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Abstract

Mesenchymal stem cell (MSC)-based regenerative therapy is regarded as a promising strategy for the treatment of Parkinson’s
disease (PD). However, MSC components may exhibit poor intracranial survivability, particularly in the later stages following cell
transplantation, limiting their potential curative effect and also clinical applications. Glial cell line-derived neurotrophic factor
(GDNF), which encompasses a variety of transforming growth factor beta super family members, has been reported to enhance
motor function and exert neuroprotective effects. However, no previous studies have investigated the effects of GDNF on
human primary adipose-derived MSCs (hAMSCs), despite its potential for enhancing stem cell survival and promoting therapeutic
efficacy in the treatment of PD. In the present study, we proposed a novel approach for enhancing the proliferative capacity and
improving the efficacy of hAMSC treatment. Pre-exposure of engineered hAMSCs to GDNF enhanced the proliferation and
differentiation of these stem cells in vitro. In addition, in 6-hydroxydopamine-lesioned mice, a common PD model, intracranial
injection of hAMSCs-GDNF was associated with greater performance on behavioral tests, larger graft volumes 5 weeks after
transplantation, and higher levels of Nestin, glial fibrillary acidic protein, and Tuj-1 differentiation than those treated with
hAMSCs-Vector. Following transplantation of hAMSCs-GDNEF into the striatum of lesioned models, we observed significant
increases in tyrosine hydroxylase- and NeuN-positive staining. These findings highlight the therapeutic potential of hAMSCs-
GDNF for patients with PD, as well as an efficient method for promoting therapeutic efficacy of these delivery vehicles.
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Introduction

Parkinson’s disease (PD) is the second most common neuro-
degenerative disorder and affects millions of people world-
wide. It is characterized by typical motor and nonmotor
parkinsonian symptoms, affecting approximately 1% of the
population over the age of 60. The pathological changes asso-
ciated with PD include progressive degeneration of dopami-
nergic neurons in the substantia nigra pars compacta (SNpc),
decreased dopamine (DA) levels in the midbrain striatal sys-
tem, and abnormal accumulation of alpha-synuclein in dopa-

minergic neurons'~. Conventional drug therapy and surgical ) .
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treatment can only partially improve the clinical symptoms of
PD by targeting existing DA neurons. Unfortunately, these
methods cannot radically alter the pathological damage asso-
ciated with this progressive disease.

Recent studies have suggested that human stem cells can
aid in the treatment of chronic neurodegenerative disorders.
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Cell Transplantation

The next generation of cell-based therapies for PD is a poten-
tial treatment option for this common neurodegenerative
disorder™*. Although the therapeutic potential of neural stem
cells has been investigated in several clinical trials™¢, the
clinical translation of neural stem cell therapy is limited by
ethical controversies associated with their isolation, unde-
sired immune responses that limit therapeutic efficacy, and
their restricted usage to ensure sufficient cellular resources
for transplantation trials. Unlike neural stem cells, human
mesenchymal stem cells (MSCs) are easily accessible, pose
no ethical controversy, and may be highly effective in pro-
moting tissue repair’®. A recent meta-analysis by Riecke
et al. demonstrated that MSC treatment exerts beneficial
effects in animal models of PD°. MSCs obtained from
healthy donors have also been transplanted into the subven-
tricular zone of human patients with PD'*'! In these stud-
ies, patients in the early stages of PD exhibited greater
improvement and less pronounced disease progression than
patients in the later stages of the disease. Such differences in
efficacy may depend on the ability of engrafted cells to
survive intracranially'?. Munoz et al. reported that 5 days
after injection into the substantia nigra in mouse models the
MSC-green fluorescent protein (GFP)-luciferase signal
decreased by nearly 50%'>. Therefore, methods for enhan-
cing stem cell viability are required in order to promote the
efficacy of cell replacement therapies for PD.

Glial cell line-derived neurotrophic factor (GDNF) encom-
passes a variety of transforming growth factor beta super
family members, which are involved in the protection and
repair of dopaminergic neurons'®. Two clinical trials have
reported that GDNF may have a positive effect on the
recovery of motor impairment when administered into the
putamen'>'. Hoban et al. further noted that bone marrow-
derived MSC-based GDNF gene delivery exerts neuroprotec-
tive effects in inflammation-driven rat models of PD'”. More-
over, recent studies have reported that GDNF exerts positive
effects on motility and promotes the survival of intracranial
neural stem cells in PD'®!°. However, no previous studies
have investigated the effects on these delivery vehicles, espe-
cially on human primary adipose-derived MSC (hAMSC)-
GDNF itself, despite its potential for enhancing stem cell
survival and promoting therapeutic efficacy in the treatment
of PD. In the present study, we found that secreting GDNF not
only has positive effect on the viability and neural-like cell
differentiation capacity of hAMSCs, but could also promote
the therapeutic effectiveness of these delivery vehicles in a 6-
hydroxydopamine (6-OHDA)-lesioned mouse model.

Materials and Methods
Cell Expansion

Following approval by the Institutional Review Board of
Huazhong University of Science and Technology, early pas-
saged primary hAMSCs (TJH hAMSCs 019) were obtained
from patients during neurosurgical procedures, as described

in our previous studies>*?'. The primary hAMSCs were iso-
lated using the collagenase digestion method (Collagenase-A,
ThermoFisher, Carlsbad, CA, USA), following which they
were cultured in MSC media (MesenPRO RS basal media
with one vial of MesenPRO RS growth supplement [Gibco,
Grand Island, NY, USA]; 1% penicillin/streptomycin
[Gibco]; and 1% Glutamax [Gibco]). Cells were incubated
at 37 °C in a humidified atmosphere containing 5% CO..

Cell Transfection and Pretreatment

To induce the expression of GDNF in hAMSCs, the lenti-
viral (LV) vector systems were combined with pLVX-
hGDNF-ZsGreen-Puro (Viraltherapy Technologies,
Wuhan, China) and pLVX-mCMV-ZsGreen-IRES-Puro
(Viraltherapy Technologies) hybrid. The LV systems con-
tained internal ribosome entry site (IRES), and the expres-
sion of transgenes was driven by CMV promoter. To
identify these delivery vehicles in our in vitro and in vivo
experiments, we transduced these cells with LV vectors
coding for pLVX-Luciferase-Puro-ZsGreen (Genomeditech
Biotechnology, Shanghai, China). GDNF expression was
assessed via Western blotting. All LV constructs were sub-
sequently packaged as LV vectors in HEK 293 cells (5 x
10% in a 10-cm tissue culture dish. The measurement
(TICD50) of wviral vector titer was performed according
to the recommended protocol. Once collected, hAMSCs
(hAMSCs-GDNF-Fluc-GFP, hAMSCs-Vector-Fluc-GFP)
were sorted using a Moflo cytometer (Beckman Coulter,
Indianapolis, IN, USA). Then, cell lines with stable expres-
sion were screened out and stored in liquid nitrogen for
subsequent experiments. Cellular proteins were then
extracted from the hAMSCs-GDNF-Fluc-GFP (hAMSCs-
GDNF-GFP) and hAMSCs-Vector-Fluc-GFP groups
(hAMSCs-Vector-GFP) at the passage time of P2, P3,
and P4. Western blotting was used to detect GDNF and
GFP expression.

MTT Assay

The proliferation capacity of hAMSCs with or without
GDNF was determined using 3-[4,5-dimethylthiazol-2-yl]-
2,5-diphenyltetrazolium bromide (MTT; M2128, Sigma, St
Louis, MO, USA). The cells were seeded in 96-well plates
(1,000 cells per well) and cultured in MSC complete
media with or without GDNF (100 ng/ml; PHC7041,
ThermoFisher) for 10 days. The hAMSCs were treated with
5 mg/ml MTT for 3 h at 37 C. Then, 2-propanol was used to
dissolve the formazan crystals. Absorbance of each well was
read at a wavelength of 570 nm. The cell proliferation was
analyzed every 2 days for each group.

Immunofluorescence Staining

Ki67 staining was used to detect the proliferation capacity of
hAMSC in response to GDNF. These stem cells were seeded
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on 24-well plates at 1 x 10* in MSC complete media with or
without GDNF (100 ng/ml). After 3 days, the cells were
fixed in 4% paraformaldehyde in phosphate-buffered saline
(PBS) for 45 min, following which they were pre-incubated
in PBS containing 0.3% Triton X-100 with 10% goat serum
prior to incubation with Ki67 antibody (1:500; ab15580,
Abcam, Cambridge, MA, USA). Alexa Fluor-labeled sec-
ondary antibody was added to the sections and incubated for
2 h (1:500; Invitrogen, Carlsbad, CA, USA), and 4',6-diami-
dino-2-phenylindole (DAPI) was incubated for 0.5 h (Invi-
trogen) to visualize markers and cell nuclei. To determine
the differentiation capacity of hAMSCs, we performed
immunostaining for Nestin (1:500; ab6320, Abcam), glial
fibrillary acidic protein (GFAP; 1:500, ab7260, Abcam), and
Tuj-1 (1:500; PA5-85874, ThermoFisher), as described
above. The number of positive cells was visualized and
recorded using an inverted fluorescence microscope (Zeiss,
Oberkochen, Germany). All measurements were performed
according to the recommended protocol.

Western Blotting

Western blotting was used to detect the expression of GDNF
and GFP genes in the modified GDNF and vector groups at P2,
P3, and P4 (Fig. 1B). Following pretreatment, hAMSCs were
lysed in a radioimmunoprecipitation assay buffer (Sigma) with
phenylmethylsulfonyl fluoride at 4 °C and an equal amount of
protein (10-30 pg) was loaded on 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis gel and transferred to a
nitrocellulose membrane. The primary antibodies used were
anti-GDNF (1:500, ab18956, Abcam) and anti-B-actin
(1:2000, ab8227, Abcam), which were detected by chemilumi-
nescence after incubation with horseradish peroxidase (HRP)-
conjugated secondary antibodies. Striatal proteins were har-
vested from three randomly screened PD mice after 6-OHDA
lesioning, following which levels of tyrosine hydroxylase (TH)
in the left and right striatum were determined via Western
blotting. Primary antibodies were diluted in blocking solution
as follows: rabbit anti-mouse TH, 1:500(ab75875, Abcam);
rabbit anti-mouse beta-actin, 1:2000(ab8227, Abcam). More-
over, Western blot was also used to detect the expression of
GFRal in these delivery vehicles. Primary antibodies were
diluted in blocking solution as follows: anti-GFRal,
1:500(ab84106, Abcam) and anti-B-actin, 1:2000(ab8227,
Abcam).

Enzyme-linked Immunosorbent Assay (ELISA)

The concentration of GDNF secreted by hAMSCs was mea-
sured using Abcam’s GDNF ELISA kit (ab100525). The
samples and standards were placed and incubated overnight
at 4 °C. Then, biotinylated GDNF, HRP-streptavidin solu-
tion, tetramethylbenzidine substrate reagent, and a stop solu-
tion were added sequentially. All measurements were
performed according to the recommended protocol. Absor-
bance of these samples was read at a wavelength of 450 nm.

5-Ethynyl-2'-deoxyuridine (EdU) Assay

The EdU assay was used to evaluate the proliferation capac-
ity of the delivery vehicles loaded with GDNF. hAMSC-
GDNF and hAMSC-Vector were seeded on 6-well plates
at 5 x 10* for 96 h. These cells were then incubated with
isotype control, as well as EdU reagent (Click-iT® EdU
Flow Cytometry Assay Kits; Invitrogen) for 4 h and tested
via flow cytometry (Beckman Coulter). All measurements
were performed according to the recommended protocol.
EdU incorporation was detected via flow cytometry. Three
replicate experiments were performed for each sample.

In Vivo Studies

Stereotaxic Surgery. Male C57BL/6 J mice (20-25 g, 6 weeks
old) were used for the present study. Mice were placed under
a 12-h light/dark cycle and raised in a specific pathogen-free
environment, with ad libitum access to food and water. All
experimental protocols were approved by the Ethical Com-
mittee of Huazhong University of Science and Technology
(HUST). To investigate the effect of GDNF on the viability
and survival of hAMSCs in vivo, 5 x 10> hAMSC-GDNF-
Fluc-GFP (hAMSC-GDNF: AP = +0.3 mm, ML = —
2.7 mm, DV = 3.5 mm, n = 8) or 5 x 10° hAMSC-
Vector-Fluc-GFP (hAMSC-Vector: AP = 4+0.3 mm,
ML = -2.7 mm, DV = -3.5 mm, n =8) were injected into
left striatum of the male C57BL/6 J mice. These animals (3/
8 in each group) were imaged using an In vivo imaging
system (IVIS) small animal imaging system (Perkin Elmer,
Waltham, MA, USA) at 0, 2, 4, and 6 weeks following the
stem cells injection. The brains of the remaining mouse
models were harvested and sectioned to a thickness of 20
pum for analysis 6 weeks post-stem cell transplantation (5/8
in each group). To quantify stem cell differentiation, we
calculated the number of cells positive for Nestin (1:500;
ab6320, Abcam), GFAP (1:500; ab7260, Abcam), and Tuj-
1 (1:500, PA5-85874, ThermoFisher) for each section. The
average value of all sections was then calculated for each
animal.

To identify the effect of stem cells loaded with GDNF in
an animal model of PD, male C57BL/6 J mice were unilat-
erally lesioned using 6-OHDA, following which they were
evaluated using behavioral tests and biochemical analyses.
The mouse model of PD was prepared by injecting 6-OHDA
solution (2.5 mg/ml) into the left striatum using a 2-pl
Hamilton syringe (Reno, NE, USA), as follows: (a) AP =
+0.60 mm, ML = -2.0 mm, DV = -3.70 mm; (b) AP =
—0.30 mm, ML = -2.30 mm, DV = -2.90 mm, or equal
volume of PBS (sham) were injected into the same location
within the left striatum. Then, 26 successful unilateral PD
mouse models were screened out and randomly divided into 4
groups. Meanwhile, seven sham 6-OHDA lesion mouse mod-
els were marked as the sham lesion group. In order to examine
the therapeutic effect of hAMSCs, 5 x 10° hAMSCs-Vector-
GFP (PD/hAMSCs-Vector, n = 7) and 5 x 10° hAMSCs-
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Fig. |. Exogenous GDNF promotes the proliferation of hAAMSCs and induces hAMSC differentiation in vitro. (A) MTT assays showed that
hAMSC:s pretreated with GDNF exhibited a greater proliferation capacity when compared with the control group. (B and C) Similar results
were confirmed by Ki67 immunofluorescence staining assay, scale bar, 50 um. (D) Representative immunofluorescence staining pictures of
vimentin, Nestin, GFAP, and Tuj-1 in the different groups, scale bar, 50 um. (E-H) The hAMSCs which were exposed to GDNF displayed a
significantly higher percentage of Nestin, GFAP, and Tuj-1 expressions compared to control groups. () Western blot assays were used to
detect GFRal expression in the hAMSCs. Error bars represent SEM. *P < 0.05, **P < 0.01, ***P < 0.001. GDNF: glial cell line-derived
neurotrophic factor; GFAP: glial fibrillary acidic protein; hAMSCs: human primary adipose-derived mesenchymal stem cells; MTT: 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide; SEM: standard error of the mean.

GDNF-GFP (PD/hAMSCs-GDNF, n = 7) were injected into
the left striatum of PD models (AP = +0.3 mm, ML =
—2.2 mm, DV = -3.5 mm) 9 days after 6-OHDA lesioning.
Then, we injected the same volume of saline (PD/saline,
2 ul, n = 6) and GDNF (PD/GDNF, 2 pl, 100 pg/ml, n = 6)
into the left striatum (AP = +0.3 mm, ML = —-2.2 mm,
DV = -3.5 mm), as previously described*>**. Afterwards,
apomorphine (APO) and rotarod tests were performed. All
mice were pretrained for 2 days on the rotarod apparatus in
order to ensure stable levels of performance (Fig. 2A). During
the test, mice were subjected to a speed of 20 rpm, and the
time to fall off the beam was recorded in seconds. The
experiment was repeated three times, and the average value

was used for analyses. The animals were perfused and
sacrificed 5 weeks after 6-OHDA lesioning, following
which the brain was sectioned to a thickness of 20 um
(Leica CM 1900, Heidelberg, Germany). These sections
were immunostained using primary antibodies including
GDNF (1:500; ab18956, Abcam), Nestin (1:500; ab6320,
Abcam), GFAP (1:500; ab7260, Abcam), Tuj-1 (1:500,
PAS5-85874, ThermoFisher), TH (1:500; ab75875, Abcam),
and NeuN (1:500; ab128886, Abcam). The brain slices were
incubated with primary antibodies for 48 h, following which
they were incubated with fluorescence-conjugated secondary
antibodies, as described above (Alexa Fluor-labeled
secondary antibody, 1:500; Invitrogen).
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Fig. 2. hAMSC-GDNF exhibited a greater survival capacity in vitro and in vivo. (A and B) Immunofluorescence staining and Western blot
assays were performed to confirm that GDNF was expressed only in the hAMSC-GDNF group, scale bar, 50 pm. (C) The concentration of
GDNF in hAMSC-GDNF was measured using an ELISA kit. (D) The EdU assay was performed to detect the proliferative capacity of hAMSC-
vector and hAMSC-GDNF. (E) The hAMSC-GDNF exhibited a significantly higher percentage of proliferation cells compared to hAMSC-
vector. (F) Western blot was performed to test GFRal in the hAMSC-vector and hAMSC-GDNF. (G) Schematic of hAMSCs with different
preconditions (W AMSC-GDNF and hAMSC-vector) that were injected into the left striatum in vivo. (H) Representative pictures showed
bioluminescence for the hAMSCs bearing mice on weeks 0, 2, 4, and 6. () Bioluminescence signal radiance was significantly decreased in the
hAMSC-vector group on weeks 4 and 6 when compared with the hRAMSC-GDNF group. Error bars represent SEM. *P < 0.05, **P < 0.01,
##%P < 0.001. EdU: 5-Ethynyl-2'-deoxyuridine; ELISA: enzyme-linked immunosorbent assay; GDNF: glial cell line-derived neurotrophic
factor; GFP: green fluorescent protein; hAMSCs: human primary adipose-derived mesenchymal stem cells; SEM: standard error of the mean.

Behavioral Testing. To test apomorphine-induced turning
behavior (apomorphine-induced rotation, APO), all mice
were subcutaneously injected with a solution of 0.05 mg/
kg apomorphine hydrochloride (Sigma) dissolved in 1% of
ascorbic acid in 0.9% of NaCl, and then placed in metal

testing bowls for 45 min. The number of contralateral rota-
tions of the bowl was digitally recorded. Motor coordination
and the balance of animals were evaluated using the rotarod
tests. All mice were pretrained for 2 days on the rotarod
apparatus in order to ensure stable levels of performance
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(Fig. 2A). During the test, mice were subjected to a speed of
20 rpm, and the time to fall off the beam was recorded in
seconds. The experiment was repeated three times, and the
average value was used for analyses.

Image Analysis. To quantify the survival of hAMSCs in vivo,
the graft volume was calculated using the sum of the
hAMSCs’ mass area corrected for section thickness and sam-
ple frequency, as follows: graft volume (mm®) = sum of
areas (mm?) x 20 um x 6. For quantification, the boundaries
of TH-positive area were drawn and the total TH-positive
cells were counted. The number of TH-positive cells was
calculated in the nigra for each section and averaged among
all sections for a given animal. Data are expressed as the
percentage of remaining TH-positive cells in each injected
group (PD/saline, PD/GDNF, PD/hAMSC-vector, and PD/
hAMSC-GDNF), compared with sham lesion group both in
ipsilateral and contralateral side. To detect the therapeutic
effect following transplantation of hAMSC-GDNF, the num-
ber of TH and NeuN-positive cells per mm?” was calculated
within the area of the transplant site for each section and
averaged among all sections for a given animal. The brain
slices were observed and photographed using an inverted
fluorescence microscope. Image J software (National Insti-
tutes of Health, Bethesda, MD, USA) was used to analyze
data for each animal.

Statistical Analysis. The results are represented as the mean +
standard error of the mean (SEM). All data were analyzed
using GraphPad Prism version 6.0 (GraphPad Software, La
Jolla, CA, USA). Statistical analyses of the ELISA, EdU,
IVIS, immunohistochemistry quantifications, and behavioral
tests were performed by Student’s t test for single compar-
isons, or one-way analysis of variance (ANOVA) with Bon-
ferroni’s test for multiple comparisons, or two-way ANOVA
followed by post hoc Fisher’s least significant difference
test. The level of statistical significance was set at P < 0.05.

Results

The Exogenous GDNF Promotes the Proliferation
and Differentiation of hAMSCs

We performed MTT and Ki67 assays to examine the prolif-
eration capacity of primary hAMSCs delivered with or with-
out GDNF (100 ng/ml; PHC7041, ThermoFisher). The
hAMSCs pretreated with GDNF exhibited increased prolif-
eration when compared with the control group (Fig. 3A,
MTT assay, GDNF vs Control: P < 0.001; Fig. 3B and C,
Ki67 assay, GDNF vs Control: P < 0.01). To examine the
effect of GDNF on hAMSC differentiation, the cells were
cultured with or without GDNF for 7 days (GDNF and con-
trol groups), following which we performed immunofluor-
escence staining for vimentin, Nestin, GFAP, and Tuj-1. The
GDNF group exhibited significant increases in Nestin,
GFAP, and Tuj-1 staining when compared with the control

group, indicative of greater differentiation (Fig. 3D—H, Nes-
tin, GDNF vs control: P <0.001; GFAP, GDNF vs control: P
< 0.001; Tuj-1, GDNF vs control: P < 0.05). Moreover, the
GDNF receptor was detected, and we identified GFRal
expressed in these delivery vehicles (Fig. 31). These results
support the notion that exogenous GDNF can enhance the
proliferation and differentiation of hAMSCs in vitro.

hAMSC-GDNF Was Associated with Increased
Survivability and Differentiation Capacity In Vitro
and In Vivo

To investigate the effect of these delivery vehicles loaded
with GDNF, the hAMSCs were engineered to express
GDNF for in vitro and in vivo experiments. As shown in
Fig. 1A and B, immunofluorescence staining and Western
blot assays both indicated that the hAMSCs could secrete
GDNF steadily. The concentration of GDNF in hAMSC-
GDNF cell media was measured (19.11 + 1.06 ng/ml)
using an ELISA Kit (Fig. 1C). The EdU assay indicated
that hAMSC-GDNF exhibited a greater proliferation
capacity than the hAMSC-vector (Fig. 1D, and E,
hAMSC-Vector vs hAMSC-GDNF, P < 0.01). The results
of the Western blots indicated that GFRal was also
expressed in the hAMSC-Vector and hAMSC-GDNF
(Fig. 1F). To determine the viability of these cell resources
in vivo, 5 x 10° hAMSC-Vector (n = 8) and 5 x 10°
hAMSC-GDNF (n = 8) were injected into the left striatum
of male C57BL/6 J mice. The hAMSC-bearing mice were
then imaged using an IVIS small animal imaging system (3/
8 in each group). Our findings indicated that the biolumi-
nescent signal radiance was significantly lower in the
hAMSC-Vector group than in the hAMSC-GDNF group
at 4 and 6 weeks following transplantation (Fig. 1G-I,
hAMSC-Vector vs hAMSC-GDNF: week 4, P <0.05; week
6, P <0.01). To evaluate the effects of GDNF on hAMSC
differentiation, we counted the number of cells positive for
GFP/Nestin, GFP/GFAP, and GFP/Tuj-1 (5/8 in each
group; Fig. 4A). As shown in Fig. 4B, E, and H, the
hAMSCs loaded with GDNF exhibited a significant
increase in differentiation to Nestin-, GFAP-, and Tuj-1-
positive cells when compared to the Vector group (Fig. 4C—
D, hAMSC-Vector vs hAMSC-GDNF: percentage of
Nestin™/GFP™*, P < 0.001; Fig. 4F-G, percentage of
GFAP'/GFP", P < 0.001; Fig. 41-J, percentage of Tuj-17/
GFP*, P <0.05). These results suggest that loading hAMSCs
with GDNF can promote stem cell survival and neural-like
cell differentiation capacity in vivo.

Transplanted hRAMSC-GDNF Resulted in a Greater
Performance During Behavioral Tests in a 6-OHDA
Lesion Mouse Model of PD

We established a mouse model of PD to investigate
the therapeutic efficacy of hAMSC-GDNF in vivo.
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Fig. 3. hAMSC-GDNEF exhibited a better neural-like cell differentiation capacity in vivo. (A) Schematic diagram showing quantification of the

differentiation capacity of hAMSCs in the mice brains. (B, E, and H) Repre

sentative images showing the number of Nestin-, GDNF-, and Tuj-1-

positive cells immunostaining assays. (C and D) When hAMSCs were engineered with GDNF, the expression of Nestin-positive cells was
significantly higher than that seen in the hAMSC-vector group in vivo. (F and G) The number of GFAP-positive cells with hRAMSC-GDNF was
higher than the hAMSC-vector group in vivo. (Iand J) When the hAMSCs were loaded with GDNF, the expression of Tuj- | exhibited a statistically

significantincrease than hAMSC-vector group. Scale bar, 50 im. Error bars

represent SEM.*P < 0.05,**P<0.01,**P <0.00|. GDNF: glial cell line-

derived neurotrophic factor; GFAP: glial fibrillary acidic protein; GFP: green fluorescent protein; hAMSCs: human primary adipose-derived

mesenchymal stem cells; SEM: standard error of the mean.

APO-induced rotation and rotarod tests were used in both the
PD and sham groups after 6-OHDA lesioning (Supplemental
Fig. S1). Then, 26 successful unilateral PD mouse models
were screened out and randomly divided into 4 groups

(Fig. 2A). To investigate the effect of GDNF secretion on
the therapeutic potential of these delivery vehicles, 5 x 10°
hAMSC-Vector (PD/hAMSC-vector, n = 7), 5 x 10°
hAMSC-GDNF (PD/hAMSC-GDNF, n = 7), and equal
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Fig. 4. hAMSC-GDNEF alleviates the motor behavior of 6-OHDA-lesioned mice. (A) Schematic of the behavior tests performed in PD mice
after 6-OHDA lesioning. (B) Representative images showing the number of TH-positive immunostaining cells in the SNc of 6-OHDA-
lesioned mice. (C and D) The number of TH-positive cells in the PD/hAMSC-GDNF group was significantly higher than that in the PD/saline,
PD/GDNF, and PD/ hAMSC-vector groups in 6-OHDA-lesioned mice. (E) The average number of rotations per minute was significantly
lower in the PD/hAMSC-GDNF group than in the PD/saline, PD/GDNF, and PD/hAMSC-Vector groups. (F) Time to fall displayed a
significant difference in the PD/hAMSC-GDNF group compared to other PD groups. The PD/hAMSC-GDNF group exhibited a significantly
longer time to fall than the PD/saline, PD/GDNF, and PD/hAMSC-Vector groups. Scale bar, 200 um. Error bars represent SEM. *P < 0.05,
P <0.01, **P < 0.001. 6-OHDA: 6-hydroxydopamine; APO: apomorphine-induced rotation; DAPI: 4,6-diamidino-2-phenylindole; GDNF:
glial cell line-derived neurotrophic factor; hAMSCs: human primary adipose-derived mesenchymal stem cells; PD: Parkinson’s disease; SEM:
standard error of the mean; SNc: substantia nigra; TH: tyrosine hydroxylase.

volumes of GDNF (PD/GDNF, 2 pl, 0.10 mg/ml, » = 6) or
saline (PD/saline, 2 pl, » = 6) were injected into the left
striatum of PD model mice. Immunofluorescence staining
(Fig. 2B-D) and behavioral tests (Fig. 2E and F) were then
performed. TH immunostaining assays revealed that the
number of TH-positive cells in the sham lesion group was
not significantly different compared to other groups of

contralateral side (Fig. 2C). The average number of
TH-positive cells in the PD/hAMSC-GDNF group was sig-
nificantly higher than the number in the PD/saline, PD/
GDNF, and PD/hAMSC-vector groups of ipsilateral side
(Fig. 2D). Moreover, the TH-positive cells in the PD/
hAMSC-vector group also appeared to be greater than in the
PD/saline group (Fig. 2D, PD/hAMSC-GDNF vs PD/saline,
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P < 0.001; PD/hAMSC-GDNF vs PD/hAMSC-Vector, P <
0.05; PD/hAMSC-vector vs PD/saline, P < 0.05). Similar
results were observed when analyzing the APO-induced
rotation and rotarod behavioral test results (Fig. 2E and F,
PD/hAMSC-GDNF vs PD/saline, P < 0.001 and P < 0.001,
respectively; PD/hAMSC-GDNF vs PD/hAMSC-Vector,
P < 0.05 and P < 0.05; PD/hAMSC-GDNF vs PD/GDNF,
P <0.01 and P < 0.001; PD/hAMSC-vector vs PD/saline,
P <0.05 and P <0.05). These results indicate that transplan-
tation of hAMSC has positive effects on improving motor
symptoms in the 6-OHDA lesion mouse model of PD. More-
over, secreting GDNF could enhance the positive effects of
delivery vehicles.

Secreting GDNF Increased the Survivability and
Differentiation Capacity of hAMSC and Enhanced
the Therapeutic Potential in a 6-OHDA Mouse
Model of PD

We sought to determine whether hAMSCs loaded with
GDNF could promote the viability and therapeutic poten-
tial of transplanted stem cells in vivo. Immunofluorescence
experiments revealed increases in the volume and density
of grafts, as well as increases in the number of transplanted
cells in the PD/hAMSC-GDNF group, relative to levels
observed in the PD/hAMSC-Vector group (Fig. SA-E, B:
graft volume, PD/hAMSC-GDNF vs PD/hAMSC-Vector,
P < 0.001; C: number of MSCs per mm?, PD/hAMSC-
GDNF vs PD/hAMSC-Vector, P <0.001; D: TH+ density,
contralateral vs ipsilateral: sham lesion, P > 0.05; PD/sal-
ine, P < 0.001; PD/GDNF, P < 0.001; PD/hAMSC-Vector,
P < 0.01; PD/hAMSC-GDNF, P < 0.05; ipsilateral of
PD/hAMSC-GDNF vs ipsilateral of PD/hAMSC-Vector,
P < 0.05; ipsilateral of PD/hAMSC-GDNF vs ipsilateral
of PD/saline, P < 0.001; E: TH-positive cells: PD/
hAMSC-GDNF vs PD/saline, P < 0.001; PD/hAMSC-
GDNF vs PD/hAMSC-Vector, P < 0.01; PD/hAMSC-
vector vs PD/saline, P < 0.05). In addition, numbers of
TH- and NeuN-positive cells were greater in the PD/
hAMSC-GDNF group than in the PD/hAMSC-Vector
group (Fig. 5F—I, PD/hAMSC-GDNF vs PD/hAMSC-
Vector: number of TH-positive cells per mm?, P < 0.001;
number of NeuN-positive cells per mm?, P < 0.01). Conse-
quently, the GDNF secreting MSCs, as well as the differentia-
tion capacity of these delivery vehicles in the PD models,
were detected. As shown in Fig. 6A, D, G, and J, loading
hAMSCs with GDNF can promote stem cell differentiation
to Nestin- (Fig. 6E and F, percentage of Nestin"/GFP™,
PD/hAMSC-GDNF vs PD/hAMSC-Vector, P < 0.001),
GFAP- (Fig. 6H and 1, percentage of GFAP"/GFP™, PD/
hAMSC-GDNF vs PD/hAMSC-Vector, P < 0.001), and
Tuj-1- (Fig. 6K and L, percentage of Tuj-1*/GFP*, PD/
hAMSC-GDNF vs PD/hAMSC-Vector, P < 0.01) positive
cells, suggesting that these effects of hAMSCs-GDNF may
be due to sustained release of GDNF from itself. These results

support the notion that GDNF can enhance the survival and
therapeutic potential of hAMSCs in a 6-OHDA mouse model
of PD.

Discussion

Our findings indicate that hAMSCs loaded with GDNF have
increased survivability and differentiation capacity relative
to those without GDNF. In addition, such treatment was
associated with motor function improvements in a PD mouse
model. Thus, our findings highlight the need for early-stage
clinical trials to investigate the therapeutic potential of
hAMSCs-GDNF for PD.

The neuropathological hallmark of PD is the progressive
loss of dopaminergic neurons in the SNpc'*’. Unfortu-
nately, current therapeutic strategies do not halt disease pro-
gression, and many treatments are associated with their own
adverse effects and comorbidities. GDNF is a potent survival
factor that exerts various effects on neuronal activity®*. In
addition, GDNF plays a role in the survival and maintenance
of mesencephalic DA neurons®>?®. A previous in vivo study
demonstrated that GDNF promotes the survival and morpho-
logical differentiation of dopaminergic neurons®’, while sev-
eral in vitro studies have reported that GDNF protects DA
neurons from certain neurotoxins®®*°. Gash et al. further
observed that GDNF-treated monkeys exhibited improve-
ments in motor symptoms, as well as increased DA levels
in the midbrain, larger DA neurons, and increases in TH-
positive cells in the ventral tegmental area and substantia
nigra on the affected side®*. Given the consensus regarding
the benefits of GDNF, several clinical trials have investi-
gated its effects on the degree of symptomatic relief in PD.
Whone et al. reported that administration of GDNF appeared
to be well tolerated and increased DOPA uptake throughout
the entire putamen for patients with PD, but it did not show
significant clinical improvements against placebo in the long
term®'~*2. The results of these trials are somewhat contra-
dictory, with some studies reporting improvements and oth-
ers reporting no improvement® >>. Taken together, these
findings indicate that the administration of GDNF protein
injection directly may be ineffective and that alternative
therapies should be considered.

Given the aforementioned evidence, more recent studies
have focused on the therapeutic potential of cell grafts*®>’.
Because of their neuroregenerative potential (e.g., multi-
potentiality, secretome formation), MSCs are considered
a promising cell type for intracranial transplantation. The
most commonly investigated MSCs are derived from adi-
pose tissue, the umbilical cord, or bone marrow. Our pre-
vious study also found that these delivery vehicles were not
tumorigenic in the brain in mice models?>*®*. In the present
study, we used hAMSCs because of their abundance, easy
accessibility, and potential for increased tissue repair and
neurotrophin secretion. Furthermore, they represent an
ethically noncontroversial cell source®”*°. Although stem
cell transplantation is promising for the treatment of PD,
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several researchers have expressed concerns regarding the somewhat unsatisfactory'®'?. Thus, there is a need to
long-term efficacy of such treatment and its application in ~ enhance survivability and promote the therapeutic efficacy
patients with late-stage PD, among whom results are of stem cell treatment for PD. GDNF is known to play an
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Fig. 6. GDNF secretion enhanced the neural-like cell differentiation capacity of hAMSC in mouse models of PD. (A, D, G, and ))
Representative immunofluorescence staining pictures of GDNF, Nestin, GFAP, and Tuj-1 expression and neural-like cell differentiation
in PD/hAMSC-vector and PD/hAMSC-GDNF groups, scale bar, 50 um. (B and C) Immunofluorescence staining assay indicated that the
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PD/hAMSC-GDNF group showed a higher number of GDNF-, Nestin-, GFAP-, and Tuj- | -positive cells compared to the PD/hAMSC-vector
group. Error bars represent SEM. *P < 0.05, **P < 0.01, ***P < 0.001. GDNF: glial cell line-derived neurotrophic factor; GFAP: glial fibrillary
acidic protein; hAMSCs: human primary adipose-derived mesenchymal stem cells; SEM: standard error of the mean.

important role in neuron survival, growth, migration, and
differentiation. Recent studies have also reported that this
neurotrophic factor can promote the survival of salivary
stem cells and aid in the treatment of radiation-induced
xerostomia*!**?>. Moreover, several researchers demon-
strated that Ret/GFRa1 signaling pathway is essential to med-
iate GDNF’s neuroprotective and neuroregenerative
effects™*. However, few studies have evaluated the effects

of GDNF on these delivery vehicles, particularly with regard
to cell viability and differentiation.

Several studies have investigated the potential of cell-
based GDNF therapy for PD. Chen et al. reported that intras-
triatal GDNF-secreting neural progenitor cells can protect
DA neurons in 6-OHDA-lesioned rats*’. Moreover, overex-
pression of GDNF increases the viability and proliferation of
stem cells. In the present study, hAMSCs treatment improved
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motor behavior in 6-OHDA-lesioned mice. When hAMSCs
were loaded with the GDNF gene, further increases in viabi-
lity and differentiation were observed in vitro, while improve-
ments in therapeutic efficacy were observed in vivo. As
several clinical trials are currently investigating the potential
of stem cell therapies for PD**™*° our findings suggest that
GDNF should be used to improve stem cell viability and
survival in clinical settings. To the best of our knowledge, the
present study is the first to demonstrate the positive effect of
GDNF on both the survival and neural-like cell differentiation
of hAMSCs, and the therapeutic potential of these delivery
vehicles in 6-OHDA-lesioned mouse. Loading hAMSCs with
GDNF can promote differentiation to Nestin, GFAP, and Tuj-
1-positive cells, suggesting that the pluripotent differentiation
capacity of hAMSC-GDNF may be due to sustained release
of GDNF from itself. Moreover, the 6-OHDA models
treated with these modified stem cells (hAMSC-GDNF)
exhibited more TH- and NeuN-positive cells in the nigros-
triatal pathway than the hAMSC-vector group. Future studies
should focus on the clinical potential of this delivery method.
In summary, our in vivo and in vitro experiments reveal
that GDNF can be used to efficiently enhance the prolifera-
tion and differentiation of hAMSCs in a mouse model of PD.
Further studies are required to determine whether hAMSC-
GDNF treatment can be applied in the clinical setting.
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