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Abstract: Background: Novel threads of discovery provide the basis for
optimism for the development of a stem-cell-based strategy for the treat-
ment of retinal blindness. Accordingly, achievement to suitable cell
source with potential-to-long-term survival and appropriate differentia-
tion can be an effective step in this direction.

Methods: After derivation of human adipose-derived mesenchymal
stem cells (HAD-MSCs), they were stably transfected with a vector
containing Turbo-green fluorescent protein (GFP) and JRed to be able
to trace them after transplantation. Labeled HAD-MSCs were trans-
planted into the intact adult rat eye and their survival, integration, and
migration during 6 months post-transplantation were assessed.

Results: The transplanted cells were traceable in the rat vitreous humor
(VH) up until 90 days after transplantation, with gradual reduction in
numbers, their adhesion and expansion capacity after recovery. These
cells were also integrated into the ocular tissues. Nonetheless, some of
the implanted cells succeeded to cross the blood-retina barrier (BRB)
and accumulate in the spleen with time.

Conclusions: The survival of the HAD-MSC:s for a period of 90 days in
VH and even longer period of up to 6 months in other eye tissues makes
them a promising source to be considered in regenerative medicine of
eye diseases. However, the potency of crossing the BRB by the
implanted cells suggests that use of HAD-MSCs must be handled with
extreme caution.
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Introduction

Retinal blinding disorders that are caused by reti-
nal injury, cell death, or cell dysfunction are the
predominant causes of human blindness world-
wide [1-5]. These disorders together have a preva-
lence of 1 in 2000 and represent a significant
impact on the quality of life as well as the possi-
bility to attain personal achievements [3]. They
are rather difficult to treat [2]. Nonetheless,
several avenues of research are being pursued to
deal with them, including replacement therapies,
cell therapy, and pharmacological treatments
[1,3,5-9]. Among these approaches, cell-based

therapy has been envisaged to restore vision in
the patients by repopulating the damaged retina
and/or by rescuing retinal neurons from further
degeneration [5,6,10]. In this regard, years ago
the first report of mammalian retinal transplanta-
tion [11] was released in which the use of imma-
ture cells and tissues, for retinal replacement, and
to some extent the functional recovery were
reported [5,12]. However, ethical and logistical
hurdles surrounding the cell and immature tissue
transplantation procurement highlight the need to
identify an alternative cell source. Over the past
few years, identification and characterization of
stem cells have opened new avenues in cell-
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replacement therapy for blindness disorders [6].
On the other hand, the presence of stem cells,
including retinal [6] and limbal [7,13] stem cells,
in different positions of the eye opens possibilities
of regeneration by mobilizing endogenous stem
cells to respond to degenerative eye disorders [6].
Accordingly, novel threads of discovery provide
the basis for optimism for the development of a
stem-cell-based strategy for treatment of the reti-
nal blindness [1,5,7,10]. Embryonic, adult, and
induced pluripotent stem (iPS) cell transplanta-
tion has been performed into the eye for the
treatment of retinal disorders [5,6]. Along with
progress in stem-cell-based therapies, a second
approach of replacing the impaired genes of the
tissue is being practiced in facing the blindness
[3.8,9,14]. Despite the reports on potential of
embryonic stem (ES) cells in regenerative medi-
cine and blindness treatment [15,16], it suffers
seriously from immunogenic and ethical concerns
[5]. Moreover, the potential risk of teratogenicity
of these cells and also iPS cells [5] led to consider
application of adult stem cells as a more suitable
cell source in clinical level [17]. Accordingly,
adipose-derived mesenchymal stem cells (AD-
MSCs) propounded as a novel and ideal source
of adult stem cells in regenerative medicine
[17-21]. Shortage of access to the stem cells from
own sources in one hand and immunerejection of
the implanted cells from different sources on the
other hand have imposed limitations to progress
of the stem cell technology. However to this end,
MSCs are generally believed to enjoy cellular and
molecular properties to modulate tissue immuno-
logical responses [19,21,22], which seems tempting
to evaluate the MSC compatibility in even more
extreme conditions of xenoplantation. This would
add to their value to be applied, from different
sources (allograft), in human injuries and further
address the long-standing debate of possibility of
making human tissues in model animals if experi-
mental evidences are provided and appropriate
conditions are introduced. This study sought to
take a beginning step by transplantation of
human AD-MSCs into the rat eye and test their
confinement, maintenance, and integration in the
xenogenic conditions.

Materials and methods
Human AD-MSCs handling and transduction

We conducted the study with discarded adipose,
by consent of donor, provided kindly by Prof. San-
jar Mousavi, Razavi Haspital, Mashhad, Iran. The
tissue had been obtained from a healthy obese
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woman with age of 44 yr, who underwent esthetic
liposuction. Only one session of sampling was per-
formed, and the material was immediately trans-
ferred to the clean hood for cell extraction and
detached by collagenase digestion and differential
centrifugation [23]. Characterization of human
adipose-derived mesenchymal stem cells (HAD-
MSCs) was performed before and after lentiviral
transduction by treating with mesenchymal lineage-
specific medium. For osteogenic induction, the cultures
were treated with 50 pg/ml ascorbate-2 phosphate,
100 nm dexamethasone (Sigma, Munich, Germany),
and 10 mm B-glycerophosphate (Sigma) for a per-
iod of 4 weeks and stained with 0.1% (w/v) Aliza-
rin Red solution. For induction of adipogenesis,
the cells were treated with 50 pg/ml ascorbate-2-
phosphate, 100 nm dexamethasone (Sigma), and
50 pg/ml indomethacin (Sigma) for 3 weeks and
stained with 0.5% (w/v) Oil red O (Sigma). The
HAD-MSCs were transduced lentivirally to
express both green fluorescent protein (Turbo-
GFP) and red fluorescent protein (JRed). Briefly,
recombinant VSV-G pseudotype lentiviral vector
was produced by calcium phosphate cotransfection
of HEK293T cells in 10-cm dishes [24]. For this,
psPAX2 (21 pg), pMD.2G (10.5 pg) (both from
Trono Lab), and pLEX-JRED/Turbo-GFP
(21 pg) (Open Biosystems; Fisher Scientific, Pitts-
burgh, PA, USA) vectors were mixed in Ca3(PO4)
2 solution. After 16 h, the mix was replaced with
fresh DMEM, containing 10% FBS. The superna-
tants were harvested in 24, 48, and 72 h time
points and centrifuged 5 min at 500 g (4 °C) to
pellet the detached cells, and their debris was fil-
tered through a 0.45-um filter. Fresh recombinant
virus stocks were generated for each experimental
use. Titration of the viral particles was determined
by performing a p24 ELISA kit (DIA.PRO,
Milano, Italy) to detect the HIV-p24 core pro-
tein of the vector. Then, undifferentiated HAD-
MSCs at passage 3 were plated at a density of
3 x 10° cells per flask (T75), left to settle for
2 days, and subjected to transduction. The effi-
ciency of transduction was assessed by monitoring
the GFP gene expression using fluorescent micros-
copy. The cultures were then subjected to puromy-
cin-containing medium (I pg/ml  puromycin;
Sigma) 72 h after transduction. The labeled cells
were used for transplantation into the rat organs in
following experiments.

Experimental animal and cell transplantation

In all stages of this study, we used 2-month-old
Wistar rats with average weight of 250 g. Animals
were kept in normal day—night cycle (12/12), stan-



dard temperature (25 + 2 °C), and humidity con-
ditions and also fed by laboratory chow and tap
water. All experiments were carried out in
accordance with the Guidelines of the Animal
Care of Ferdowsi University of Mashhad and
were approved by the Animal Ethics Committee
of our university. For transplantation, animals
were anesthetized using a mixture of ketamine
(30 mg/kg) and xylazine hydrochloride (4 mg/kg).
Animals received intraocular GFP-labeled HAD-
MSCs, injected through the dorsolateral aspect;
the exact way of injection was through sclera in
pars plana point which was aimed to deliver the
cells into the vitreous cavity of the eye using a 30-
gauge insulin syringe. In the test group (n = 32),
10 pl of the transformed HAD-MSCs was resus-
pended in phosphate-buffered saline (PBS)
(20 000 cells/ul) and slowly injected into the vitre-
ous chamber of the animals. The same volume of
PBS was injected into the vehicle rats (n = 32) in
the same coordinates. Moreover, a number of ani-
mals (n = 24) were subjected to liver injection of
the labeled HAD-MSCs as control groups to
evaluate the potency of blood-retina barrier
(BRB) in prevention of the cell migration. Fol-
lowing surgery, 50 000 units of penicillin/kg body
weight were injected intraperitoneally. After
recovery, the animals were returned to their cages
and assessed at different time points up to
6 month.

Isolation, expansion, and quantification of the implanted cells

At different time points of 2, 24, 96, 168 h and 15,
45, 90, and 180 days post-transplantation, four
rats in each group were re-anesthetized as
described above and sacrificed by cardiac perfu-
sion. The left ventricle was cannulated, an incision
was made in the right atrium, and they were per-
fused with 4% paraformaldehyde in PBS, contain-
ing 100 mm CaCl, and 1 m MgCl, with pH 7.4,
until the outflow runs clear. The eyes were dis-
sected out and washed by disinfectant solutions (40
and 10% v/v Savlon, 70% ethanol, and PBS) con-
taining antibiotics (100 units/ml of penicillin and
100 g/ml of streptomycin). The eyes were then
located in the 12-well cell culture plates (Nunc,
Thermo Scientific, UK), containing Dulbecco’s
modified Eagle’s medium with high glucose
(DMEM-HG) (Gibco, Roskilde, Denmark), sup-
plemented with 10% (v/v) FBS (fetal bovine
serum; Gibco), and were fragmented to release the
implanted cells from vitreous humor (VH). Ocular
tissues were removed from the culture plate and
post-fixed immediately in 4% paraformaldehyde
for at least 24 h until performance of histological
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analyses. The cultures were maintained at 37 °C
and 10% CO,. Moreover, Imagel] software was
used to quantify the number of recycled cells, as an
indicator of their survival rate in the implanted
organ.

Histological analysis and quantification of the implanted cells

The examined ocular tissues as described above, as
well as the spleens, as known residing organ for the
migrated cells in cell transplantation [25-27] of the
same rats were harvested and embedded in paraffin
(Merck, Berlin, Germany). A rotary microtome
(Leitz, Sydney, Australia) was used to prepare 5-
um horizontal sections of the eyes and spleens.
Slides were stained by hematoxylin/eosin (HE) and
DAPI nucleic acid stain and examined under a
light and fluorescent microscope (Olympus AH3-
RFCA, Tokyo, Japan). Moreover, Imagel] soft-
ware was used to quantify the number of the inte-
grated cells in the ocular tissues, as an indicator of
their survival rate in the implanted organ. All
labeled cells were monitored in 10 microscopic
slides, representing an individual eye, and four eyes
were examined each time.

DNA extraction and PCR analysis

Total genomic DNA (gDNA) was extracted from
rat spleens, using AccuPrep Genomic DNA
Extraction Kit (Bioneer, Daejeon, South Korea)
according to the manufacturer’s protocol. The iso-
lated gDNA was directly used for detection of
presence of the Turbo-GFP gene in the genome by
standard PCR analysis method. The forward and
reverse primers used for amplification were as fol-
lows: 5-GATGAAGAGCACCAAAGGC-3'" and
5-GTAGCTGAAGCTCACGTGC-3', respectively.
The thermal cycling condition was started with
one cycle at 95 °C for 5 min, followed by 40 cycles
at 94 °C for 30 s, 59 °C for 30 s, 72 °C for 30 s,
and extra cycle at 72 °C for final extension for
5 min. For negative controls, gDNAs from the
vehicle and control rats were used. For positive
controls, gDNAs from the positively transduced
HAD-MSCs were used. PCR product, a fragment
of turbo-GFP with 220 base pair (bp) length, was
separated on 2% agarose gel and visualized and
photographed under the UV light after staining
with ethidium bromide.

Quantitative real-time PCR analysis

The copy number of GFP marker gene, as an
indicator of cell migration from the implanted
sites (eye and liver), was quantified with absolute
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real-time PCR (Bio-Rad CFX-96 thermocycler)
using the gDNAs from spleens as template. A
7-fold serial dilution series of pLEX-JRed/Turbo-
GFP, ranging from 8.5 x 10 to 8.5 x 10® cop-
ies/ul, was used to construct the standard curve.
The mass concentration of the GFP carrying vec-
tor, pLEX-JRed/Turbo-GFP, was measured using
a NanoDrop (Thermo Scientific nanodrop 2000c,
Thermo Scientific, Wilmington, DE, USA) and
converted to the copy concentration using the fol-
lowing equation: DNA (copy) = 6.02 x 10*
(copies/mol)/DNA length (bp) x 660 (g/mol/bp)
[28]. Each standard dilution was prepared in
duplicate for further analysis. The threshold cycle
(CT) values were plotted against the logarithm of
their initial template copy concentrations. Each
standard curve was generated by a linear regres-
sion of the plotted points. From the slope of each
curve, the PCR amplification efficiency (£) was
calculated according to the following equation:
E =10""p°P¢ _]. Real-time PCR was performed
in a Bio-Rad CFX-96 thermocycler. All real-time
PCR runs were performed in technical duplicates,
and each reaction mixture was prepared using the
SYBRGreen I PCR Master Mix (Life Technolo-
gies, Carlsbad, CA, USA) in a total volume of
20 pl: 10 ul Master Mix, 3 pul of each sample
gDNA (1 ng/pl), 0.5 pl of each primer (10 pmol/
pl), and 6.5 ul DNase-free water, using absolute
quantitative ACt method [29]. The thermal
cycling conditions were as follows: initial denatur-
ation for 10 min at 95 °C followed by 40 cycles
at 95 °C for 40 s, 59 °C for 30 s, and 72 °C for
30 s.

RNA extraction and quantitative real-time RT-PCR analysis

Total RNA was isolated from the dissected eyes at
3 months of post-transplantation, using Trizol
reagent (Bioneer) according to the manufacturer’s
protocol. The RNA samples were treated with
RNase-free DNase I (Fermentas, Leon-Rot, Ger-
many) to remove contaminating genomic DNA.
Concentration and purity of the total RNA were
determined using the NanoDrop (Thermo scien-
tific nanodrop 2000c). The quality of RNA was
analyzed by electrophoresis on 1% agarose gel.
Approximately 2 pg of total RNA was reverse
transcribed using Moloney Murine Leukemia
Virus Reverse Transcriptase (MMLV-RT; Fer-
mentas), primed with Oligo dT, at 42 °C for 1 hin
a final volume of 20 pl. The expression of some
critical differentiating factors was quantified by
quantitative real-time PCR (CFX-96; Bio-Rad,
Hercules, CA, USA). The reaction tubes included
the cDNA, as templates, plus a pair of human spe-
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cific primers, and SYBRGreen I PCR Master Mix
(Applied Biosystems). The cycling conditions were
as follows: 95 °C for 10 min; 40 cycles of 95 °C for
15 s; then 58 °C for 30 s, 72 °C for 30 s) in a 20-pl
reaction volume. All results were normalized rela-
tive to the expression of human glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) and fold
change expression of desired tissue was calculated
by delta-delta Ct method. Human specific primers
for the genes of interest were selected based on the
previously published reports including the follow-
ing: human PAX6 forward 5-CCGTGTGCCT
CAACCGTA-3, reverse 5S-CACGGTTTACTGG
GTCTGG-3' [30], human OTX2 forward 5-GAG
AGCATTGGTAGGCTCC-3', reverse 5-TCTCC
ACAGTCCCATACTCG-3' [31], human CRX for-
ward 5'-TCAGATCTTGTAGAGGACGCAG-3',
reverse 5-CTCTCCCTGTGGAGGAAAG-3' [32],
and human GAPDH forward 5-GACCACTTT
GTCAAGCTCATTTCC-3', reverse 5-GTGAG
GGTCTCTCTCTTCCTCTTGT-3'[33].

Statistical analysis

One-way analysis of variance (ANOVA) was used
to analyze the isolation, survival, and migration of
the implanted HAD-MSC over time, and paired
sample t-test was used to determine the effect of
BRB on cell migration. Analysis of variance was
performed by a Tukey post hoc test. Statistical sig-
nificance was considered at P < 0.05 and P < 0.001.
All data were expressed as mean =+ standard devia-
tion and carried out in triplicates with SPSS 16.0
(SPSS Inc., Chicago, IL, USA).

Results
HAD-MSC Characterization and genetic modification

The plasticity of the isolated cells was assessed
3 weeks after lineage induction in the normal-and
viral-transduced cells. Adipogenic and osteogenic
differentiations were demonstrated by the expres-
sions of lipid vacuoles and calcium deposits, respec-
tively (Fig. 1). The cells were also subjected to flow
cytometry analysis for expression of the MSC mark-
ers and shown to be positive for the antigens of
CD44, CDI105, and CD90 and negative for CD45
and CD34 markers (data not shown). These results
confirmed the mesenchymal nature of the isolated
and transduced cells as well as their multipotent
potential. Furthermore, 24 h after infection of the
cells with viral particles carrying the genes for GFP
and JRed, isolated green and red cells were observed
and they began to expand when subjected to puro-
mycin-containing medium (Fig. 2).



Fig. 1. Osteogenesis and adipogenesis in
human adipose-derived mesenchymal stem
cells after their exposure to the
corresponding conditions and staining
with Alizarin Red (upper panel) and Oil
red O (lower panel), respectively. (A, and
A1) the differentiated cells before the viral
transduction, and (B, and B1) the
differentiated cells after the viral
transduction.

Fig. 2. Expression of the green fluorescent protein transgene
in the lentivirally transduced human adipose-derived mesen-
chymal stem cell, 21 days after exposure to the selection (puro-
mycin containing) medium.

Survival and integration of the implanted HAD-MSCs in rat ocular
tissues

As shown in Table 1, the expression of reporter
genes, as an indicator of cell survival, was persis-
tent in the examined tissues during 6 months per-
iod of experiment. The implanted cells were shown
to survive and integrate well into the host ocular
tissues (Fig. 3).

Spatial and temporal change of the transplanted cells in the
ocular tissue

The implanted cells were shown to migrate well
through the host ocular tissues (Fig. 4). As
shown in this figure, the transplanted cells were
identified in various segments of the eye including
VH (Fig. 4A), retina (Fig. 4A), and choroid at
each time of examination. The implanted cells
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could be seen proximate to the vessels in the cho-
roid layer.

Integration and differentiation of the transplanted HAD-MSCs

The transplanted cells tended to penetrate into the
host tissue by adopting a spindle-like shape with
time. These data were further confirmed by mea-
surement of gene expression at mRNA level for
three genes expressed in eye progenitor cells. As
shown in Fig. 5, the expression of CRX and PAX6
genes was increased significantly at 90 days post-
transplantation.

Isolation and recovery of the implanted HAD-MSCs from VHs

To test the possibility of recovery of the cells
and their further characterization, the implanted
VHs were subjected to selective cell culture.
Upon the culture in DMEM-HG containing
antibiotics, the labeled cells were successfully
recovered (Fig. 6). Their density, however,
tended to decrease by the time (Fig. 7). Among
the isolated cells, only those recovered from VHs
corresponding to 2, 24, 96, and 168 h after
implantation maintained their adhesion capacity
after recovery. Nonetheless, only those derived
from the periods of 2 and 24 h continued to
keep their expansion capacity.

Migration of the implanted cells from the blood—retina barrier

PCR technique on the GFP marker gene was
employed to evaluate the ability of BRB in con-
fining the cells within the eye and prevention of
them from migrating to non-targeted organs.
This analysis proved positive in gDNA extracted
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Qualitative assessment of survival and behavior of the human adipose-derived mesenchymal stem cells in the ocular tissues of adult rat based on detection of the fluorescent cells, during

6 months post-transplantation

Table 1.

Days

Hours

Time

96 168 15 45 90 180

24

Character

+

+

Green fluorescent protein-expression

JRed-expression

Isolation from eye

Attachment to flask
In vitro Expansion
Tissue Integration

Migration from blood-retina barrier

The positive and negative signs just indicate the general trend of presence and absence of the character without carrying scoring significance. In limited cases of groups, however, the observations do not seem consistent for all members of

the group. This could be caused by silencing of the fluorescent gene in the labeled cells or technical problem in detection of the cells. As shown in this table, expressions of the reporter genes were detectable in each experiment up to

180 days. Although the cells are shown to be integrated into the host tissues, they manage to migrate to other organs as well. The possibility to re-isolate the implanted cells and grow them in culture and also their ability to attach to the

plates and expand are reported here. Integration to ocular tissues was observed from 15 days after transplantation. Transplanted cells succeeded to cross the blood—retina barrier from 96 h after implantation. The experiments were performed
at eight different, shown, time points. For each time point, four rats were included and their individual results are shown in separate columns. However, these observations were not consistent in all members of the group at some time points.

from spleens, even 6 months after implanta-
tion (Fig. 8). Moreover, we have also tracked
HAD-MSCs in other organs, including muscle,
lung, and skin, 3 months after transplantation
(Fig. 9).

Quantitative measurement of the HAD-MSC migration from the
blood—retina barrier

To compare the capacity of the BRB in prevention
of cell migration, the copy number of the GFP
marker gene, as an indicator of quantitative num-
ber of the implanted cells, was assessed in the
spleens of two groups, which had received the
labeled cells in their eye with blood barrier (WB),
and liver, without blood barrier (WOB) by abso-
lute real-time PCR procedure. As shown in
Fig. 10, the labeled cells were tracked in the
spleens of both groups with significant differences
at different time points. Accordingly, at the first
period of the examination, 96 h up to 15 days, the
numbers of the labeled cells were significantly
higher in the spleens of the WOB group compared
with that of the WB group. This number tended to
decrease by time in WOB group up to 180 days.
On the other hand, the number of the labeled cells
increased significantly at 90 days after transplanta-
tion in the WB group.

Discussion

The ideal cell population for cell-based therapy
of blindness should be amenable to expansion,
directed differentiation, correct integration to
ocular tissues, free of malignant potential, and
immunogenicity [5,7]. Several features of the adi-
pose-derived MSCs make them an excellent can-
didate for this purpose [22,34,35]. Accordingly, in
this study, long-term survival of the labeled
human AD-MSCs, with the knowledge that
MSCs transduced with viral vectors do not
change their biological and other properties [36—
38], and also the capacity of the BRB for con-
finement the migration of these cells were tested.
Because the cells were aimed to be delivered into
the vitreous cavity, the exact way of injection
was through sclera in pars plana point. This
would minimize the chance of cell injection to
other tissues, such as retina. To avoid potential
damages from high volume of injection, we
reduced the volume to half from what was
reported before [39] where they used 20 upl. Sur-
vival and integration of the implanted cells in the
recipient eyes for up to 6 months clearly support
the idea of hypoimmunogenic property of the
donor and host systems. These results are consis-
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Fig. 3. Micrographs representing
integration (pointed by arrows) of the
human adipose-derived mesenchymal stem
cells into the rat ocular tissues at different
time points of 15, 45, and 180 days post-
implantation, which correspond to the
panels A—C, respectively. The first column
represents integration of the cells into
ocular tissues expressing green fluorescent
protein. The second column represents the
DAPI-stained cells to confirm their
cellular integrity.

tent with former report, showing the prolonged
survival of foreign (allogenic and xenogenic) cells
and tissues after transplantation into the anterior
chamber of the eye [5,40—42]. However, the num-
ber of the recovered human AD-MSCs from the
rat VH after transplantation was reduced by the
time, as there were no detectable cells 90 days
after transplantation in the VH. This could be
due to reporter gene silencing [43], homing to the
ocular tissues, and migration from BRB. Our
results indicate that the implanted cells could be
integrated into the ocular tissues from 15 days
after implantation (Fig. 3), which is consistent
with the homing property of the stem cells [35].
In this regard, several other reports have also
demonstrated that different cell types as well as
AD-MSCs could be integrated into the ocular tis-
sues, especially retina, when transplanted into the
VH [5,41,42,44-46]. Despite the integration
(Fig. 3) and the possibility of MSC differentia-
tion to the ocular tissues, including the retina
cells in the transplanted VH which was clearly
demonstrated by expression analysis of the
molecular markers specific for ocular tissues
(Fig. 5) by RT-PCR, our experiments missed the
chance, in histological level, to track presence of
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the injected cells in the retina tissue due to tech-
nical limitations in our histological examination,
as the retina is very delicate tissue and disrupted
easily during the section preparation, leaving
some debris (Fig. 4A). However, our results
clearly show that the reduction in the primary
number of the cells over the time is at least
partly due to their migration from the VH, by
crossing the known blood barrier and reach into
the spleen and other organs (Figs 8 and 9). This
adds more controversy to the notion that views
the eye as an impermeable organ, by the specific
morphological architecture of its borders which
are surrounded by blood barriers [54-56]. The
pass can only be speculated from our data
(Fig. 4). In this study, we used presence of vessels
as an indication for tracking the choroid and
accordingly noticed that the injected cells migrate
from the original points of injection toward mar-
gins of vessels in the choroid tissue, which is
tempting to suggest these vessels as potential way
of migration to other ocular tissues, such as
sclera, or even other organs, such as spleen. One
could think these cells are present in sclera due
to efflux from the injection. This is unlikely
because these cells can be detected in sclera even
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Fig. 5. Expression of mRNAs specific for eye progenitor cells
after transplantation of human adipose-derived mesenchymal
stem cells into the rat eye. The data represent the averages of
three independent measurements of mRNA level for three
genes of PAX6, OTX2, and CRX by real-time PCR method.
Asterisks and the error bars represent P < 0.001 and the stan-
dard deviation (SD), respectively.

after long period of up to 6 months as seen in
Fig. 3C, which support the idea of their gradual
release from the VH. To this end, we chose
spleen for tracking footprints of the migrated
cells. This experiment was performed by looking
for GFP-positive cells which was a specific char-
acter of the xenogenic implanted cells and proved
that these cells had reached and resided in the
spleen. The general belief is that upon phagocyto-
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Vessel

Fig. 4. The spatial and temporal change
of the transplanted cells in the ocular
tissue 15 days after injection. The cells
(pointed by arrows) are settled well in the
vitreous humor (panel A) and integrated
into the choroid layer (panel B). They
reach to the vicinity of the vessels in the
choroid (panel C). First and second
columns represent fluorescent signals from
green fluorescent protein-labeled cells and
DAPI staining, respectively.

sis of a cell by macrophages, it is engulfed by
phagosome followed fusion to the Ilysosome
which would lead to whole cell degradation
including its DNA content [47-49]. This would
leave no room for GFP gene to be carried by
macrophages to spleens, and other organs. Mean-
while, tracking the signs of DNA for GFP in
spleen is not enough to claim presence of the
intact migrated cells and this remained to be
tested by other means. We also showed that if
the labeled cells are injected into the organ WOB
i.e. liver, they would find themselves in spleen
and are destroyed very quickly (Fig. 10). The
same cells, however, if injected to the VH can be
detected for long period of time in the spleen,
due, may be, to their gradual escape from the
blood barrier. Interestingly, our unpublished data
confirmed that HAD-MSCs show very high level
of CXCR4. This receptor is considered as main
player in cell migration [46]. On the other hand,
we could track the implanted cells in the choroid
at different time points after injection as indi-
cated in the Figs 3(B) and 4(B,C). It can be spec-
ulated that these cells are delivered to the
systematic circulation from choroid. It is impor-
tant to note that, cell migration from the trans-
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Fig. 6. Isolated human adipose-derived mesenchymal stem
cells from vitreous humors at different time courses, including
24 h, 15, and 90 days post-implantation, which correspond to
the panels A-C, respectively. The column represents isolated
cells expressing green fluorescent protein.

180000 -

Adipose-derived mesenchymal stem cells

planted site to unwanted organs is one of the
main challenges in cell-based therapeutic method
[50-53]. Alterations of this barrier contribute to
the pathology of a wide number of ocular disor-
ders for leukocyte migration across the BRB
[54,56,57]. A large body of evidences demonstrate
a clear role for altered expression of cytokines
and growth factors which increase BRB perme-
ability with various mechanisms [57,58]. In this
regard, it was demonstrated that high concentra-
tion of intraocular insulin-like growth factor-I
(IGF-I) triggers processes that lead to BRB
breakdown. This is thought to happen via IGF-1
receptor and vascular endothelial growth factor
(VEGF) expression induction [57], as there is a
direct correlation between VEGF vitreous levels
and BRB permeability [57,59]. On the other
hand, there is a significant relationship between
VEGF and interleukin-6 (IL-6) levels in VH [60—
62]. These results suggest that IL-6 and VEGF
may promote the BRB permeability in ocular dis-
orders. It is interesting to note that the potency
of various cytokines secretion, such as VEGF,
and IL6, from adipose-derived MSCs, specially at
the hypoxia condition, has been stimulated
[52,63]. This condition is thought to be provided
perfectly by eye microenvironment [64,65]. On
the other hand, adhesion and expansion capacity
of the implanted cells were reduced after recovery
from the VH, and they seemed to adopt the spin-
dle shape morphology of the host tissue cells
after integration. These alterations might be
related to the influence of their new microenvi-
ronment in the eye. It is known that alterations
in the cell morphology, transcript profiles, mar-
ker proteins, and function of cell-cell and cell-
matrix adhesion molecules are fully correlated
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Fig. 7. Quantitative comparison of the isolated human adipose-derived mesenchymal stem cells from rat vitreous humors during
6 months after transplantation, based on average cell counts of the labeled cells. As shown in this Figure, at the beginning times,
numbers of the isolated cells were very close to the number of implanted, but they start to decrease by the time. ** represents

P < 0.001. All error bars indicate the standard deviation (SD).
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with stem cell differentiation to particular lineage
[66-70]. VH is a gelatinous, colorless, and shape-
less mix of different substances containing a mass

6 7 8 9

10 11 12 13

GFP=——b )

Fig. 8. Presence of green fluorescent protein encoding gene in
the rat spleen during 6 months after transplantation, as exam-
ined by PCR, representing human adipose-derived mesenchy-
mal stem cells migration from the original transplanted site of
the eye. The lanes represent as follows: (1) 50 bp DNA ladder,
(2) PCR product on gDNA, as positive control, from the cul-
tured cells in vitro, (3 to 11) PCR products on gDNA extracted
from spleens of different rats in the test group from 96 h up to
6 months post-transplantation, including lane 3 (96 h), Lane 4
(168 h), Lanes 5, 6 (15 days), Lanes 7, 8 (45 days), Lanes 9, 10
(90 days), and Lane 11 (180 days) post-transplantation. Lanes
12 and 13 correspond to PCR on spleen gDNA of non-trans-
planted rats (negative control) and transplanted rats with
phosphate-buffered saline (vehicle control), respectively.

i 2 3 4 5 6 7 8 9 10 11 12

GFP—>

Fig. 9. Human adipose-derived mesenchymal stem cells
(HAD-MSCs) mining in different organs, 3 months after trans-
plantation into the rat eyes, based on PCR analysis. Lanes 1 to
2 represent DNA ladder (50 bp; Fermentas) and positive con-
trol (gDNA from transduced HAD-MSCs in culture), respec-
tively. Lanes 3 to 5 represent PCR products on gDNA
extracted from lung tissues of different rats in the test group.
Lanes 6 to 8 represent PCR products on the gDNA extracted
from skin tissues of different rats in the test group. Lanes 9 to
10 represent PCR products on the gDNA from muscle tissues
of different rats in the test group. Lanes 11 and 12 correspond
to PCR products on DNA of non-transplanted rats (negative
control) and transplanted rats with phosphate-buffered saline
(vehicle control).
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of extracellular matrix, especially hyaluronic acid
and collagen fibrils [69], with well-known effects
on cellular behaviors including proliferation,
migration, and differentiation into the in vitro
and in vivo situation [40,41,69]. So, these could
be considered as an indication of the influence of
the various growth factors or cytokines of the
VH [71,72] on alteration of the adhesion and
expansion capacity of the implanted HAD-MSCs
after their recovery from eye and in vitro culture.

Conclusions

Our findings are consistent with former reports
about differentiation, integration, and also hypo-
immunogenic property of HAD-MSCs, which lead
to long-term survival of them not only in the eye,
as an immune privilege organ, but also in the
spleen which enjoys the excessive immune surveil-
lance. These data would suggest more investiga-
tions on the value of the HAD-MSCs as a suitable
cell source and differentiation to different tissues in
the eye. Nonetheless, tracing footprints of the cells
in non-targeted organs is an alarming point to be
looked more cautiously before a large-scale clinical
trial is performed.
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