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We aim to identify levels of signal factors secreted by MSCs cultured in 2D monolayers (2D-MSCs), spheroids (spheroids MSCs),
and cocultures of microvesicles (MVs) derived from 2D-MSCs or spheroid MSCs and retinal photoreceptor neurons. We seeded
2D-MSCs, spheroid MSCs, and cells derived from spheroids MSCs at equal numbers. MVs isolated from all 3 culture conditions
were incubated with 661W cells. Levels of 51 signal factors in conditioned medium from those cultured conditions were quantified
with bead-based assay. We found that IL-8, IL-6, and GRO𝛼 were the top three most abundant signal factors. Moreover, compared
to 2D-MSCs, levels of 11 cytokines and IL-2R𝛼 were significantly increased in conditioned medium from spheroid MSCs. Finally,
to test if enhanced expression of these factors reflects altered immunomodulating activities, we assessed the effect of 2D-MSC-
MVs and 3D-MSC-MVs on CD14+ cell chemoattraction. Compared to 2D-MSC-MVs, 3D-MSC-MVs significantly decreased the
chemotactic index of CD14+ cells. Our results suggest that spheroid culture conditions improve the ability of MSCs to selectively
secrete signal factors.Moreover, 3D-MSC-MVs also possessed an enhanced capability to promote signal factors secretion compared
to 2D-MSC-MVs and may possess enhanced immunomodulating activities and might be a better regenerative therapy for retinal
degenerative diseases.

1. Introduction

There has been considerable interest in the curative effect
of the human mesenchymal stem cells (MSCs) that are
derived from adult tissues such as umbilical cord blood,
bone marrow, and adipose tissue [1–3]. MSCs are relatively
convenient to be isolated from donors, and they canmaintain
an active proliferating capacity after multiple passages in
culture. For these reasons, MSCs have great therapeutic
potential in disease treatment, as demonstrated by results
from multiple experimental and clinical studies [4–6]. In
addition to theirmultidifferentiation potential,MSCs arewell
known for their abilities to secrete paracrine factors and to
modulate inflammation and immunity [7, 8]. Interestingly,
therapeutic effects are frequently reached without convincing
evidence of cell differentiation or engraftment in vivo [9].
Instead,MSCs contribute to tissue repair through secretion of

a certain set of paracrine factors with limited tissue destruc-
tion, thus showing broad application prospect in treatment
of multiple diseases including those involving retinal degen-
eration [10, 11]. Previously investigated neuroprotective ther-
apies for degenerative retinal photoreceptor neurons such
as age-related macular degeneration (AMD) and retinitis
pigmentosa (RP) include intravitreal MSC transplantation,
MSC conditionedmedium injection, and neurotrophic factor
delivery [12, 13]. However, the exact therapeutic mechanism
and factors determining the curative effect remain to be
fully elucidated. Increasing attention has been paid to ways
to enhance MSC treatment efficiency and to identify MSC-
derived elements conferring potent neuroprotection [14].

Traditionally,MSCswere cultured in 2Dmonolayers (2D-
MSCs) [15]. Recently, aggregation ofMSCs into 3D spheroids
(spheroidMSCs) was reported to show increased therapeutic
potentials than 2D-MSCs, in part, because they better mimic
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Figure 1: Gathering of MSCs into spheroids. Microscopic images showing MSCs seeded at four different concentrations (2.5 × 103, 6.25 ×
103, 25 × 103, and 50 × 103 cells/drop) aggregated into spheroids different in size in a hanging drop. Scale bar = 200 um.

the structure and arrangement of a real tissue [16, 17].
Similarly, microvesicles (MVs) derived from MSCs (MSC-
MVs), which function as shuttles for cytokines, receptors,
ligands, message RNAs (mRNAs), microRNAs (miRNAs),
and lipids [18, 19], were shown to be mediators of cell-to-
cell communication [20]. MSC-MVs were thought to be
an effective therapeutic approach not merely because they
are stable and preservable, but also because they have less
potential risks of immunological rejection [21, 22]. However,
most studies so far have only utilized MVs derived from 2D-
MSCs (2D-MSC-MVs), and advantages of usingMVsderived
from spheroid MSCs (3D-MSC-MVs) in disease treatment
have not been fully explored.

Our study aimed to systematically analyze signal factors
secreted by 2D-MSCs and spheroid MSCs and the effect of
2D-MSC-MVs and 3D-MSC-MVs on signal factor secre-
tion when cocultured with retinal photoreceptor neurons.
Our results suggested that the 3D culture model enhanced
the ability of MSCs to secrete signal factors responsible
for anti-inflammation, cell differentiation, and cell survival,
and 3D-MSC-MVs possessed enhanced capability of pro-
moting signal factors secretion and may possess enhanced
immunomodulating activities compared to 2D-MSC-MVs
and might be a better option for neuroprotection of retinal
photoreceptor neurons.

2. Materials and Methods

2.1. MSC Cell Culture. Passage 2 MSCs derived from human
umbilical cord blood were obtained fromCyagen Biosciences
Inc. (Guangzhou, China). MSCs were cultured in Dulbecco’s
modified Eagle Medium (DMEM) (Cyagen) supplemented
with 10% fetal bovine serum (FBS) (Cyagen), 1% peni-
cillin/streptomycin, and 1% L-glutamine. Cells were cultured
at 37∘C with 5% CO2 in a humidified incubator.

2.2. Spheroid Generation and Dissociation. A hanging drop
protocol was used for generation of spheroid MSCs as
described by Bartosh et al. [16]. Briefly, MSCs were plated
on an inverted culture dish lid as hanging drops in 35 ul of
conditioned culture medium at four different cell densities
(2.5 × 103, 6.25 × 103, 25 × 103, and 50 × 103 cells/drop and
hereafter referred to as Sph-2.5k, Sph-6.25k, Sph-25k, and
Sph-50k, resp.) (Figure 1).The lid was then flipped and placed

onto a culture dish into which PBS were injected to prevent
evaporation. Hanging drop cultures were grown at 37∘C
with 5% CO2 for 72 h to generate spheroids. MSC spheroids
were harvested with a cell lifter and transferred to a 15mL
centrifuge tube with PBS and collected by centrifugation at
1,000 rpm for 5min. In order to obtain spheroid derived
MSCs, spheroids were incubated with 0.25% trypsin and
1mM EDTA (Gibco-Invitrogen, California, USA) at 37∘C
for different time periods depending on the spheroid size
(1, 2, 10, and 15min for Sph-2.5k, Sph-6.25k, Sph-25k, and
Sph-50k, resp.). Spheroid derived MSCs were collected by
centrifugation at 1,000 rpm for 5min before being used in
follow-up assays. Hereafter, spheroid derived MSCs were
referred to as Sph-2.5k DC, Sph-6.25k DC, Sph-25k DC, and
Sph-50k DC, respectively, depending on the size of original
spheroids (Figure 2).

2.3. Collection of Conditioned Medium. Equal total numbers
of 2D-MSCs, spheroid MSCs, and spheroid derived MSCs
(50 × 103 cells/well) were seeded onto six-well dishes in 2mL
serum-free medium. Conditioned medium from different
forms of MSCs was collected after 24 h in culture.

2.4. Isolation of MSC-MVs. MSC-MVs were isolated from
serum-free conditioned medium from different forms of
MSC cultures (Figure 2) following a standard sequential
centrifugation protocol [23]. Briefly, conditioned medium
was centrifuged at 2,000×g for 20min at 4∘C to get rid
of cells and cell debris. The supernatants were then cen-
trifuged at 100,000×g (Beckman Coulter Optima L-100 XP
Ultracentrifuge, Beckman Coulter, California, USA) for 1 h at
4∘C, and the pellets were washed once in PBS. The resulting
supernatants were ultracentrifuged again at 100,000×g for 1 h
at 4∘C to collect MSC-MVs. The MSC-MVs collected from a
total of 1 × 106 cells were suspended in 100𝜇L PBS and then
suspended in 1mL serum-free medium.

2.5. Electron Microscopy. MSC-MVs purified by ultracen-
trifugation were applied to carbon-coated grids and stained
with 1% uranyl acetate. The grids were examined by Tecnai
G2 Spirit TWIN Transmission electron microscope (FEI) at
an acceleration voltage of 80 kV. Photographswere takenwith
an AMT 2k CCD camera.
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Figure 2: Schematic illustration of the experimental design. A part of MSCs were cultured in 2D environment (2D-MSCs) and hanging
drop protocol was used to prepare spheroid MSCs (I). Different forms of conditioned medium were collected after 24 h (II). MSC-MVs were
isolated from conditioned medium of MSCs based on sequential centrifugation (III). 2D-MSC-MVs/3D-MSC-MVs were cocultured with
661W cells for different time period (IV).

2.6. Total Protein Quantification. Concentrations of total
proteins from MSC-MVs suspended in 100 𝜇L PBS were
detected using Pierce TM BCA Protein Assay Kit (23225)
(Thermo Scientific�, Rockford, USA) according to the
manufacturer’s protocol. Data were acquired using Epoch�
Multi-Volume Spectrophotometer system (BioTek, Califor-
nia, USA).

2.7. Coculture of 661W Cells and MSC-MVs. The 661W cell
line was a gift from the Zhongshan Ophthalmic Center,
Zhongshan University. For the 661W-MV coculture exper-
iment, 1 × 105 661W cells were treated with 2mL of 2D-
MSC-MVs, 2mL of Sph-2.5k-MVs, 2mL of Sph-2.5k DC-
MVs, 2mL of Sph-6.25k-MVs, 2mL of Sph-6.25k DC-MVs,
2mL of Sph-25k-MVs, 2mL of Sph-25k DC-MVs, 2mL of
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Sph-50k-MVs, and 2mL of Sph-50k DC-MVs, respectively
(Figure 2), and were cultured at 37∘C with 5% CO2 for
different time points (24 h, 48 h, 72 h, and 96 h) in 6-well
plates. 661W cells treated with 2mL serum-free medium
without MSC-MVs were used as controls. The conditioned
medium from each culture condition was then collected and
assayed for signal factors.

2.8. Bead-Based Analysis. Quantification of signal factors
was performed using the Bio-Plex Pro� TGF𝛽 Assays Kit
(171W4001M), Bio-Plex Pro� Human Cytokine 27-Plex
Assays Kit (M500KCAF0Y), and Bio-Plex Pro� Human
Cytokine 21-Plex Assays Kits (MF0005KMII) (Bio-Rad, Cali-
fornia, USA) according to manufacturer’s instructions. Con-
ditioned medium collected from different culture and cocul-
ture conditions described above were analyzed for signal fac-
tors listed in Table S1 (see Supplementary Material available
online at https://doi.org/10.1155/2017/2730472). Each sample
was run in triplicate. Data were acquired using the Bio-
Plex 200 system (Bio-Rad, California, USA) and standard
curves were generated by 5-parametric curve fitting using the
OriginPro 8.5.0 software (OriginLab, Massachusetts, USA).

2.9. CD14+ Cell Isolation. Fresh peripheral blood samples
were collected from 5 health care workers. All subjects pro-
vided written informed consent and the study was approved
by the human ethics committee of the SecondXiangyaHospi-
tal of Central SouthUniversity, prior to the initiation of study.
Peripheral blood mononuclear cells (PBMC) were isolated
from heparinized venous peripheral blood by using Ficoll-
Hypaque density gradient centrifugation (GE Health care,
Switzerland) for 30min at 500 g. CD14+ cells were selected
fromPBMCby positive selection using anti-CD14 conjugated
microbeads (Miltenyi Biotec, San Diego, CA, USA) under
endotoxin-free conditions, according to the manufacturer’s
instructions.The purity of these isolated cell populations was
tested by flow cytometry. Isolated cells were incubated with
the fluorescent-labeled antibodies against CD14 (BioLegend,
San Diego, USA) for 30min on 4∘C in dark. Flow acquisition
was performed on FACSCantoTM II analyzer (BD, CA,
USA).The data were analyzed using FlowJo 7.6 software (Tree
Star Inc., CA, USA) and the purity of these isolated cell
populations was higher than 90% (Figure 6(f)).

2.10. Migration Assay. The migration assay for CD14+ cells
was performed using 8 𝜇m pore size polycarbonate mem-
brane (Corning Inc., CA, USA). Two hundred microliters
of CD14+ cells in serum-free RPMI-1640 medium (Gibco,
Carlsbad, CA, USA) (5 × 104 cells) was placed into the upper
insert and 4 different kinds of medium were added to the
lower chambers, respectively: 600 𝜇L of serum-free RPMI-
1640 medium, 500𝜇L of serum-free RPMI-1640 medium
supplemented with 100 𝜇L of poly(I:C) solution (1mg/mL in
PBS; Enzo, Farmingdale, NY, USA), 400 𝜇L of serum-free
RPMI-1640 medium supplemented with 100 𝜇L of poly(I:C)
solution and Sph-25k-MVs collected from 1 × 106 cells
suspended in 100 𝜇L PBS, 400 𝜇L of serum-free RPMI-1640
medium supplemented with 100 𝜇L of poly(I:C) solution,

and 2D-MSC-MVs collected from 1 × 106 cells suspended in
100 𝜇L PBS. After culturing in a humidified CO2 incubator
at 37∘C for 2 h, cells on the top were removed and the
CD14+ cells migrating across the membrane were fixed
with methanol, stained with 0.5% crystal violet. Cells were
quantitated in 6 random fields and averages from these fields
were calculated. Experiments were repeated three times and
results were presented as chemotactic index (CI), defined as
the number of migrated cells divided by number of migrated
cells responding to the serum-free RPMI-1640 medium. The
optical density of each well was determined using Centrifugal
Ultra Filters (Millipore, Billerica, USA) set to 450 nm.

2.11. ELISA Assay. Conditioned media from different forms
of MSCs and 661W-MSC-MVs coculture system were ana-
lyzed for VEGF and TGF𝛽3 using Human VEGF Quantikine
ELISA Kit (DVE00) and human TGF𝛽3 DuoSet ELISA Kit
(DY243) (R&D System, Minneapolis, USA) according to
manufacturer’s instructions, respectively. Samples were run
in triplicate.

2.12. Statistical Analyses. Heatmaps were generated through
taking an average of each group (𝑛 = 3) and plotted in
line with a predetermined color code using HemI 1.0 [24].
One-way ANOVA was used to analyze differences among
samples from 2D and 3D groups, and then post hoc tests
were performed to compare difference between two groups.
To analyze different expression levels among samples from
various time points, independent-samples 𝑇 test was applied
and the 𝑝 value less than 0.05 was considered as statistically
significant. Data are expressed as mean ± standard deviation
of the mean, unless otherwise stated. These analyses were
performed using Prism software 5.0 (GraphPad Software, La
Jolla, USA).

3. Results

3.1. IL-8, IL-6, and GRO𝛼 Are the Top Three Cytokines in
Concentration Secreted by 2D-MSCs. MSCs are known to
have paracrine effects by secretion of signal factors such as
interleukins, chemokines, and growth factors. To analyze sig-
nal factors secreted by 2D-MSCs, conditioned media of 2D-
MSCs were collected and 51 signal factors (Table S1) in con-
ditioned medium were quantified by a multiplex bead-based
assay. These signal factors could play a part in regulation
of inflammation, differentiation, and growth, and they are
likely to affect the development and treatment of degenerative
disease [25, 26]. In the 2D culture condition, a total of 15
signal factors secreted by MSCs were detectable (Table 1)
and IL-8, IL-6, and GRO𝛼 are the top three signal factors
in concentration. Furthermore, we found TGF𝛽1, bFGF,
SCGF-𝛽, and HGF are highly expressed, which are cytokines
involved in regeneration, proliferation, and differentiation. In
contrast, proinflammatory factors such as MIP-1𝛼, MIP-1𝛽,
TNF-𝛼, TNF-b, and IFN-𝛾 and certain chemokines such as
RANTES, MIG, and IP-10 were not detected. Interestingly, in

https://doi.org/10.1155/2017/2730472
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Table 1: 15 signal factors secreted by 2D-MSCs.

Symbol Concentration (pg/mL)
IL-8 6301.9 ± 248.0

IL-6 3595.6 ± 384.9

GRO𝛼 2178.5 ± 244.8

TGF𝛽1 425.6 ± 27.8

bFGF 408.3 ± 41.6

SCGF-𝛽 275.1 ± 23.0

HGF 91.0 ± 15.3

MCP-1 64.1 ± 9.1

SDF-1𝛼 45.9 ± 6.8

TGF𝛽2 34.6 ± 5.1

G-CSF 19.6 ± 3.6

IL-1𝛼 12.5 ± 2.0

IL-1𝛽 17.6 ± 1.9

LIF 1.1 ± 0.3

IL-2R𝛼 1.0 ± 0.3

Data presented as mean ± standard deviation.

addition to a series of cytokines, conditioned media of 2D-
MSCs also contain a cytokine receptor, IL-2R𝛼, which is an
integral IL-2 receptor.

3.2. SpheroidMSCs Showed Enhanced Secretion of 11 Cytokines
and 1 Cytokine Receptor Compared to 2D-MSCs. Spheroid
MSCs have been shown to have improved therapeutic effects
compared to monolayer cultures because of their enhanced
anti-inflammatory properties, differentiation capacity, and
cell survival [16, 27, 28]. To understand the potential mech-
anism, we also investigated secretion of signal factors from
spheroid MSCs. Since culture conditions such as spheroid
size can influence MSC behaviors [29], we prepared spheroid
MSC cultures with different sizes (Sph-2.5k, Sph-6.25k, Sph-
25k, and Sph-50k groups for cells seeded at 2.5 × 103, 6.25
× 103, 25 × 103, and 50 × 103 cells/drop, resp.). Moreover, it
was reported that individual MSCs isolated from spheroids
are smaller in size and had increased anti-inflammatory
capacity compared to 2D-MSCs that never formed aggregates
or spheroids, thus being an attractive therapeutic tool [16].
Therefore, we also investigated secretion of spheroid derived
MSCs that were released from spheroids by trypsinization
(Sph-2.5k DC, Sph-6.25k DC, Sph-25k DC, and Sph-50k DC
groups for corresponding spheroid sizes of 2.5 × 103, 6.25 ×
103, 25 × 103, and 50 × 103 cells/drop, resp.) in this study.
Among the 51 signal factors analyzed, a total of 21 signal
factors were detected with the bead-based assay including
the 15 signal factors that were also detected in 2D-MSCs
cultures (Table 2). Six signal factors, IL-1Ra, IL-7, IL-16,MCP-
3, TGF𝛽3, and VEGF, were detected only under 3D culture
conditions.

Next, we compared levels of signal factors that were both
detectable in conditioned medium from spheroid MSCs and
2D-MSCs (Figure 3). We found that levels of 5 signal factors,
IL-6, MCP-1, LIF, G-CSF, and SDF-1𝛼 were higher in con-
ditioned medium from all 3D culture conditions compared
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Figure 3: Heatmap of signal factor secretion by 2D-MSCs and
3D-MSCs cultured at different conditions. Six signal factors, IL-
1Ra, IL-7, IL-16, MCP-3, TGF𝛽3, and VEGF, were detected only
under 3D culture conditions. 5 signal factors, IL-6, MCP-1, LIF, G-
CSF, and SDF-1𝛼, were higher in conditioned medium from all 3D
culture conditions compared to the 2D culture condition. Two signal
factors, TGF𝛽1 and TGF𝛽2 had decreased levels in conditioned
media from 3D culture conditions compared to the 2D culture
condition.

to the 2D culture condition. Apart from increased secretion
of these 11 signal factors that are involved in inflammatory
regulation, cell differentiation, and survival, aggregation of
MSCs into 3D spheroids enhanced secretion of a cytokine
receptor, IL-2R𝛼. Moreover, we found that cell densities in
spheroids and culturemethods affected levels of certain signal
factors. Highest levels of IL-7, IL-16,MCP-3, and IL-2R𝛼were
detected in the Sph-6.25k group. Similarly, highest levels of
MCP-1, LIF, and G-CSF were detected in the Sph-25k group,
and highest levels of IL-1Ra, TGF𝛽3, SDF-1𝛼, and VEGFwere
detected in the Sph-50k group. In addition, levels of these
signal factors tended to be higher in spheroid MSC groups
than their corresponding spheroid derived MSCs groups,
suggesting the microenvironment within the 3D spheroids
promotes certain signal factor secretion. Furthermore, the
expressions of VEGF and TGF𝛽3 in supernatants of 2D-
MSCs/3D-MSCs were also evaluated by ELISA (Figure S1. A,
C). Consistent with the results from the bead-based assay,
VEGF and TGF𝛽3 were detected only under 3D culture
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(e) (f) (g)

Figure 4: Characteristics of 2D-MSC-MVs and 3D-MSC-MVs. (a)–(d) By electron microscopy, both 2D-MSC-MVs (a, c) and 3D-MSC-
MVs (b, d) displayed sizes ranging from 100 nm to 400 nm. Scale bar = 200 nm, 1 um. (e)–(g) Light microscopy analyses showed that, similar
to controls (e), both of 2D-MSC-MVs (f) and 3D-MSC-MVs (g) could maintain the normal shape of cocultured 661W cells (scale bar =
200 um).

conditions and their highest levels were detected in the Sph-
50k group and Sph-25k group, respectively.

3.3. 3D-MSC-MVs Possessed Enhanced Capability of Pro-
moting Signal Factors Secretion Compared to 2D-MSC-MVs.
Since MSC-MVs can serve as effective shuttles of bioactive
molecules, thusmediatingMSC effects andmodulating activ-
ities of receipt cells, we coculturedMSC-MVswith 661Wcells
and assessed influence of MSC-MVs on 661W cells. To this
end, we isolated MVs from conditioned medium of both 2D-
MSC and 3D-MSC cultures (including spheroid MSCs and
spheroid derivedMSCswith 4 different cell densities, namely,
Sph-2.5k, Sph-6.25k, Sph-25k, and Sph-50k and Sph-2.5k
DC, Sph-6.25k DC, Sph-25k DC, and Sph-50k DC groups)
containing equivalent amount of total proteins and incubated
them with 661W cells for different time periods. By electron
microscopic analyses, both 2D-MSC-MVs and 3D-MSC-
MVs displayed sizes ranging from 100 nm to 400 nm (Figures
4(a)–4(d)). Moreover, neither 2D-MSC-MVs nor 3D-MSC-
MVs affected the morphology of 661W cells (Figures 4(e)–
4(g)). We next quantified levels of signal factors in the
conditioned medium collected from the coculture systems
at 24 h, 48 h, 72 h, and 96 h after incubation using the bead-
based assay. A total of 20 signal factors were detectable under
at least one of the coculture conditions (Figure 5(a)). Similar
to results we observed from MSCs, MVs from 3D-MSCs
tend to have a stronger effect on signal factor secretion.
Among the 20 signal factors, 11 were found to have higher
levels in all 661W-3D-MSC-MVs coculture conditions than

661W-2D-MSC-MVs. For the remaining 9 signal factors,
their concentrations were higher in at least 1 of 8 661W-
3D-MSC-MVs coculture conditions than in the 661W-2D-
MSC-MVs coculture condition. Moreover, cell densities of
spheroids also affected secretion profiles of signal factors.
Among the 20 signal factors, 11 signal factors were found to
have the highest levels in the 661W-Sph-25k-MVs group and
6 were highest in the 661W-Sph-6.5k-MVs group. Similarly,
for the remaining 3 signal factors, one had highest levels
in the 661W-Sph-2.5k-MVs group and 2 were in the 661W-
Sph-50k-MVs group. Interestingly, levels of some of these
signal factors showed a pattern of either increase or decrease
along with cultivation time. Three signal factors, SCGF-𝛽,
VEGF, and LIF showed an increase with cocultivation time
in 661W-3D-MSC-MVs coculture systems (Figures 5(b)–
5(d)). On the other hand, different behavior was observed
for IL-1𝛽, MCP-3, TGF𝛽1, TGF𝛽3, and HGF in which a time
dependent decrease was detected in all 9 coculture systems.
Levels of other 11 cytokines in the conditioned medium from
cocultured 661W-MSC-MVs did not have an obvious trend
to change over time. Interestingly, along with the increase
of cocultivation time, G-CSF levels in 661W-2D-MSC-MVs
group were sustainably decreased; however, its levels were
gradually increased with time in all 661W-3D-MSC-MVs
cocultured groups, supporting that different sources of MSC-
MVs could affect the interaction between MSC-MVs and
661W cells. Moreover, for 661W-3D-MSC-MVs coculture
condition,MVs from Sph-2.5k, Sph-6.25k, Sph-25k, and Sph-
50k tend to have a stronger effect on SCGF-𝛽, VEGF, LIF,
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Figure 5: Heatmap of signal factor secretion by MVs derived from 2D-MSCs or 3D-MSCs cocultured with 661W cells. (a) 3D-MSC-MVs
possessed enhanced capability of promoting signal factors secretion compared to 2D-MSC-MVs. SCGF-𝛽, VEGF, and LIF expression levels
are increased in a time dependent manner in supernatants from 661W-3D-MSC-MVs cocultured systems (b, c, d). ∗ denotes significant
differences of 𝑝 value less than 0.05.

andG-CSF secretion thanMVs fromSph-2.5kDC, Sph-6.25k
DC, Sph-25k DC, and Sph-50k DC groups correspondingly,
suggesting microenvironment within the 3D spheroids pro-
motes certain signal factor secretion.The expression of VEGF
and TGF𝛽3 in 661W-Sph-25k-MVs coculture system was
also tested by ELISA (Figure S1. B, D). Similar to the results
from bead-based assay, TGF𝛽3 levels in the 661W-Sph-25k-
MVs groupwere sustainably decreased, but VEGF levels were
gradually increased with time in 661W-Sph-25k-MVs group.
Finally, to evaluate if these signal factors induced by MVs
may possess immunomodulation activities, we tested their
effect on CD14+ cell chemoattraction using a transwell cell
assay (Figure 6). CD14+ cells can respond to proinflammatory
substances such as dsDNA [30]. Therefore, we first induced
CD14+ cells chemoattraction by adding a dsDNA analog,
poly(I:C), in the lower chamber of transwells. As expected,

poly (I:C) treatment significantly increased the number of
CD14+ cells migrated through the transwell membrane. We
next tested the effect of MSC-MVs on CD14+ migration
by adding MSC-MVs along with poly(I:C) in the lower
chamber. We found that both 2D-MSC-MVs and 3D-MSC-
MVs inhibited CD14+ cell migration and more importantly,
3D-MSC-MVs had a stronger antimigration effect than 2D-
MSC-MVs.

4. Discussion

Stem cell therapy has been used to treat retinal diseases
by optimizing immune responses and improving the local
microenvironment [31, 32]. In addition to known growth-
promoting and neurotrophic effects, MSCs have great
potentials in modulation of inflammation, immunity, and
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Figure 6:The chemotactic activity of poly(I:C) to CD14 cells and the influence of 2D-MSC-MVs and 3D-MSC-MVs on CD14 cells migration.
(a)–(d) Light microscopic images showing poly(I:C) solution (b) significantly induced the CD14 cells migration and compared to 2D-MSC-
MVs (c), 3D-MSC-MVs (d) could significantly decrease the migration of CD14 cells. Scale bar = 100 um. (e) Quantification of transwell
migration of CD14 cells. (f) Through flow cytometry, the purity of CD14+ cells was validated and higher than 90%. ∗ denotes significant
differences between control and each group of 𝑝 value less than 0.05. # denotes significant differences between 2D-MSC-MVs and 3D-MSC-
MVs group of 𝑝 value less than 0.05.

regeneration through paracrine and juxtacrine actions [28,
33]. In addition, conditioned media from MSC cultures
have been employed as feasible and effective materials
to attenuate injury and promote retinal neuron survival
both in vitro and in vivo suggesting MSC-MVs can be a
potent treatment approach [34–36]. It was reported that
aggregation of MSCs into spheroids could enhance their
anti-inflammatory abilities by increasing secretion of anti-
inflammatory factors [16]. However, detailed analyses com-
paring signal factor profiles between 2D-MSCs and spheroid
MSCs have yet to be reported. In this study we systematically
profiled and compared signal factors secreted by 2D-MSCs
and spheroid MSCs. In addition, we analyzed the effect of
MVs derived from either 2D or spheroid MSC cultures on
signal factor secretion when cocultured with 661W cells.
Our results revealed that spheroid culture models improved
the ability of MSCs to secret signal factors responsible for
anti-inflammation, cell differentiation, and cell survival. In

addition,MVs derived fromMSCs can stimulate signal factor
secretion and 3D-MSC-MVs were superior to 2D-MSC-MVs
in stimulating signal factor secretion.

For both 2D-MSCs and spheroid MSCs, the top three
signal factors in concentration, IL-8, IL-6, and GRO𝛼, play
an essential role in the modulation of inflammation [37].
In addition, IL-8 is a potent angiogenic factor [38] and
GRO𝛼 is related to the occurrence and development of
certain tumors [39]. These three signal factors represent
important components of MSC secretions and underline the
immunemodulating properties ofMSCs.Moreover, spheroid
MSCs are superior to 2D-MSCs as they have enhanced
anti-inflammatory properties [40], enhanced differentiation
capacity [41], and improved cell survival [27]. Interestingly,
these enhanced capabilities of spheroid MSCs correlate with
increased secretion of signal factors in the spheroid MSCs
[16, 42]. In line with this notion, we have detected signal
factors that were only secreted by spheroid MSCs, including
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IL-1Ra, IL-7, IL-16, MCP-3, TGF𝛽3, and VEGF. As previously
reported, these factors are important regulators of inflam-
mation and immunity. Through inhibiting proinflammatory
factors IL-1𝛼 and IL-1𝛽, increased IL-1Ra levels can play an
important role in anti-inflammation [43]. IL-7 is a growth
factor for T cells and has potent proangiogenic effect [44].
IL-16 functions as a modulator of T cell activation and can
inhibit HIV replication [45] and it was shown that IL-16 could
prevent or delay virus infection of hypothalamus and inhibit
virus from spreading into optic nerve and retina [46]. MCP-3
can attract macrophages during inflammation andmetastasis
and augments monocyte antitumor activity [47]. VEGF are
known to promote vasculogenesis and angiogenesis and can
also contribute to inflammation by promoting lymphangio-
genesis [48, 49]. TGF𝛽3 are involved in cell differentiation
and cell survival [50] and it was shown that the hypoxic
environment insideMSC spheroids promotedTGF𝛽3 expres-
sion, leading to enhanced chondrogenic differentiation of
MSCs and cartilage formation [51]. It is worth mentioning
that, unlike TGF𝛽3, two other members of the transforming
growth factor beta superfamily, TGF𝛽1 and TGF𝛽2, had
decreased secretion in conditioned medium from 3D culture
conditions compared to the 2D culture condition. Thus,
our results suggest that, instead of enhancing secretion of
all signal factors, 3D culture model can selectively increase
secretion of certain factors. Finally, our results demonstrated
thatMSCs properties depended largely on culture conditions.
Levels of these increased signal factors tended to be higher
in spheroid MSC groups than their corresponding spheroid
derived MSCs groups, suggesting the microenvironment
within the 3D spheroids can promote signal factor secretion.
Moreover, both spheroid MSCs and spheroid derived MSCs
had increased secretion of signal factors compared to 2D-
MSCs, suggesting they are probably more efficient in disease
treatment. In sum, our results support the notion that the
selectively increased secretion of signal factors might be one
of the reasons that spheroid MSCs are more advantageous
than 2D-MSCs.

As mediators of bidirectional communication between
MSCs and target cells, MSC-MVs have been shown to
contribute greatly to tissue repair and regeneration [52–
54]. In addition, signal factors play a vital role in MSC-
MVs mediated cell/tissue regenerative process. For exam-
ple, through RNA transfer into impaired tubular epithelial
cells, MSC-MVs can stimulate hepatocyte growth factor
(HGF) secretion and facilitate cell growth and regeneration
[55]. Similarly, in our 66W-MSC-MVs coculture system,
secretion of three signal factors, SCGF-𝛽, VEGF, and LIF
increased with cocultivation time. SCGF-𝛽, LIF, and VEGF
are important signal factors in repair and regeneration of
certain tissues. SCGF-𝛽, a cytokine of the C-type lectin
family, was originally found as a growth factor stimulating
primitive hematopoietic progenitor cell proliferation [56].
Subsequent studies confirmed that SCGF-𝛽 can promote the
development of myeloid and erythroid colonies and interact
with additional soluble mediators, such as VEGF and SCF to
promote the healing process [57, 58]. LIF is primarily recog-
nized for its ability to maintain the developmental potential
of embryonic stem cells [59]. Recently it was also reported

that LIF, through upregulating superoxide dismutase-3, could
protect neurons from ischemic damage [60]. Other than
its role in angiogenesis and anti-inflammation, secretion of
VEGF by adult hippocampal neural stem and progenitor
cells was recently shown to be required for maintenance of
a neurogenic niche [61]. Therefore, although further work
is needed to verify the effectiveness of SCGF-𝛽, VEGF, and
LIF in treatment of retinal diseases, sustainably increased
secretion of these factors in our coculture systems suggests
them to be potential targets for regenerative therapies for
retinal photoreceptor neurons.

The characteristics ofMVs can be affected by their cellular
origin [62, 63]. For example, MVs derived from MSCs and
liver resident stem cells (HLSCs) could selectively shuttle
different pattern of miRNAs, thus having distinct biofunc-
tionality [64]. As our results showed, MVs from Sph-2.5k,
Sph-6.25k, Sph-25k, and Sph-50k tend to have a stronger
effect on SCGF-𝛽, VEGF, LIF, andG-CSF secretion thanMVs
from Sph-2.5k DC, Sph-6.25k DC, Sph-25k DC, and Sph-50k
DC groups correspondingly, suggesting microenvironment
within the 3D spheroids promotes certain signal factor
secretion. We also found that those 3D-MSC-MVs possessed
enhanced capability of promoting signal factors secretion
compared to 2D-MSC-MVs, consistent with the difference in
signal factor secretion between their cellular origins.

Chronic inflammation underlies various degenerative
retinal diseases affecting photoreceptors [65]. For exam-
ple, AMD is characterized by extracellular deposits (called
drusen) that contain several proinflammatory substances
such as double-stranded RNAs (dsRNAs) and lipoproteins
[66]. dsRNAs serve as the ligand of toll-like receptor 3
(TLR3) that mediates inflammation and innate immune
response [67]. Previous studies have shown that MSC-
MVs could systematically ameliorate retinal injury through
partially inhibiting the expression of monocyte chemoattrac-
tant protein that plays a vital role in monocyte mobiliza-
tion and migration under chronic inflammation [68, 69].
Similarly, we found that MSC-MVs could inhibit CD14+
cell migration and compared to 2D-MSC-MVs, 3D-MSC-
MVs had a stronger antimigration effect. The antimigratory
effect might be due to the increased secretion of anti-
inflammatory factors and thus might be more likely to
reduce the chronic inflammation that underlies various
degenerative retinal photoreceptor neurons. Therefore, our
results suggest that a better regenerative therapy for retinal
diseases can be achieved by using 3D-MSC-MVs instead of
2D-MSC-MVs.

In addition to cytokines, our results showed that aggre-
gation of MSCs into spheroids could enhance the expression
level of a cytokine receptor, IL-2R𝛼, which was also shuttled
by both 2D-MSC-MVs and 3D-MSC-MVs. In line with
our results, it was recently reported that MSC-MVs showed
the presence of insulin like growth factor 1 receptor (IGF-
1R) mRNA instead of the ligand IGF-1 mRNA [70]. After
being coculturedwith IGF-1R containingMSC-MVs, an IGF-
1R null fibroblast cell line possessed the ability to express
the IGF-1R protein, implying that the IGF-1R mRNA was
shuttled from MSC-MVs to target cells and translated into
its corresponding protein [70]. Therefore, besides cytokines,
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more attentions should also be paid to cytokine receptors for
better understanding of the possible mechanisms of MSCs.

The potential limitation of our results is that, instead
of using autologous integration of MSCs and photoreceptor
neurons, we use heterologous integration of MSCs and
photoreceptor neurons. However, as immune privileged cells,
MSCs were recognized as xenograft, which might reduce the
heterogeneous impact. It should be noted that the list of
51 signal factors analyzed in our study was not exhaustive.
Attention should be given to additional chemokines, growth
factors, and cytokines receptors involved in the regenerative
therapies, such as brain-derived neurotrophic factor (BDNF)
[32] in future studies. However, our study represents the first
reports that assess signal factor secretion in a relatively large
scale in different culture conditions.

5. Conclusions

Our results revealed that spheroid culture models can
improve the ability of MSCs to secret signal factors respon-
sible for anti-inflammation, cell differentiation, and cell
survival. In addition, MVs derived fromMSCs can stimulate
signal factor secretion and 3D-MSC-MVs were superior to
2D-MSC-MVs in stimulating signal factor secretion.
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