markers
towards eye field and retinal photoreceptor differentiation
than those generated by conventional EN method.
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INTRODUCTION

etinal dystrophies and degeneration include a wide
R range of genetic or age-related disorders which are
characterized by the progressive and irreversible loss of ret-
inal photoreceptor cells and underlying retinal pigment epi-
thelium (RPE). Retinitis pigmentosa (RP), age-related macu-
lar degeneration (AMD), myopic maculopathy and Stargardt
disease are common examples which could lead to permanent
visual loss, for which there is no treatment to date!". As a
critical component of the mammalian central nervous system
(CNS), the human postnatal neurosensory retina shows poor
regenerative potential™. Therefore, stem cell and cell-based
replacement therapies may offer potential therapeutic strat-
egies”. Adipose tissue-derived stromal/stem cells (ADSCs)
have been shown to demonstrate similar cellular properties
and regenerative potential comparable to the prototypic
mesenchymal stromal/stem cells (MSC) - bone marrow mes-
enchymal stromal/stem cells (BMSC)™. In comparison with
BMSC, ADSC can be obtained in much larger quantities and
can be harvested by less invasive methods. ADSCs have been
frequently used for ophthalmic complications in the retina
and the cornea involving various ocular cells™™. In orbital
adipose depots obtained from patients undergoing surgery,
the pluripotential stem cells have been cultured and shown
to possess the potential to differentiate into different cell
lineages”. Orbital ADSCs may offer additional advantages
to differentiate into specific retinal cell types for tissue engi-
neering, as these cells share a common embryological origin
from neural crest!'”. Consequently, human orbital adipose

tissue may be a potential source of stem cells for cell therapy.
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Human stem cells to differentiate into photoreceptors

Isolation of ADSCs have been described as an alternative
source to mesenchymal stem cells because adipose tissue stroma
can be readily obtainable!". The isolation method, involving
collagenase digestion of minced adipose tissues followed by
serial culturing, has been shown to be uncomplicated and
robust'""). Interestingly, there are differences between the
fresh stromal vascular fraction (SVF) cells derived from
human adipose tissues and the cells obtained after serial
culturing in terms of cellular properties'”. Cells with plastic
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adherent properties, a defining characteristic of MSC'
identified as ADSCs.

In several studies to isolate stromal or mesenchymal cells from
various tissues, primary explant (EX) culture from direct,

I Cells are

unperturbed outgrowth of cells is always used!
expected to migrate from the edge of the EX. Therefore, in
the present study, we compared the differentiate potential
towards photoreceptor between the orbital ADSC generated
by enzyme (EN) digestion and EX culture methods. We found
that both EN and EX methods were successful in inducing the
orbital ADSC. However, the mRNA and protein expression
examinations suggested that the EX ADSCs exhibited stronger
potentials to different into photoreceptor than the EN ADSCs.
MATERIALS AND METHODS

Sample Collection and Processing Orbital adipose tissues
were obtained as surgical specimen after informed consent
from a single, male donor, aged 52, with stable thyroid
associated orbitopathy undergoing rehabilitative orbital
decompression at the hospital of Hong Kong Eye Hospital.
He was euthyroid for more than 6mo and did not receive any prior
systemic steroid, radioactive iodine or orbital radiotherapy.
This study was approved by the Research Ethics Committee
of the Chinese University of Hong Kong (CUHK) and followed
the tenets of Helsinki with informed consent. Orbital adipose
tissues were aliquoted into 2 halves for ADSC isolation.

Cell Culture Media and Materials Dulbecco’s Modified
Eagle’s Medium/Nutrient Mixture F-12 Ham (DF), fetal
bovine serum (FBS), 1% penicillin-streptomycin (PS) were
obtained from Invitrogen (Carlsbad, CA, USA). Collagenase
IV was from Worthington (Lakewood, NJ, USA). Noggin,
Dkk-1, N2, Vitamin B27, IGF-1, b-FGF were purchased from
Sigma (St. Louis, MO, USA). Anti-CD133 Antibody (Ab),
Anti-Rhodopsin Ab were from Thermo Fisher (Waltham,
MA, USA).

Isolation of Human Orbital ADSCs by Enzymatic Digestion
Method Orbital ADSCs were isolated as described by Korn

) with modification. In brief, after removal of all fibrous

etal
tissues and visible blood vessels, the orbital adipose tissues
were minced into small pieces of 2 to 5 mm in diameter for
digestion in pre-warmed collagenase IV working solution
(DF, 0.075% collagenase 1V, 1% FBS, 1% PS) for 2h by

gentle agitation in a shaking water bath at 37°C . The
24

digested tissues mixture were then centrifuged at 1500 rpm
for 10min at room temperature. The cell pellets obtained
were washed and plated in 5 mL ADSC culture medium (DF
with 10% FBS, 1% PS and 1% fungizone) in a 100 mm dish
at a density of 10° cells/mL and incubated at 37°C in 5% CO,.
The medium was exchanged once every three days. The cells
isolated by this enzymatic digestion procedure were named
EN.

Isolation of Human Orbital ADSCs by Explants Culture
Method Orbital ADSCs were isolated as described with

151 The other half of the same adipose

minor modifications!
tissue specimen was used for EX culture. The tissue was
rinsed with phosphate buffered saline (PBS) and minced
into pieces about 1x1 mm” after trimming of the fibrous
tissues and visible blood vessels. Tissues were allowed to
attach to the culture dish by gentle smearing. EX cultured
orbital tissues were kept in DF with 20% FBS, 1% PS and
1% fungizone at 37°C , 5% CO, for 10d (or until significant
out-growth of cells from the tissues). The medium was
changed once every three days. The explant tissues were
then discarded and the cells were harvested by trypsinization.
The ADSCs isolated by this explants culture procedure were
named EX.

Orbital ADSC Culture, Expansion and Differentiation
towards Photoreceptors Orbital ADSCs were subcultured
at 80% of confluence by brief trypsinization. The cells
were harvested from the second to the fifth passage for the
following induction experiments. This study protocol was

U219 15 the induction

modified from published methods
protocol (Figure 1), 1.0x10° cells were seeded in each well
of the 6-well plates and allowed to grow for 10d until about
80% confluent. Then cells were treated by 1.5 mL of 1XNDI
medium (1 ng/mL Noggin, 1 ng/mL DKK-1, 10 ng/mL IGF-1,
1% N2, 2% Vitamin B27) for 7d. On the 18" day, 10xNDI
medium (10 ng/mL Noggin, 10 ng/mL DKK-1, 10 ng/mL IGF-1, 1%
N2, 2% Vitamin B27) was given. On 25" day, RP medium
(5 ng/mL b-FGF, 5 ng/mL IGF-1, 1% N2, 2% Vitamin B27)
was added. On 37" day, 100 pmol/L Vitamin A dissolved
in dimethyl sulfoxide (DMSO) or DMSO solvent control
(less than 0.1% of final DMSO concentration in culture
medium) was added and the mixtures were kept in dark for
24h followed by 5Smin of light exposure. Cells were kept in
humidified incubator (37°C , 95% O, and 5% CQO,) and the
media was changed every three days. Cells were harvested
for analysis before the addition of each reagent (Figure 1).

Immunofluorescence Staining The culture medium was
aspirated and the cells were washed twice with PBS. They
were then fixed in 4% paraformaldehyde (Sigma, St. Louis,
USA) in PBS for 10min at 4 °C . Afterwards the cells were
washed three times with PBS prior to incubation with
Anti- CD133 Ab (in 1:100 from Santa Cruz Biotechnologies,
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1XDKK-1 10XDKK-1 b-FGF +/-
IGF-1 IGF-1 IGF-1 VitA
B27 B27 B27
N2 N2 N2

Figure 1 Timeline of stepwise induction procedure.

Dallas, TX, USA) or Anti- Rhodopsin Ab (in 1:200 from
NeoMarkers, Fremont, CA) according to the manufacturers’
instructions. The nuclei were stained with 4', 6-diamidino-2-
phenylindole (DAPI) and cells were visualized with 100x Oil
1.25NA plan objective using a fluorescent microscope (Leica
DMRB, Wetzlar, Germany). Images were captured by Spot
v3.5.0 for windows software (Lecia).

Reverse Transcription-polymerase Chain Reaction Analysis
of ADSCs Total RNA was extracted using Total RNA
Extraction Kit (Qiagen, Diisseldorf, Germany). cDNAs
were synthesized from extracted RNA with PrimeScript RT
Reagent Kit (Invitrogen, Carlsbad, CA, USA). Target mRNA
was amplified by the PCR kit (Invitrogen) using PCR
oligonucleotide primers as listed in Table 1. Amplification of
d-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
used as a control for assessing PCR efficiency. The products
were electrophoresed on 1.5% agarose gels and stained with
ethidium bromide.

RESULTS

Primary Culture of Human Adipose Tissue by Explant
Culture Method Minced adipose tissue fragments were
adhered onto the culture dish shortly after plating and
smearing. After 48h in vitro, the spindle-shaped cells began to
migrate from the edge of the EX and reached 80% confluence
after 2wk of culture.

Primary Culture of Human Adipose Tissue by Enzyme
Digestion Method Some of the suspended SVF cells began
to attach onto the culture dish 3h after plating. They resumed
their spindle shaped and fibroblast-like morphology, and
reached 80% confluence after 2wk of culture.

Morphological Changes during the Induction Process The
orbital ADSCs isolated by either the EX culture method or
EN digestion method were uniform in size of 15 to 20 pm and
exhibited spindle shaped, fibroblast-like morphology. None
of these cells demonstrated any intracellular lipid droplets
(Figure 2A and 2G). Cells isolated by either method reached
80% confluence in 10d. After 3-staged induction for 28d and
treatment with 100 umol/L vitamin A, both EX and EN orbital
ADSCs showed synapsis-like structure resembling early
neuronal differentiation (Figure 3A and 3B). In addition, a few
EX orbital ADSCs exhibited tubular, rod-like structure (red
arrow in Figure 2K and 3B) but none of these structures was

Table 1 Primers for RT-PCR

Gene Primers
PAX6 F:5'-CGGAGTGAATCAGCTCGGTG-3'
R:5'-GCAAAATAGCCCAGTATAAGCGG-3'
F:5'-CGGTACGTGGTGGTGTGTAA-3'
RHODOPSIN R:5'-AGGTGTAGGGGATGGGAGAC-3'
GAPDH F: 5-TCAACGGCACAGTCAAGG-3

R: 5'-ACCAGTGGATGCAGGGAT-3'

found in EN ADSCs (Figure 2E and 3A). Cytotoxic effects
were evident in both EX and EN orbital ADSCs after Vitamin
A treatment, but not in the DMSO, which served as the solvent
control.

Immunofluorescence Staining of Neural/hematopoietic
Stem Cell Marker CD133 We detected the CD133, a
hematopoietic, neural and cancer stem cell marker, from both
EX and EN orbital ADSC before the induction protocol™®”.
In greater detail, the fluorescence intensity of CD133 in
the EX ADSC appeared to be stronger than that in the EN
ADSC. Subsequently, with the developing of the induced
differentiation, the CD133 expression became weaker in both
the EX and EN ADSC.

Reverse Transcription-Polymerase Chain Reaction Analysis
of Explant and Enzyme Orbital ADSCs during Induction
The expression levels of the eye field and photoreceptor-related
genes (PAX6 and RHODOPSIN) were detected at different
time points during the induction period (Figure 4). The PAX6
expression was first detected in the EX orbital ADSCs on the
17" day, while first detected in the EN orbital ADSCs on the
31" day. The RHODOPSIN expression was first detected in EX
ADSCs on the 24" day, while first detected in the EN orbital
ADSCs on the 31% day. Thus PAX6 was expressed earlier than
RHODOPSIN in the EX ADSCs. In EN ADSCs. However,
the PAX6 and RHODOPSIN expressions were simultaneously
first detected on the 31" day (Figure 4). Subsequently, the
RHODOPSIN IMF staining was first detected in EX orbital
ADSCs on the 24" day, while first detected in the EN orbital
ADSCs on the 31" day, (Figure 4). These findings were
consistent with the aforementioned RT-PCR results. Moreover,
the RHODOPSIN staining was stronger in EX orbital ADSC
(Figure 4F) than the EN orbital ADSCs (Figure 4J) and was
further enhanced after Vitamin A treatment.

Figure 4A to Figure 4C shows RT-PCR analyses of eye field
and photoreceptor-related genes (PAX6 and RHODOPSIN).
EN orbital ADSCs were detected to express PAX6 and
RHODOPSIN on 31d. EX orbital ADSCs were detected to
express PAX6 and RHODOPSIN on 17d and 24d separately.
Figure 4D to Figure 4K shows RHODOPSIN expression
by IMF staining. RHODOPSIN is in red and DAPI in blue.
RHODOPSIN was detected in EX after 24d of induction
(Figure 4H) while the positive signal was not detected in EN at
the same time (Figure 4D). RHODOPSIN was detected in both
of EN and EX ADSCs after 31d of induction (Figure 4E and
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Figure 2 Phase-contrast microscopic changes (x200) in morphology during induction A-F: EN derived orbital ADSCs; G-L: EX derived
orbital ADSCs. A&G: Before induction, the cells are spindle shape. Connections between cells were scarcely detected; B&H: After 7d in
1xNDI medium; C&I: After 7d in 10xNDI medium; D&J: After 7d in RP medium, the cells lost the spindle shape and formed round shape
gradually; E&K: After 14d in RP medium with 100mM Vitamin A for 24h; synapses were formed widely between cells. Cytotoxic effect was
detected at this point. K: Black arrow pointed to an EX orbital ADSC showing tubular, rod-like structure. F&L: After 14d in RP medium with
100mM DMSO for 24h. These significant changes of morphology were not detected.

Figure 3 Morphological changes at the end of induction after
Vitamin A for 24h A, B: Phase-contrast microscopic pictures
(%200); A: Some EN orbital ADSCs showed synapsis-like structure
(the black arrow) with evidence of cell-to-cell contact; B: Besides
synapsis-like structure (the black arrow), a few EX orbital ADSCs
exhibited tubular, rod-like structure (the red arrow) resembling
outer segment of rod photoreceptors; C, D: Synapse and rhodopsin
staining by immunofluorescence (IMF) staining. These images show
synapse structure and rhodopsin expression (at the end of induction
after vitamin A for 24h); C: EN orbital ADSCs. The red fluorescence
is rhodopsin expression. Some cells showed synapsis-like structure
(the yellow arrow) with evidence of cell-to-cell contact; D: EX or-
bital ADSCs. The red fluorescence is rhodopsin expression. Besides
synapsis-like structure (the yellow arrow), a few EX orbital ADSCs
exhibited tubular, rod-like structure (the white arrow) resembling
outer segment of rod photoreceptors.

41), the fluorescence was stronger in EX ADSCs. After treated
with 100 mmol/L vitamin A, expression of RHODOPSIN
was much stronger than before (Figure 4F and 4J) and the
fluorescence was still stronger in EX ADSCs. After treated
with 100mmol/L DMSO, expression of RHODOPSIN was
also detected in both EX and EN cells (Figure 4G and 4K), but
it was much weaker than Figure 4F and 4J.

DISCUSSION

EX culture have been universally used and reported as an
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easy, simple and cost-effective method to isolate mesenchymal
stem/stromal cells from various tissues, including synovium
and dental pulp®'??. Particularly, the EX method is regarded
as more efficient than the EN method for isolation of MSCs
from the umbilical cord®. The EX culture procedure is
comparatively short and simple in comparison with the
enzymatic dissociation process. Meanwhile, complicated
isolation protocols involving enzymatic dissociation may
introduce errors, such as microbial contaminations. Additionally,
the enzymatic digestion procedure, involving the use of
collagenase and other reagents, may have unwanted effects on
the isolated cells.

CD133 is closely associated with neuron and astrocyte di-
fferentiation’. The retinal photoreceptors is a type of
neuron intrinsically. In this study, we sought to explore the
differentiate potentials of the ADSCs into photoreceptors
and the CD133 was used as a differentiate marker. It was
found that the CD133 was expressed in the ADSCs, and the
expression level gradually degraded with the development of
the differentiation. We found the differentiation course towards
photoreceptor lasted for 38d and could be divided into two
stages. The first stage lasted for 10d using the basic culture
medium without induction chemicals. The second stage lasted
for 28d (11" to 38" day) and involved a 3-step induction: the
I1xNDI and 10xNDI and RP medium were sequentially used to
induce orbital ADSCs towards photoreceptor differentiation"”.
In IxNDI medium, the concentration of Noggin and DKK-
1 was 1 ng/mL respectively and was stepped up to 10ng/ml
in NDIx10 medium. Noggin binds and inactivates members
of the transforming growth factor-beta (TGF-B) super-family
signaling proteins, bone morphogenic protein 4 (BMP4).
By diffusing through extracellular matrices more efficiently
than members of the TGF-B superfamily, Noggin creates a
morphogenic gradient which promotes neuronal morphogenesis
in the absence of BMP4 signaling. DKK-1, a member of the
Dickkopf family, is a secreted protein with two cysteine-rich
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Figure 4 Eye field and photoreceptor-related genes and protein expression (PAX6 and RHODOPSIN) D: Denotes time point (day) at
which orbital ADSCs were analyzed during the induction period. D10: After basal mediumx10d; D17: After IXNDI mediumx7d; D24: After
10xNDI mediumx7d; D31: After RP mediumx7d; D38A: After RP medium inductionx14d and with 100 mmol/L vitamin Ax24h; D38S: Af-
ter RP medium inductionx14d and with 100 mmol/L DMSOx*24h. EN: Enzymatic; EX: Explant culture. Exposure time=5000ms.

regions. It is closely related to the embryonic development
through the inhibition of the Wnt signaling pathway. When
used together with Noggin, which inhibits the BMP pathway
in the culture medium, the DKK1 will enable IGF-1 to drive
the differentiation of the ADSC towards rhodopsin producing
cells. Our results indicate that antagonizing the Wnt and BMP
signaling pathways is essential for the specification of the eye
field.

The third step lasted for 13d in RP medium without Vitamin
A supplementation. However, the IGF-1 and b-FGF supp-
lementation could promote the retinal photoreceptor differen-
tiation of this step. IGF-1 has been shown to be involved
in cell proliferation, differentiation, survival, growth,
apoptosis and regeneration. IGF-1 is a ligand for the IGF-
IR which mediates numerous functions after activation. It
has been found that worms with “knockout” IGF-1R live
twice longer but with significantly lower metabolic rates”".
Meanwhile, basic Fibroblast Growth Factor (b-FGF) is a
potent mitogenic agent which plays important roles in cell
proliferation and differentiation associated with embryogenesis,
tissue regeneration, CNS development, wound healing and
angiogenesis”””. In the present study, the b-FGF was used in the

final step of differentiation (a component of the PR medium)

as it could regulate neurogenesis. During the last 24h of
induction, Vitamin A or DMSO was added in the RP medium
and the cells were kept in dark, followed by light exposure
for S5min before the final harvesting. After that, the retinal
progenitor cells were stimulated by Vitamin A to differentiate
into photoreceptor cells at the final stage of induction. Vitamin
A is a precursor to retinal which binds to rhodopsin (G-protein
coupled receptor) to trigger off light transmission in the photo-
receptor cells. Upon stimulation by retinoic acid, the neural
progenitor cells would differentiate into photoreceptor cells.

On the other hand, the DMSO is solvent for all the reagents
used in the experiments, thus it is used as a control. It was
found that the cytotoxic effects towards EX and EN orbital
ADSCs were evident after treatment with 100 pmol/L Vitamin
A rather than treatment with DMSO. It is highly possible
that the visual cycle was uncompleted. Absorption of light
by rhodopsin’s bound ligand, 11-cis retinal will isomerize to
the all-trans isomer. Interruptions in the clearing of all-trans-
retinal in the photoreceptors can cause the accumulation of
these toxic products. It is plausible that the induced ADSCs
did not acquire complete function of retinal photoreceptor or
the availability of RPE to recycle all-trans-RAL after light

exposure. Meanwhile, if differentiation has not completed
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within the 38d of culture, the addition of vitamin A would
be too hazardous. This issue should be addressed by further
experiments.

PAX6, a master transcription factor which is essential for
normal development of the eye, could be sufficient to induce
proliferation, depigmentation, and neuronal gene expression
in chick RPE cells””. The expression of PAX6 molecule
implies that the orbital ADSCs are redirected toward eye field
development after induction. Rhodopsin is expressed only in
the rod photoreceptor cells. Absorption of light by rhodopsin’s
bound ligand®®, 11-cis retinal, leads to isomerization to the
all-trans isomer, and this activation process occurs within
milliseconds

Further experiments are needed to verify the expression level
of the all-trans retinal isomer. In EX orbital ADSCs, PAX6
mRNA was detected on the 17" day and then the RHODOPSIN
mRNA was detected on the 24" day. This is consistent with the
regulated pattern of retinal development. In contrast, the EN
orbital ADSC expressed PAX6 and RHODOPSIN on the 31"
day. Since the sampling interval lasted for seven days, it was
still possible that PAX6 was expressed between the 24" and the
31™ day. The sampling intervals should be examined in further
details.

Rhodopsin protein staining was detected in EX ADSCs on
the 24" day and in EN ADSCs on the 31" day. Rhodopsin
is retinal photoreceptor specific protein, and thus it was
used as the only marker in the present study. The expression
levels of Rhodopsin agreed well with RHODOPSIN mRNA
expression levels in the present study. Both mRNA and protein
expression results suggested that the EX ADSCs exhibited
stronger potentials to differentiate into photoreceptor than the
EN ADSCs. The Rhodopsin protein expression was further
enhanced after treated with 100 pmol/L Vitamin A on the 38"
day, indicating that the induced orbital ADSC can synthesize
rhodopsin protein from Vitamin A, which is ascribed as a
specific function of rod photoreceptors.

In conclusion, both EN and EX methods were successful in
inducing the orbital ADSC. However, orbital ADSCs isolated
by direct EX culture showed earlier and stronger differentiated
markers towards eye-field and photoreceptor than those
generated by conventional EN method.
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