
Photoreceptor outer segment (POS) phagocytosis is 
a key function of RPE cells in supporting photoreceptors 
[1]. Defects in POS phagocytosis can lead to photoreceptor 
degeneration, such as retinitis pigmentosa (RP) and age-
related macular degeneration (AMD), which leads to perma-
nent visual loss in humans [2]. The most effective treatment 
is autologous RPE transplantation [3]. However, obtaining 
an intact RPE sheet and transplanting it to the lesion area is 
complicated. Obtaining an RPE sheet damages an area of the 
healthy retinal structure, which limits the number of RPE 
cells on the sheet. It is important to find a source of replace-
ment cells.

Bone marrow mesenchymal stem cells (BM-MSCs) can 
be aspirated directly from donors and cultured for ex vivo 
expansion. The cells are multipotent and have low immuno-
genicity, so they can be used for a broad range of indications. 
MSCs can differentiate into bone, cartilage, skeletal muscle, 
endothelium, cardiac muscle, and hepatocytes in vitro and in 

vivo [4-10]. In addition, the cells can differentiate into RPE 
or retinal cells ex vivo [11]. Subretinal injection of MSCs has 
also been reported to induce differentiation into photore-
ceptor cells in a sodium iodate–induced retinal degeneration 
rat model [12]. BM-MSCs were injected into the subretina or 
through the vein in Royal College of Surgeons (RCS) rats or 
a retinal trauma rat model that delayed retinal degeneration 
and preserved retinal function [13]. Furthermore, studies 
based on paracrine effects hypothesize that MSCs can secrete 
neurotrophic factors to protect against photoreceptor degen-
eration in different animal models [14-18]. To date, there are 
three ongoing registered clinical trials using MSCs on RP 
(NCT01531348; NCT01920867; NCT01914913) and two on 
AMD (NCT01920867; NCT02016508). Results from these 
studies have not been reported yet.

The role of RPE cells in phagocytosis involves multiple 
steps, including the binding, uptake, and degradation of 
engulfed POS. The MER proto-oncogene, tyrosine kinase 
(MERTK, Gene ID 10461, OMIM 604705), a member of the 
MER/AXL/TYRO3 receptor kinase family and expressed 
in the RPE, is involved in POS ingestion [19]. Mutations 
in MERTK are known to cause retinal pigmentosa [20,21]. 
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Background: Bone marrow mesenchymal stem cells (BM-MSCs) are multipotential stem cells that have been used for 
a broad spectrum of indications. Several investigations have used BM-MSCs to promote photoreceptor survival and 
suggested that BM-MSCs are a potential source of cell replacement therapy for some forms of retinal degeneration.
Purpose: To investigate the expression of the MER proto-oncogene, tyrosine kinase (Mertk), involved in the disrup-
tion of RPE phagocytosis and the onset of autosomal recessive retinitis pigmentosa in rat BM-MSCs and to compare 
phagocytosis of the photoreceptor outer segment (POS) by BM-MSCs and RPE cells in vitro.
Methods: MSCs were isolated from the bone marrow of Brown Norway rats. Reverse transcription-PCR (RT–PCR) and 
western blot analyses were used to examine the expression of Mertk. The phagocytized POS was detected with double 
fluorescent labeling, transmission electron microscopy, and scanning electron microscopy.
Results: Mertk expression did not differ among the first three passages of BM-MSCs. Mertk gene expression was greater 
in the BM-MSCs than the RPE cells. Mertk protein expression in the BM-MSCs was similar to that in the RPE cells in 
the primary passage and was greater than that in the RPE cells in the other two passages. BM-MSCs at the first three 
passages phagocytized the POS more strongly than the RPE cells. The process of BM-MSC phagocytosis was similar 
to that of the RPE cells.
Conclusions: BM-MSCs may be an effective cell source for treating retinal degeneration in terms of phagocytosis of 
the POS.
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Previously, some studies activated or blocked MERTK to 
enhance or inhibit the RPE phagocytosis of POS, respectively 
[22,23]. MERTK is an essential component of the signaling 
network that controls phagocytosis in RPE, the loss of which 
results in photoreceptor degeneration [24]. In this study, we 
compared BM-MSCs and RPE cells in terms of Mertk expres-
sion and involvement in phagocytosis in vitro.

METHODS

BM-MSC culture: This research followed the tenets of the 
Declaration of Helsinki and was approved by the Institutional 
Review Committee at Peking University Third Hospital. 
The animals were handled according to the Association for 
Research in Vision and Ophthalmology (ARVO) Statement 
for the Use of Animals in Ophthalmic and Vision Research. 
All procedures were approved by Peking University’s Insti-
tutional Animal Care and Use Committee. BM-MSCs were 
isolated from Brown Norway (BN) rats weighing 150–200 g 
(Vital River, Beijing, China). Briefly, the rats were killed with 
cervical dislocation. The femurs and tibias were dissected and 
cleaned of all soft tissue. The epiphysis was clipped. Bone 
marrow was obtained by flushing the femurs and tibias with 
complete medium consisting of Dulbecco's Modified Eagle 
Medium- low glucose (DMEM-LG, Gibco, CA), 10% fetal 
bovine serum (FBS, Gibco-Invitrogen), and 100 units/ml 
penicillin/streptomycin (Sigma, St. Louis, MO). The cells 
were cultured in a humidified incubator at 37 °C and 5% 
CO2 for 48 h. Non-adherent cells were removed with three 
washes with 1× PBS (1X; 137 mM NaCl, 2.7 mM KCl, 10 
mM Na2HPO4, 2 mM KH2PO4, pH 7.4). The adherent cells 
were further cultured in complete medium replaced every 2 
days. Once the adherent cells were grown to 80% confluence, 
they were detached with 0.25% trypsin-EDTA (Sigma) and 
replated at a 1:3 dilution under the same culture conditions. 
The cells were expanded by several passages. The isolated 
cells were confirmed to differentiate into osteoblasts and 
adipocytes with alizarin red staining and Oil Red O staining, 
respectively. The primary passage was recorded as P0, the 
second passage as P1, and the third passage as P2.

RPE cell culture: Rat RPE cells were harvested from the 
BN rats. The eyeballs were dissected after the femurs and 
tibias were dissected. The eyes were incubated with 20 ml 
PBS containing tobramycin 20 mg for 20 min three times 
and rinsed with PBS. The anterior segments (the cornea, iris 
epithelium, and crystalline lens), the vitreous, and the neural 
retina were removed. The remaining tissue was incubated 
in 0.25% trypsin-EDTA for 30 min at 37 °C, and the RPE 
cells were detached from the choroid with the use of a 1 ml 
pipette. The dissociated cells were centrifuged at 107 ×g for 8 

min at 4 °C. The RPE cells were resuspended with complete 
DMEM/F-12 (Gibco-Invitrogen) medium containing 10% 
FBS and 100 units/ml penicillin/streptomycin and seeded 
into 35 mm2 culture dishes (Corning, Inc., Corning, NY). The 
RPE cells at 80% confluence were passaged at a 1:3 dilution.

RT–PCR: Total RNA from the P0, P1, and P2 rat BM-MSCs 
and RPE cells was prepared with RNAiso Plus (D9108A, 
Takara Bio, Inc., Shiga, Japan) in accordance with the manu-
facturer’s instructions and quantified on a spectrophotometer 
(Thermo Scientific, Wilmington, DE) for standardization 
with the equation optical density (OD) 260 × 40 × dilution 
ratio/1,000. Reverse transcription was performed according 
to the manufacturer’s instructions (PrimeScript RT Master 
Mix, Takara Bio) to generate total cDNA with a thermocycler 
(T-Gradient Thermoblock, Biometra,Goettingen, Germany). 
Real-time PCR involved the relative quantification protocol 
on an ABI 7500 system (Applied Biosystems, Foster City, 
CA) with the primers for rat Mertk (forward) 5′-TCG GAA 
TGA GAT TGG CTG GTC-3′ and (reverse) 5′-AAT TGG 
AGG CTT CGT CCA TCT G-3′ (148 bp); and β-actin 
(forward) 5′-TGT TGC CCT AGA CTT CGA GCA-3′ and 
(reverse) 5′-GGA CCC AGG AAG GAA GGC T-3′ (153 bp; 
the primers were designed by Takara Bio). The cDNA was 
diluted at 1:5 with RNAase-free water. cDNA was amplified 
in a 10 μl mixture containing 5 μl Premix Ex, 0.2 μl Mertk/β-
actin forward primer (10 μmol/l), 0.2 μl Mertk/β-actin reverse 
primer (10 μmol/l), 0.2 μl ROX Reference Dye II (50×), and 
1 μl cDNA template, according to the manufacturer’s protocol 
(SYBR Premix Ex Taq II [Perfect Real Time], Takara Bio). 
The cycle conditions were 95 °C for 1 min and 95 °C for 30 s, 
followed by 40 cycles of 5 s at 95 °C and 34 s at 60 °C. β-actin 
quantification was used as an internal control for normaliza-
tion. In addition, a no-template control (ddH2O) was analyzed 
for each template. The relative difference in gene expression 
was analyzed with the 2−ΔΔCT method [25]. An expression ratio 
>2 designated upregulation, 0.5–2 the same expression, and 
<0.5 downregulation.

Western blot analysis: The P0, P1, and P2 rat BM-MSCs and 
RPE cells were lysed with 1× cell signaling lysis buffer [26]. 
The cell lysates were centrifuged at 4 °C at 13800 ×g. The 
protein concentrations were determined with the Bicincho-
ninic Acid Protein Assay Kit (Pierce, Rockford, IL) with 
bovine serum albumin (BSA) as a standard. Western blot 
analysis was performed according to standard procedures. 
Proteins were resolved on sodium dodecyl sulfate–poly-
acrylamide gel electrophoresis (SDS–PAGE) and transferred 
to polyvinylidene difluoride (PVDF) membranes (Millipore, 
Millipore, MA), which were blocked for 2 h with 5% skim 
milk and incubated for 24 h with the primary polyclonal 
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antibodies for Mertk (C-term)-Aff-Purified (AP10151PU-N; 
Acris antibodies, Germany) and β-actin (sc-130657; Santa 
Cruz Biotechnology, Santa Cruz, CA) at 4 °C, then with 
horseradish peroxidase-conjugated secondary antibodies 
(sc-2301; Santa Cruz Biotechnology), and developed with an 
enhanced chemiluminescent substrate or SuperSignal West 
Femto Maximum Sensitivity Substrate (Pierce).

Immunocytochemistry: Cells were washed three times 
with PBS and fixed with 4% paraformaldehyde for 15 min 
at 4 °C, blocked in 10% goat serum for 30 min, then incu-
bated with primary antibody diluted in 0.5% BSA at 37 °C 
for 2 h, washed three times with PBS, and incubated with 
secondary antibodies for 45 min at 37 °C. Nuclei were stained 
with 4',6-diamidino-2-phenylindole (DAPI, 1:5,000; Sigma, 
Aldrich). The stained samples were visualized with fluores-
cence microscopy (Nikon,Tokyo, Japan) and quantified by 
using Image Pro Plus 5.0 (Media Cybernetics, Bethesda, 
MD). At least three independent experiments were performed 
in duplicate.

Osteogenic and adipogenic differentiation in vitro:

Osteogenic differentiation—A total of 3 × 103/well P2 
BM-MSCs were cultured in six-well plates for osteogenic 
differentiation. The cells were treated with osteogenic 
medium for 3 weeks. The medium was changed every 3 
days. The osteogenic medium contained DMEM-LG (Gibco) 
supplemented with 10% FBS, 50 μg/ml ascorbate-2 phos-
phate, 10−8 M dexamethasone, and 10 mM β-glycerophosphate 
(all Sigma, St. Louis, MO). The calcified nodules were identi-
fied with alizarin red staining.

Adipogenic differentiation—A total of 2 × 104/well P2 
BM-MSCs were cultured in six-well plates for adipogenic 
differentiation. The BM-MSCs were treated with adipogenic 
medium for 3 weeks. The adipogenic medium contained 
DMEM-LG supplemented with 10% FBS, 50 μg/ml ascor-
bate-2 phosphate, 10−7 M dexamethasone, 10 μg/ml insulin, 
and 50 μg/ml indomethacin (Sigma). For evaluation of the 
adipocytes, the cells were fixed with 4% formaldehyde and 
stained with Oil Red O (Sigma).

Preparation of rat POS: The POS was isolated from the BN 
rats as described [27]. Briefly, the retina tissue was suspended 
in a sucrose-homogenizing medium containing 34% sucrose 
(w/w), 65 mM NaCl, 2 mM MgCl2, and 5 mM Tris-acetate 
buffer (pH 7.4). The density of the solution was slightly 
greater than 1.15 g/ml. In total, 20 retinas were homogenized 
in 15 ml medium by shaking vigorously for 1 min. This proce-
dure sheared off most of the POS at the junction of the inner 
and outer segments. The POS was then partially separated 

from the remainder of the retina and sedimented at 427 ×g 
at 4 °C for 4 min. The suspended POS in the supernatant 
was decanted into two volumes of 10 mM Tris-acetate (pH 
7.4), and the pellet was resuspended in fresh homogenizing 
medium and rehomogenized with a homogenizer. This gentle 
shearing force released the POS (approximately 15%) into 
the supernatant after repeated centrifugation at 427 ×g. Then 
the diluting supernatant was centrifuged at 427 ×g for 4 min. 
The resulting pellets (the crude POS) were resuspended in 
25% sucrose medium containing 1 mM MgCl2 and 10 mM 
Tris-acetate (pH 7.4). The resuspended crude POS was 
rehomogenized with a 26-g syringe. This step sheared the 
crude POS into small fragments. The rehomogenized POS 
was layered on top of a discontinuous gradient buffered with 
10 mM Tris-acetate (pH 7.4) and containing 1 mM MgCl2 
and sucrose in incremental density steps of 1.15, 1.13, and 
1.10 g/ml. The gradients were centrifuged at 135173 ×g for 
30 min. The floccules between the densities of 1.10 and 
1.13 g/ml were collected (the refined POS) and stained as 
described [28]. The isolated POS was incubated with DMEM 
containing 10 μg/ml fluorescein isothiocyanate (FITC) for 1 
h at room temperature. Then the FITC-stained POS (FITC-
POS) was pelleted with microcentrifugation (4 min at 4000 
×g), resuspended in growth medium, counted, and diluted to 
a final concentration of 107/ml.

Double fluorescent vital assay of phagocytosis: A double 
fluorescent vital assay of phagocytosis was developed to 
detect the function of the MSC and RPE cells phagocytizing 
the POS and latex beads according to a protocol modified 
from Margaret J. McLaren [29]. The details are as follows.

POS phagocytosis: Daily phagocytosis of the POS is one of 
the critical and specific functions of RPE cells. In this study, 
POS phagocytosis was compared between MSCs and RPE 
cells. The BM-MSCs and the RPE cells were cultured on 1 
cm2 coverslips. For staining, the cells were cultured for 36 h 
in growth medium containing sulforhodamine (SR) at a final 
concentration of 40 μg/ml. The SR-containing medium was 
removed 12 h before the addition of the rods. The BM-MSCs 
and the RPE cells were overlaid with the prepared FITC-POS 
and incubated at 37 °C. One coverslip was taken out of the 
Petri dishes at chase intervals (incubated with the FITC-POS 
for 1, 3, 6, 9, 12, 24, 30, 36, and 48 h), rinsed free of the 
unattached FITC-POS, and fixed with 2% paraformaldehyde 
in 0.1 mol/1 phosphate buffer (pH 7.4). Nuclei were stained 
with DAPI (1:5,000).

Latex bead phagocytosis: Latex bead phagocytosis is 
non-specific. The cells were incubated for 36 h in growth 
medium containing FITC at a final concentration of 10 μg/
ml. The FITC-containing medium was removed, and a final 
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concentration of 107/ml, latex bead culture medium was 
added. After incubation, the coverslips were washed with 
PBS to remove unbound latex beads. Cells were fixed and 
stained with DAPI.

Quantitation: Bound and ingested POS and latex beads were 
quantified manually from the pictures. At least five different 
areas of each plate were quantified with three independent 
experiments performed repeatedly.

Scanning electron microscopy: Cells grown on 25 mm2 
coverslips were incubated with 107/ml POS medium for 3 or 
24 h. The coverslips were washed with PBS to remove the 
unbound POS, and the cells were fixed in 3% glutaraldehyde 
in PBS for 2 h at room temperature, washed three times with 
PBS, and then dehydrated through a graded series of ethanol, 
30%, 50%, 70%, 80%, 90%, and twice at 100%, for 20 min 
each. Samples were critical-point-dried, sputter-coated with 
20 nm gold-palladium, and examined with scanning electron 
microscopy (SEM; JSM-5600LV; JEOL, Tokyo, Japan).

Transmission electron microscopy: Cells were incubated 
with 107/ml POS medium for 24 and 48 h, washed with 
PBS to remove the unbound POS, and scraped with a cell 
scraper. Samples were centrifuged at 800 ×g for 8 min; the 
supernatant was removed, fixed with 3% glutaraldehyde for 
1 h at room temperature with new 3% glutaraldehyde once, 
postfixed with 1% osmium tetroxide, washed three times in 
PBS for 5 min each, then dehydrated through a graded series 
of ethanol, and embedded in Epon 812. Ultrathin (80 nm) 
sections were collected on copper grids and double-stained 
with uranyl acetate and lead citrate and then examined with 
transmission electron microscopy (TEM; JEM-1230; JEOL).

Statistical analysis: Data are expressed as mean ± standard 
deviation (SD) and were analyzed with one-way ANOVA. A p 
value of less than 0.05 was considered statistically significant. 
Analysis involved the use of SPSS 16.0 (SPSS Inc., Chicago, 
IL).

RESULTS

Characterization of rat BM-MSCs: Rat BM-MSCs can be 
successfully isolated and cultured in a whole bone-marrow 
adherent culture system. Primary BM-MSCs showed nest-
like growth with a homogenous, fibroblast-like morphology 
in the first three passages (Appendix 1). The BM-MSCs were 
positive for CD44 and CD90 (Appendix 1) and negative for 
CD34 and CD45 and differentiated into adipocytes and osteo-
blasts (Appendix 1).

Characterization of rat RPE cells: Primary rat RPE cells 
were cultured successfully and showed the typical polygonal 
morphology and abundant pigment granules (Appendix 2). 

The cell morphology changed during the following passages 
(Appendix 2). The appearance of cells was fibroblast-like, 
with fewer pigment granules. The granules were lost from 
the cells and diluted by cell division. The RPE cells were 
positive for RPE65, CK3, and S-100 according to immuno-
fluorescence (Appendix 2).

Mertk expression in rat BM-MSCs and RPE cells: Compared 
with the RPE cells, the expression of the Mertk gene of rat 
BM-MSCs was upregulated at the same passage with real-
time PCR (as shown in Figure 1 in the first three columns). 
The Mertk gene expression of the BM-MSCs was greater than 
that of the RPE cells, especially at P0 and P1 (as shown in 
Figure 1 in the first two columns).The Mertk gene expres-
sion among the first three passages showed no difference (as 
shown in Figure 1 in the last two columns).

Figure 2 shows the Mertk protein expression. Quan-
titative western blot analysis showed the following: Mertk 
protein expression in the RPE P0 was significantly greater 
than that in the RPE P1 (p = 0.02), but there was no difference 
with the RPE P2 (p = 0.124). There was no difference between 
the RPE P1 and the RPE P2 (p = 0.353); Mertk protein expres-
sion in the MSC P0 was lower than in the MSC P1 (p = 0.005) 
and P2 (p = 0.000), with no difference between the MSC P1 
and P2 (p = 0.62). Mertk protein expression in the MSC P0 
was not different from that in the RPE P0 (p = 0.388) but was 
statistically significant greater than in the RPE in other two 
passages (p = 0.000).

Phagocytosis function:

Double fluorescent vital assay of phagocytosis—Latex 
bead phagocytosis is shown in Figure 3. Under fluorescent 
microscopy, the latex beads exhibited red fluorescence. The 
cells that was incubated in FITC exhibited green fluores-
cence. If the latex beads were phagocytized by the cells, the 
beads were yellow. POS phagocytosis is shown in Figure 4 
and Appendix 3. Under fluorescent microscopy, the POS 
exhibited green fluorescence. The cells incubated in SR 
exhibited red fluorescence. If the POS was phagocytized 
by the cells, it was yellow. The quantity of the phagocytized 
latex beads and POS by the BM-MSCs and the RPE cells is 
shown in Figure 5. The quantity of phagocytized latex beads 
did not differ between the BM-MSCs and the RPE cells from 
3 to 18 h (p>0.05) but differed at other time points (p<0.05). 
The quantity of phagocytized POS differed between the 
BM-MSCs and the RPE cells except at 3 h (p = 0.49). Before 
3 h, phagocytic ability was stronger for the RPE cells than 
for the BM-MSCs. After that, the situation was the reverse. 
However, the phagocytic ability was due to the cell vigor. 
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Figure 1. The MER proto-oncogene 
and the Mertk gene expression ratio 
between BM-MSCs and RPE cells 
at different passages and among 
different passages of BM-MSCs. 
The first three columns show the 
ratio of bone marrow mesenchymal 
stem cells (BM-MSCs) versus RPE 
cells. The last two columns show 
the ratio among different passages 
of BM-MSCs. The asterisk (*) 
represents p<0.05. The sampling 
size for each group is 3.The error 
bars are standard deviation (SD). 
The data were analyzed with 
one-way ANOVA. The Mertk 
gene expression of BM-MSCs was 
significant greater than RPE cells at 
P0 and P1.

Figure 2. Western blot analysis 
of Mertk protein expression in 
different passages of RPE cells 
and BM-MSCs. A: Upper panel, 
Mertk protein expression. Lower 
panel, protein samples assayed 
for β-actin expression, control for 
protein loading. B: Quantification 
of Mertk protein expression. The 
sampling size for each group is 
3.The error bars are standard devia-
tion (SD). The data were analyzed 
with one-way ANOVA. Mertk 
protein expression in RPE P0 was 
significantly greater than in RPE 
P1. Mertk protein expression in 
MSC P0 was lower than MSC P1. 
Mertk protein expression in MSC 
P1 and P2 was significant greater 
than RPE.
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Because the cells were in the mitotic stage, they could phago-
cytize more granules.

Ultrastructure of BM-MSCs and RPE cells during POS 
phagocytosis: SEM showed that the BM-MSCs and the RPE 
cells had microvilli on the surface (Figure 6, the filled white 
arrows). The POS bound to the cell surface (Figure 6, the 
empty white arrows). The cytomembrane around the POS 
changed, and endocytosis was activated. TEM showed the 
internal structure of the phagocytized POS by the BM-MSCs 
and RPE cells (Figure 7). Many vesicles named phagolyso-
somes were found in the cytoplasm. The layer-like substance 
in the vesicles was the phagocytized POS. The POS in the 
vesicles was smaller at 48 h than 24 h which meant the POS 
was digested. There was more fluid in the vesicles at 48 h 
than at 24 h.

DISCUSSION

RPE cells are crucial to maintain visual function as a meta-
bolic gatekeeper. Among their many functions, the ability to 
ingest and degrade the POS is important for photoreceptor 
survival [30]. The phagocytic dysfunction of RPE cells leads 
to many fundus diseases, such as age-related macular degen-
eration. Here, we compared phagocytosis of the RPE POS by 
RPE cells and rat BM-MSCs, as an alternative to RPE cells, 
in vitro, for treating RPE-related retinopathy. We also exam-
ined the expression of Mertk, involved in disruption of RPE 
phagocytosis and the onset of autosomal recessive retinitis 
pigmentosa in BM-MSCs and RPE cells. Mertk expression 
did not differ among the first three passages of the BM-MSCs 
but was greater in the BM-MSCs than in the RPE cells. Mertk 
protein expression in the BM-MSCs was similar to that in the 
RPE cells in the primary passage and was greater than that in 
the RPE cells in the other two passages. The BM-MSCs at the 

Figure 3. Latex beads phagocytosis by BM-MSCs and RPE cells. The first picture in rows 1 and 2 exhibits latex beads by fluorescent 
microscopy magnified 200X and 400X, respectively. Rows 1 and 3 show bone marrow mesenchymal stem cells (BM-MSCs) incubated with 
LBs for different time periods. Rows 2 and 4 show RPE cells incubated with LBs for different time periods. The latex beads phagocytized 
by cells are yellow. LB = latex beads.
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first three passages phagocytized the POS and more strongly 
than the RPE cells. The process of BM-MSC phagocytosis 
was similar to that of the RPE cells in digesting the POS. 
BM-MSCs may be an effective cell source for treating retinal 
degeneration.

We have many methods for treating RPE dysfunction-
related retinopathy, including gene therapy [31], antivascular 
endothelial growth factor (VEGF) agents [32], photodynamic 
therapy, angiostatic steroids, and an artificial retina [33]. All 
these methods have defects; for example, with anti-VEGF 
agents, the effective time is limited, and the injection often 
needs to be repeated [32,34]. With cytotherapy to treat RPE-
related retinopathy, including RPE transplantation and stem 
cell therapy, RPE sheets could be autologous or allogeneic. 
The success rate of allogeneic RPE sheet transplantation is 
low because of strong rejection. The effect of autologous RPE 

sheet transplantation is better than that of allogeneic trans-
plantation, but the cell numbers are limited, which damages a 
healthy peripheral area of the eye [35]. Therefore, if possible, 
stem cell transplantation is a better choice. MSCs can be 
conveniently obtained from different accessible tissues: 
bone marrow, blood, and adipose and dental tissue. MSCs 
were originally identified in the bone marrow, representing 
0.001–0.01% of the bone marrow population. The advan-
tages of MSCs include high proliferative and differentiation 
abilities, neuroprotective effects, paracrine effects, and strong 
immunosuppressive properties, making MSCs an attractive 
therapeutic tool, although transient rash, self-limiting bacte-
rial infections, or fever might occur in some patients after 
MSC transplantation [36-38].

The RPE cell phagocytic process involves multiple 
steps, including the binding, uptake, and degradation of 

Figure 4. POS phagocytosis by BM-MSCs and RPE cells. The first picture in rows 1 and 2 exhibits the photoreceptor outer segment (POS) 
with fluorescent microscopy magnified 200X and 400X, respectively. Rows 1 and 3 show bone marrow mesenchymal stem cells (BM-MSCs) 
incubated with the POS for different time periods. Rows 2 and 4 show RPE cells incubated with the POS for different time periods. The 
POS phagocytized by the cells is yellow.
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Figure 5. Quantity of phagocytic 
latex beads (LBs) and photore-
ceptor outer segment (POS) by 
bone marrow mesenchymal stem 
cells (BM-MSCs) and RPE cells 
incubated with LB and POS for 
different time periods. n.s. means 
no statistical significance between 
the BM-MSCs and the RPE cells. 
The sampling size for each group 
is 3.The error bars are standard 
deviation (SD). The data were 
analyzed with one-way ANOVA. 
The quantity of phagocytized latex 
beads did not differ between the 
BM-MSCs and the RPE cells from 
3 to 18 h (p>0.05) but differed at 
other time points (p<0.05). The 
quantity of phagocytized POS 

differed between the BM-MSCs and the RPE cells except at 3 h (p = 0.49). Before 3 h, phagocytic ability was stronger for the RPE cells 
than for the BM-MSCs. After that, the situation was the reverse.

Figure 6. The exterior struc-
ture of BM-MSC and RPE cell 
phagocytic activity on scanning 
electron microscopy. (Top left) 
Bone marrow mesenchymal stem 
cells (BM-MSCs) were incubated 
with the photoreceptor outer 
segment (POS) for 3 h. (Top right) 
BM-MSCs were incubated with 
the POS for 24 h. (Bottom left) 
RPE cells were incubated with the 
POS for 3 h. (Bottom right) RPE 
cells were incubated with the POS 
for 24 h. The empty white arrows 
indicate the POS that bound to the 
cell surface. The filled white arrows 
indicate microvilli. The common 
point of the MSC and RPE cells is 
the cytomembrane that protrudes 
around the bound POS.
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the engulfed POS. The vitronectin receptor αvβ5 [39] and a 
class B scavenger receptor, CD36 [40], are two known RPE 
cell-surface receptors involved in POS binding. POS binding 
to the αvβ5 receptor mobilizes the focal adhesion kinase 
(FAK). FAK plays an important role in the transmission of 
αvβ5-induced cytoplasmic signals and the reorganization 
of the actin cytoskeleton during POS phagocytosis. FAK 
causes redistribution of Mertk [41]. Mertk leads to POS 
ingestion [42]. After being engulfed by RPE cells, the POS is 
digested by lysosomal enzymes, with opsin mainly digested 
by cathepsin D, an acidic lysosomal protease, and the waste 
products released into the choroidal circulation.

In this study, the rat BM-MSCs possessed a specific 
and nonspecific phagocytic ability similar to that of the RPE 
cells. In the specific phagocytosis assay, the POS phagocytic 
ability of the BM-MSCs and the RPE cells was nearly the 
same during the first 3 h, but 3 h later, the BM-MSCs showed 
stronger specific phagocytic ability than that of the RPE cells, 
and the difference increased with time, up to 48 h, the end of 
the observation, to the maximum difference. In nonspecific 
phagocytosis, the performance of the BM-MSCs was later 
than that in specific phagocytosis and was the same as that 
of the RPE cells within 18 h. However, the BM-MSCs had 
stronger phagocytic ability than the RPE cells 18 h later, 
which continued to the end of the experiment. The BM-MSCs 
and the RPE cells had identical phagocytic processes, in terms 

of the binding, uptake, or degradation of the engulfed POS, 
as seen on SEM and TEM; the quantity of POS was higher in 
the BM-MSCs than in the RPE cells, which indicates stronger 
phagocytosis ability.

This stronger phagocytosis ability for BM-MSCs than for 
RPE cells was confirmed with the gene and protein expres-
sion of Mertk. Real-time PCR findings suggested that the 
Mertk expression of P0–P2 BM-MSCs was similar, but the 
quantity in the RPE cells was reduced with the passages. The 
expression was greater in the BM-MSCs than the RPE cells. 
In addition, western blot suggested that Mertk expression of 
MSCs was stronger than that of RPE cells in the P1 and the 
P2. Thus, the BM-MSCs possessed similar ability to or even 
stronger ability than RPE cells to ingest the POS.

The MERTK protein is a member of the Axl/Mer/Tyro3 
receptor tyrosine kinase family and is expressed in RPE cells 
leading to POS ingestion [43,44]. Mertk is the gene mutated in 
the RCS rat, a well-studied animal model of retinal degenera-
tion [45]. Therefore, BM-MSCs possessing the POS phago-
cytosis ability may explain why photoreceptor apoptosis was 
inhibited after the BM-MSCs were injected in the subretina 
or through the vein in the RCS rats or the retinal trauma rat 
model [13]. The RPE cells of the RCS rats lose the ability for 
phagocytosis of the POS, thus leading to POS accumulation 
and photoreceptor apoptosis. A substitute that can perform 
the function of RPE cells (phagocytosis and metabolism of 

Figure 7. The internal structure 
of BM-MSC and RPE cell phago-
cytic activity on transmission 
electron microscopy. (Row 1) Bone 
marrow mesenchymal stem cells 
(BM-MSCs) phagocytizing the 
photoreceptor outer segment (POS) 
at 24 h at different magnifications. 
(Row 2) BM-MSCs phagocytizing 
POS for 48 h. The layer-like 
substance was smaller than at 24 h. 
(Row 3) RPE cells phagocytizing 
the POS for 48 h. The layer-like 
substance was less and more loose 
at 48 h than at 24 h.
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the POS) could aid in photoreceptor survival. In the present 
study, the BM-MSCs strongly expressed Mertk, which is 
significant in digesting the POS, and adhered to, engulfed, 
and digested the POS. Therefore, BM-MSCs may be a good 
alternative to RPE cells. In conclusion, BM-MSCs possess 
some of the RPE cell ability for phagocytosis of the POS and 
may be potential seed cells to treat RPE-related retinopathy. 
An animal study to determine whether BM-MSCs have the 
same function by implanting an MSC sheet in the subretinal 
cavity in RCS rats.

APPENDIX 1.

To access the data, click or select the words “Appendix 1.” 
Morphology and identification of rat bone-marrow mesen-
chymal stem cells (BM-MSCs). (A) primary BM-MSCs (P0) 
were cultured for 3 days. The cells grew in a nest shape. The 
center of the nest was the germinal center. The cells were 
fibroblast-like. (B) Primary BM-MSCs were cultured for 6 
days. The number of cells increased. (C, D) Second-passage 
(P1) and third-passage (P2) cells. The cell morphology was 
not changed. (E, F) BM-MSCs were positive for CD44 and 
CD90 by immunofluorescence. Cells were homogenous, 
fibroblast-like during the first 3 passages. (G) Fat particles 
of differentiated adipocytes were stained red with Oil-red 
O (Methylene blue couterstaining, original magnification 
1000×). (H) Calcified nodules of differentiated osteoblasts 
were stained with Alizarin red.

APPENDIX 2.

To access the data, click or select the words “Appendix 2.” 
Morphology and identification of rat retinal pigment epithe-
lium (RPE) cells. (A) Primary RPE cells (P0) were polygonal 
and contained abundant pigment granules. (B) Second-
passage (P1) RPE cells were fibroblast-like. The pigment 
granules were less than at P0. (C) Third-passage RPE cells 
contained few pigment granules. (D) RPE cells were positive 
for CK3 by immunofluorescence. One cell contained pigment 
granules (arrow). (E, F) RPE cells were positive for RPE65 
and S-100 by immunofluorescence.

APPENDIX 3.

To access the data, click or select the words “Appendix 
3.” Photoreceptor outer segment (POS) phagocytosis by 
BM-MSCs and RPE cells (100× magnification). Rows 1 and 3 
show BM-MSCs and rows 2 and 4 show RPE cells incubated 
with POS for different time.
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