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ABSTRACT: Background: Mesenchymal stem cells (MSCs) have shown great potential in treating neurodegenerative
diseases, including Parkinson’s disease (PD), due to their ability to differentiate into neurons and secrete neurotrophic
factors. Genetic modification of MSCs for PD treatment has become a research focus. Methods: In this study, rat
pulmonary mesenchymal stem cells (PMSCs) were transduced with lentiviral vectors carrying Lmxla/NeuroDI to
establish genetically engineered PMSCs (LN-PMSCs) and induce their differentiation into dopaminergic neurons. The
LN-PMSCs were then transplanted into the right medial forebrain bundle region of PD model rats prepared using
the 6-Hydroxydopamine (6-OHDA) method. Four weeks post-transplantation, the survival and differentiation of the
cells in the brain and motor function of the PD rats were evaluated. Results: The results showed that after 12 days
of induction, the genetically modified LN-PMSCs had differentiated into a large number of dopaminergic neurons.
Four weeks post-transplantation, these cells significantly improved motor dysfunction in PD rats and promoted the
expression of neuron marker TUJ1, dopaminergic neuron markers FOXA2 and TH, gamma-aminobutyric acid-ergic
(GABAergic) neuron marker GABA, astrocyte marker GFAP, presynaptic marker SYN, and postsynaptic marker PSD95
in the transplantation area. Conclusion: Our findings suggest that the gene-engineered PMSCs cell line overexpressing
Lmxla and NeuroD1 (LN-PMSCs) transplantation could be a potential therapeutic strategy for treating PD.
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1 Introduction

Parkinson’s disease (PD) is one of the most common neurodegenerative disorders, characterized
by the extensive death of midbrain dopaminergic neurons due to abnormal aggregation of a-synuclein,
leading to motor and cognitive dysfunction in patients [1]. Currently, the most effective and widely used
treatment for PD patients is the administration of medications such as levodopa, dopamine agonists, and
catechol-O-methyltransferase inhibitors [2,3]. Besides pharmacotherapy, physical interventions like lesion-
ing surgery and deep brain stimulation also show substantial clinical potential [4]. While these treatments
can alleviate PD symptoms and help maintain patients’ quality of life, they do not address the fundamental
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problem of dopaminergic neuron loss in PD, nor do they cure the disease [5]. Additionally, with disease
progression and prolonged medication use, the side effects of these drugs become increasingly severe [6].

With the advancement of stem cell therapy, various types of stem cells, including embryonic stem
cells (ESCs), neural stem cells (NSCs), induced pluripotent stem cells (iPSCs), and mesenchymal stem cells
(MSCs), have been explored for the derivation and differentiation of dopaminergic neurons, as well as for
cell-based therapy in PD [7]. Among these, MSCs have been widely used in PD treatment due to their
abundant sources, ease of acquisition, and unique potential for proliferation and differentiation, which confer
significant advantages in repairing damaged dopaminergic neurons [8,9]. MSCs can be derived from various
sources, including the lungs, bone marrow, adipose tissue, peripheral blood, and various birth-associated
tissues [10]. They can also be induced to differentiate in vitro into osteoblasts, chondrocytes, adipocytes,
and other cell types [11,12]. MSCs have become an ideal candidate for cell replacement therapy due to their
remarkable potential for proliferation and differentiation, anti-apoptotic properties, low tumorigenicity, low
immunogenicity, and the absence of ethical concerns [13,14]. In recent years, pulmonary tissue-derived
mesenchymal stem cells (PMSCs) have attracted increasing attention for their multilineage differentiation
potential [15,16]. So, PMSCs may be a promising cell source for the treatment of PD.

Studies have shown that Lmxla and NeuroDI are critical transcription factors in the early development
of the brain. The master regulator Lmxla not only transmits developmental signals but also induces the
expression of late developmental genes to control the differentiation of mature midbrain dopaminergic
neurons [17-19]. Research indicates that introducing the Lmxla gene into MSCs, combined with induction
in an environment containing sonic hedgehog (SHH), fibroblast growth factor 2 (FGF2), and FGFS8, signit-
icantly enhances the induction efliciency [20,21]. Moreover, data suggest that NeuroD1 is a core regulator
of neuronal differentiation, activating a series of downstream genes that promote neuronal specialisation
and contributing to the gradual transformation of cell morphology and function to mature dopaminergic
neurons [22,23]. Therefore, the transfer and overexpression of Lmxla and NeuroD1 into MSCs is expected to
exert a synergistic effect of the two, to maximise the potential of MSCs for directed differentiation towards
dopaminergic neurons, and to provide a new strategy for the transplantation of genetically engineered MSCs
for the treatment of PD. In this experiment, PMSCs were transduced with lentivirus-encapsulated Lmxla
and NeuroDI transcription factors and induced in a system containing SHH, FGF8, and FGF2. On one
hand, this induction condition enhances the efficiency of PMSCs differentiation, enabling their survival and
differentiation in large quantities within the brains of PD rats and repairing the damaged dopaminergic
neurons. On the other hand, the cells can express Lmxla, NeuroDl, and secrete neurotrophic factors,
promoting the differentiation of neurons within brain tissue and thus protecting newly formed neurons.

In this study, we aim to establish a gene-engineered PMSCs cell line overexpressing Lmxla and NeuroD1
(LN-PMSCs), and to investigate its dopaminergic differentiation potential through in vitro neural induction
and evaluate the therapeutic effects on ameliorating motor dysfunction in a 6-hydroxydopamine-induced
rat model of Parkinson’s disease.

2 Materials and Methods
2.1 Ethics Statements

All animal experiments were performed in line with the principles of the Chinese Laboratory Animal
Management and were approved by the Ethics Committee of Bengbu Medical College (Bengbu, China;
approval no. [2022]139).
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2.2 Isolation and Culture of PMSCs

The primary PMSCs were isolated from 18-day-old fetal rats (Sprague-Dawley, Hangzhou Ziyuan
Laboratory Animal Technology Co., Ltd., Hangzhou, China). The lungs were dissected, and other tissues
were removed. The lung tissue was cut into small pieces approximately 1-3 mm in size and digested with
10 mL of 0.2% type IV collagenase (Sigma, C4-BIOC, MO, USA). The digested tissue was then cultured
in dishes containing Dulbeccos Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12) (Gibico,
CI1330500BT, CA, USA) medium supplemented with 10% fetal bovine serum (FBS) (Gibico0,10099-141C),
100 U/mL Antibiotic-Antimycotic (Gibico, 04217228), 1 mM L-glutamine(Gibco, A2916801), 50 ng/mL FGF2
(R&D, 233-FB/CF, MT, USA), 100 x NEAA (Gibco, 11140-050) and placed in a 37°C incubator with 5%
CO,. Cells were collected and passaged every 3-4 days. The NextSense MycAway™ Plus-Colour One-Step
Mycoplasma Detection Kit (YEASEN, 40612ES25, Shanghai, China) was employed to detect a variety of
mycoplasmas in our cell cultures.

2.3 Crystal Violet Staining of PMSC Colonies and Surface-Specific Markers

PMSCs at passage 3 were digested into a cell suspension. After counting, the cells were seeded into
culture dishes at a density of 100 cells per dish. When distinct colony morphology was observed under
the microscope, the cells were stained with crystal violet. The old culture medium was discarded, and the
cells were washed three times with PBS (Biosharp, 18624437V, Hefei, China). They were then fixed with
4% paraformaldehyde (Shandong West Asia Chemical Industry Co., 30525-89-4, Linyi, China) for 30 min,
followed by three additional PBS washes. Crystal violet staining solution (1 mL) (Beyotime Biotechnology,
C0121, Shanghai, China) was added for 30 min, and the colonies were observed and counted under
a microscope (BX53, Olympus, Tokyo, Japan).

2.4 Generation of LN-PMSCs

PMSCs at passage 3 were infected with lentivirus using a total infection approach. The lentiviral
vector LV-Lmxla-NeuroD1(Shanghai Genechem Co., Ltd., CON481, Shanghai, China) (The virus titer was
1 x 10* TU/mL) was added to the original culture medium at a multiplicity of infection (MOI) of 8.0,
along with 4% polybrene. After 24 h, the virus-containing medium was discarded and replaced with a fresh
complete medium. Approximately 72 h later, the expression of the fluorescent protein m-Cherry (red) carried
by the virus was observed under a fluorescent microscope (BX53, Olympus) to assess infection efliciency.
The PMSCs transduced with LV-Lmxla-NeuroD1 were screened in the presence of 1.5 ug/mL Blasticidin
S (Beyotime Biotechnology, ST018) for two weeks. The survival cells were passaged to establish an LN-PMSCs
cell line.

2.5 Differentiation of LN-PMSCs into Dopaminergic Neurons

LN-PMSCs were cultured in DMEM/FI2 medium containing 50 ng/mL FGF2 (R&D, 233-FB/CE
Minnesota, USA), 20 ng/mL EGF (Gibco, 400-25-500UG), 2% B27(Gibco, 17504044), and 2 mM
L-glutamine (Gibco, A2916801) for 3 days. The cells were then switched to a Neurobasal medium (Gibco,
21103-049) containing 1% N2 (Gibco, A137070), 2% B27, 2 mM L-glutamine, 50 ng/mL FGF2, 10 ng/mL glial
cell line-derived neurotrophic factor (GDNF) (Pepro Tech, 450-51-50UG, NJ, USA), 100 pg/mL SHH(R&D,
LC17AU2320), 250 pg/mL FGF8 (R&D, 423-F8), and 50 mg/mL Vitamin C (Biosharp, BS247-25 g) for
3 days, and then finally 50 mg/mL brain-derived neurotrophic factor (BDNF) (Pepro Tech, 450-02-50UG)
was added to continue the culture for another 3 days. The cell morphology was observed under a microscope
(BX53, Olympus). The specific markers of dopaminergic neurons were detected by real-time quantitative
PCR, RT-PCR, Western Blotting, and immunofluorescence methods. The TH positive cell rates were counted
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by the software Image] (Image] 1.8.0, National Institutes of Health, USA). And dopamine concentration in
cell supernatants was assayed by dopamine ELISA Kit (Sangon Biotech, C751019-0048, Shanghai, China).

2.6 Establishment of Parkinson’s Rat Model and Cell Transplantation

Male SPF-grade Sprague-Dawley (SD) rats weighing 180-220 g were obtained from the Shandong
Provincial Experimental Animal Center for model establishment. The rats were housed (<4 per cage) in
standard cages (dimensions: 40 cm x 25 cm x 20 cm) in a temperature-controlled room (22 + 2°C) with a
12-h light/dark cycle (lights on at 7:00 a.m.). They were provided with ad libitum access to standard laboratory
food and water. The rats were deeply anesthetized with 3% sodium pentobarbital (50 mg/kg) (Sinopharm
Chemical Reagent Co., Ltd., TT019325G, Shanghai, China). After thorough anesthesia, the rats’ heads were
fixed on a stereotaxic frame. The head was disinfected with povidone-iodine, the scalp was shaved, and the
periosteum was exposed. The right medial forebrain bundle (MFB) was selected as the injection target. Using
the bregma as the zero point, two coordinates in the right MFB were identified: (1) Anteroposterior (AP)
—4.4 mm, Mediolateral (ML)—1.2 mm, Dorsoventral (DV)—7.8 mm; and (2) AP—4.0 mm, ML—0.8 mm,
DV—8.0 mm. Holes were drilled at these locations using a small bone drill, and 4 uL of 6-OHDA was injected
into each site over 8 min. The needle was kept in place for 8 min after injection before being removed. The
wound was sutured, and sodium penicillin (30 KU) (Harbin Pharmaceutical Group, H23021439, Harbin,
China) was injected intramuscularly for 3 consecutive days post-surgery. The rats were returned to the animal
facility for normal housing.

After 2 weeks, rats that exhibited more than 210 rotations/30 min were considered successfully modeled.
A total of 24 PD rats were randomly divided into 3 groups (8 rats per group): (1) model group, injected with
saline; (2) PMSCs group, injected with PMSCs; and (3) LN-PMSCs group, injected with LN-PMSCs. The
transplanted cells were prepared into a single-cell suspension at a density of approximately 1.5 x 10° cells, and
the cell suspension was injected into the same sites as those used in the PD model. Additionally, 8 healthy
SD rats were randomly selected as the normal control group. Four weeks after cell transplantation, the rats
were subjected to behavioral, histopathological, and molecular biological examinations.

2.7 Apomorphine (APO)-Induced Rotation Test

An APO-induced rotation test was used to evaluate motor dysfunction. Two weeks after the 6-OHDA
(Sigma, 162957, CA, USA) injection, the rats were injected intraperitoneally with 0.5 mg/kg APO (Sigma,
PHR2621), and the number of contralateral rotations was recorded over 30 min. Rats that displayed more
than 210 rotations within 30 min were considered successful PD models and selected for subsequent exper-
iments. Four weeks after cell transplantation, the APO-induced rotation test was conducted on each group,
and the number of rotations within 30 min was recorded to assess the improvement in motor dysfunction.

2.8 Open Field Test

The rats were placed in an open field box measuring 100 cm x 100 cm x 40 cm. Their spontaneous
movement was recorded using a computer and camera to assess their excitability and activity levels. Before
the actual experiment, each rat underwent two pre-exposure sessions in the open field box to acclimate to
the environment. The actual experiment began by placing the rat at the center of the open field box, and
their movement was recorded via video. The system automatically recorded and analyzed the total distance
traveled by the rats within 5 min during each trial and generated a heatmap of their movement paths.
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2.9 Rotarod Test

Before starting the experiment, the rotarod was set to a constant speed of 40 revolutions per minute
(r/min) for 30 min. Three rats were tested simultaneously on the rotarod device (Sansbio, SA102, Nanjing,
China), with each rat undergoing three trials. The rotarod apparatus automatically recorded the number of
rotations and the time spent on the rod.

2.10 Brain Tissue Frozen Sections

For brain tissue collection, the rats were deeply anesthetized with 3% sodium pentobarbital (50 mg/kg)
and fixed on a dissection board. After disinfection, the abdominal and thoracic cavities were opened
to expose the heart. A perfusion needle was inserted into the aortic arch via the left ventricle, and the
right atrium was cut open to allow the flow regulator to be opened. Approximately 200 mL of saline was
perfused until the limbs and lungs gradually turned pale, followed by perfusion with about 200 mL of 4%
paraformaldehyde (Shandong West Asia Chemical Industry Co., 30525-89-4, China) for fixation. The brain
tissue was carefully dissected and placed in 4% paraformaldehyde at 4°C for fixation. After 4-6 h, the brain
tissue was transferred to a 25% sucrose solution for dehydration until it sank to the bottom, then further
dehydrated in a 30% sucrose solution. The entire process was conducted at 4°C, and the tissue was eventually
frozen at -80°C.

The brain tissue was embedded in an OCT compound (Biosharp, BL557A), ensuring it was positioned
coronally and fixed in place on a cryostat. Sections were cut at a thickness of 14 pum, spanning from the
striatum to the substantia nigra. The sections were mounted on slides and stored at —20°C.

2.11 Immunofluorescence

Cleaned and sterilized coverslips were placed in a 24-well culture plate, and 300 pL of Matrigel (CORN-
ING, 04233883, NY, USA) was added to each well for 1 h. The cells were fixed with 4% paraformaldehyde
for 20 min, permeabilized with 0.2% Triton X-100 for 10 min, and blocked with 10% normal goat serum
(Sigma, 93443, CA, USA) for 1 h. The primary antibodies CD90 (Bioss,bsm-54762r, Beijing, China), CD73
(Bioss, bs-4834R), CD44 (Bioss, bsm-51065M), CD29 (Bioss, bs-2489R), CD45 (Bioss, bs-0522R), CD34
(Bioss, bs-8996R) (1:200), Pax6 (Abcam, ab5790, Cambridge, UK, 1:500), Nestin (Abcam, ab221660, 1:500),
TUJ1 (Abcam, ab7751, 1:300), FOXA2 (Santa Cruz, sc-374376, CA, USA, 1:500), NURRI (Santa Cruz, sc-
376984, 1:500), TH(Santa Cruz, sc-25269, 1:500), SYN(Abcam, ab214316, 1:500), PSD95(CST, 37657, Danvers,
MA, USA, 1:200), GABA (Santa Cruz, sc-376252, 1:500), GFAP (Abcam, ab7260, 1:500) were diluted and
incubated with the cells overnight at 4°C. After discarding the primary antibody solution, the cells were
washed three times with PBS for 3 min each. The secondary antibodies Cy3 (Jackson Laboratory, GTX26965,
Bar Harbor, ME, USA, 1:1000) and Alexa Fluor 488 (Invitrogen, A-11094, CA, USA, 1:500) were prepared
and incubated at room temperature for 1 h. After discarding the secondary antibody solution, the cells were
rinsed with PBS. Then the cells were stained with DAPI (Beyotime Biotechnology, C1002, 1:1000) for 15 min
at room temperature and protected from light. The cells were washed with PBS and mounted with an antifade
mounting medium for observation under a fluorescence microscope (BX53, Olympus).
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2.12 RT-PCR and Real-Time Quantitative PCR

PMSCs or induced differentiated cells were extracted for total RNA using Trizol reagent (Invitrogen,
P5755103, California, USA). Reverse transcription PCR (PrimeScript™ RT Reagent Kit, AM11651A, TaKaRa,
Kyoto, Japan) and real-time quantitative PCR (TB Green® Premix Ex Taq™ II, TaKaRa, AJ12453) were
performed according to the manufacturer’s instructions. In addition, PCR reactions were performed using
a kit (LA Taq®), TaKaRa, AM20738A). The data were analysed using QuantStudioTM Real-Time PCR
System software (Applied Biosystems, California, USA), the internal reference was GAPDH, and the relative
expression of the genes was calculated according to the AACt method. Primers (designed for Sprague-Dawley
rats) used for the PCR reactions are shown in Table 1.

Table 1: Primers used for the PCR reactions

Genes Primer sequences (5’-3')

CD29 Forward: TTGCCAACCAAGTGACATA
Reverse: CTCCAGCCAATCAGCGACC

CD44 Forward: ATTCCCCAAAGGTGACGCT
Reverse: AGGGCACGGATGCTCTAAC

CD73 Forward: AGATGAAGTCACTGCGTTGC

Reverse: TCAGGTTTCCCATGTTGC
CD90 Forward: TCCAAGCCACGGACTTCATTT

Reverse: TACTGGGCGATACTTTCAACA
Forward: TAACTTGACTTCTGTTGCCTCG

CD34 Reverse: GCTCTTCTCCCCTTTCCTTC
CD45 Forward: AAAGAGGAAATGGCTCCTCAG

Reverse: CTATTTCTGTGCTTGTGGTGG

Pax6 Forward: CAGAACAGTCACAGCGGAGT

Reverse: CCGTTGGACACCTGCAGAAT

Nestin Forward: GGGGATCCTTGAATTGCCCA

Reverse: TCCCCATCTACCCCACTCAG

Lmxla Forward: GATGGGGTTTCCCACTCTGG

Reverse: CCTGCAGAAAGGTGAGGGAG

NeuroD1 Forward: GCTGGGACAAACCTTTGCAG

Reverse: AATCATACAGCGAGAGCGGG

TUJN Forward: CAACTATGTGGGGGACTCGG

Reverse: TGGCTCTGGGCACATACTTG

FOXA2 Forward: GCTGATTGCTGGTCGTTTGT

Reverse: TTGCTCACGGAAGAGTAGCC
NURRI1 Forward: TAACTTGACTTCTGTTGCCTCG
Reverse: CTTGTAGTAAACCGACCCGCTG

TH Forward: CAAGGTTCCCTGGTTCCCAA

Reverse: CTTCAGCGTGGCGTATACCT

GAPDH Forward: CCGCATCTTCTTGTGCAGTG

Reverse: TCCCGTTGATGACCAGCTTC
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2.13 Western Blotting

Protein was extracted from midbrain tissues and cells using RIPA lysis buffer (Beyotime Biotechnology,
P0013B) containing PMSF (Beyotime Biotechnology, ST505). The total protein concentration was measured
using a BCA protein quantification kit (Beyotime Biotechnology, P0011). Equal amounts of denatured
protein samples were separated by polyacrylamide gel electrophoresis (PAGE) and then transferred to
a Polyvinylidene Fluoride (PVDF) (Merck Millipore, ISEQ08100, MA, USA) membrane. The membrane
was blocked with 5% non-fat milk for 1 h and incubated overnight at 4°C with primary antibodies
including Lmxla (Abcam, ab139726, 1:1000), NeuroD1 (Cusabio, CSB-PA615700, DE, USA, 1:1000), -actin
(Proteintech, 66009-1-1g, Chicago, IL, USA, 1:1000), TU]J1 (Abcam, ab7751, 1:1000), FOXA2 (Santa Cruz, sc-
374376, 1:1000), NURRI (Santa Cruz, sc-376984, 1:1000), TH (Santa Cruz, sc-25269, 1:1000). Dilution ratios
with TBST (Biosharp, 22924676V, Anhui, China) were as previously described. After washing three times
with TBST, the membrane was incubated with goat anti-mouse IgG-HRP antibody (Invitrogen, A16066,
CA, USA, 1:5000) or goat anti-rabbit IgG-HRP antibody (Invitrogen, 65-6120, 1:5000) at 37°C for 1 h.
Protein bands were detected using an ECL Plus chemiluminescence detection kit (MED) (Affinity, KF8005,
Changzhou, China).

2.14 Statistical Analysis

All data were analyzed using SPSS 16.0 software (SPSS Inc., Chicago, IL, USA), and results are expressed
as mean =+ standard deviation (SD) (n = 3 or n = 8). Statistical analysis was performed using independent
samples t-test and one-way analysis of variance (ANOVA) followed by the LSD test. A p-value of < 0.05 was
considered statistically significant.

3 Results
3.1 Biological Characterization of PMSCs

PMSCs were isolated from fetal rats and cultured using adherent methods. Primary PMSCs were
obtained through enzymatic digestion and were able to adhere completely within approximately 24 h.
Observations using an inverted microscope showed that initial cell growth was slow, with cells growing
in clusters and exhibiting a mixed population including epithelial-like cells and blood cells. Once cells
adhered to over 90% of the dish surface, they were passaged at a ratio of 1:2 or 1:3, typically reaching up to
13 passages. After passaging to P3, the cell morphology became stable, with cells predominantly elongated
or spindle-shaped, a high nucleus-to-cytoplasm ratio, and irregular edges. Immunofluorescence indicated
that the isolated and cultured cells expressed MSCs surface markers CD29, CD44, CD73, and CD90, but not
hematopoietic cell surface markers CD34 and CD45. Additionally, stem cell pluripotency markers Pax6 and
Nestin were highly expressed (Fig. 1A). After seeding cells in culture dishes for 14 days, colony formation
was assessed by crystal violet staining, with a colony formation rate of 55 + 2.7% (Fig. 1B). RT-PCR analysis
showed positive expression of CD29, CD44, CD73, CD90, Pax6, and Nestin in cultured PMSCs, while CD34
and CD45 were negative (Fig. 1C).
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Figure 1: Cell morphology, specific markers, and colony-forming potentials of PMSCs. (A). Immunofluorescence
Staining of Specific Markers: Nearly all cells express MSCs markers CD29, CD44, CD73, CD90 and stem cell markers
Pax6 and Nestin, while the cell nuclei are stained blue with DAPI. Cells do not express CD34 and CD45. (B).
Morphology of PMSCs at PO, P4, and P8 and a colony at P4 of PMSCs stained with crystal violet. (C). RT-PCR Analysis
of Specific Marker Genes: Detection of the expression of CD29, CD44, CD73, CD90, CD34, CD45 and stem cell marker
genes Pax6 and Nestin

3.2 Generation of LN-PMSCs

The lentiviral vector LV-Lmxla-NeuroD1 was constructed, and 48 h after lentiviral transduction of
PMSCs and antibiotic selection, high expression of the m-Cherry fluorescent protein carried by the lentivirus
was observed under a fluorescence microscope. Immunofluorescence confirmed a transduction efficiency
of over 90% (Fig. 2A,E). RT-PCR and Western blotting results revealed a significant over-expression of
mRNA and protein levels of Lmxla and NeuroD1 in LN-PMSCs compared to PMSCs (p < 0.01 or p < 0.001)
(Fig. 2B=D), indicating a LN-PMSCs cell line was successfully established.
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Figure 2: Generation of LN-PMSCs. (A). Schematic of LV-Lmxla-NeuroD1 Construction and Transfection into
PMSCs. (B). RT-PCR analysis of Lmxla and NeuroD1 genes in PMSCs and LN-PMSCs. (C). Western Blotting analysis
of Lmxla and NeuroD1 proteins in PMSCs and LN-PMSCs. (D). Quantitative results of WB assays for Lmxla and
NeuroD1. (E). Fluorescent protein expression of LN-PMSCs 72 h after LV-Lmxla-NeuroD1 infection **p < 0.01,
< 0.001

3.3 Differentiation of LN-PMSCs into Dopaminergic Neurons In Vitro

The LN-PMSCs cell line was obtained after PMSCs were transduced with lentivirus carrying LV-Lmxla-
NeuroD1 for 3 days. Then LN-PMSCs were cultured in a neural pre-induction medium after 3 days, followed
by a neural induction medium for 6 days (Fig. 3A). Most cells exhibited neuron-like morphological changes
(Fig. 3B). And, RT-PCR, Western blotting, immunofluorescence, and RT-qPCR analysis results showed the
cells highly expressed the neuron markers TUJ1 and the dopaminergic neuron markers FOXA2, NURR], TH
(p <0.01 or p <0.001) (Fig. 4A-E). And positive neurons for TH were significantly increased in LN-PMSCs
compared to PMSCs, NC-PMSCs, and induced PMSCs (p < 0.0001) (Fig. 4F). Furthermore, the dopamine
(DA) content in the cell supernatants increased with the duration of the induction period, reflecting an
increase in the number of dopaminergic neurons (p < 0.0001) (Fig. 4G).
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Figure 3: Differentiation process of LN-PMSCs into dopaminergic neurons. (A). Timeline of differentiation process
(B). Cell morphology changes at different stages of the induction process

3.4 Transplantation of LN-PMSCs and Motor Deficits Improvement in PD Model Rats

Rats were anesthetized and fixed in a stereotaxic apparatus. After fixing the brain, stereotaxic coordi-
nates for 6-OHDA lesions or cell transplantation were determined (Fig. 5A). According to a rat brain atlas,
coordinates for the stereotaxic injection and transplantation sites in the rat right MFB were as shown in the
sagittal and coronal coordinate maps (Fig. 5F,F',F""). Two weeks after 6-OHDA-induced lesions, the success
of PD modeling was assessed based on APO-induced rotational behavior (Fig. 5B). A total of 24 successful
PD model rats were randomly divided into three groups: model group (n = 8), PMSCs group (n = 8), and
LN-PMSCs group (n = 8). An additional 8 healthy rats of similar weight served as a normal control group.
Each rat received approximately cells or grafts stereotactically transplanted into the right MFB of PD rats
at two coordinates. Behavioral assessments were conducted 4 weeks post-transplantation, including APO-
induced rotational test (Fig. 5B), rotarod test (Fig. 5C), and open field test (Fig. 5E). After 4 weeks, the rats
were sacrificed, and their brains were stored at —80°C (Fig. 5D) for frozen section analysis.
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Figure 4: Identification of dopaminergic neurons differentiated from the LN-PMSCs cell line. (A). The mRNA
expression levels of dopaminergic neuron marker genes were monitored by RT-PCR. (B). Relative protein expression
levels of dopaminergic neurons marker genes were detected by Western Blotting. (C). Quantitative results of the WB
assay. (D). Dopaminergic neuron marker genes were monitored by immunofluorescent staining. (E). The relative
mRNA expression of dopaminergic neurons was analyzed by RT-qPCR. (F). TH positive cell rates in PMSCs, NC-
PMSCs, induced PMSCs and LN-PMSCs. (G). Dopamine concentrations in the cells culture supernatant were detected
by ELISA. **p < 0.01, **p < 0.001, **p < 0.0001

The APO-induced rotational test showed that, 4 weeks post-transplantation, the number of rotations
of model group, PMSCs group, and LN-PMSCs group was 275.8 + 45.2, 234.6 + 32.8 and 187.0 + 211,
respectively. Both PMSCs and LN-PMSCs groups showed a significant reduction in rotational number
compared to the model group, respectively (p < 0.05 or p < 0.0001). And, LN-PMSCs group exhibited the
most obvious effect (Fig. 5G).

The open field test showed that the distance moved from the center for the model group was
(7811.0 + 458.3) cm, for the PMSCs group was (13375.0 + 1008.0) cm, and for the LN-PMSCs group was
(17363.0 + 784.5) cm. Both the PMSCs and LN-PMSCs groups exhibited increased activity and mobility
compared to the model group, with a significantly higher total movement distance (p < 0.01 or p < 0.0001).
Moreover, the total distance travelled increased more significantly in the LN-PMSCs group than in the
PMSCs group (p < 0.05; Fig. 5H).

In the rotarod test, the times on the rod of model group, PMSCs group, and LN-PMSCs group were
(296.5.0 + 103.4) s, (523.3 + 138.9) s and (698.5 £ 56.5) s, respectively. The results were consistent with
the APO-induced rotational test. The LN-PMSCs group also showed a significant effective improvement in
motor coordination compared to the model group and PMSCs group (p < 0.0001 or p < 0.01) (Fig. 5I).
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Figure 5: Stereotactic implantation of LN-PMSCs in PD rats and behavioral testing. (A). Stereotactic instrument for
PD model construction: Setup for the stereotactic injection to create a PD model in rats. (B). APO-Induced Rotational
Test: Assessment of rat rotational behavior induced by APO. (C). Rotarod Test: Evaluation of motor performance and
endurance in rats. (D). Brain Extraction Post-Perfusion: Extraction of the entire brain from rats after cell injection for
analysis. (E). Open field test and Data analysis: Behavioral analysis and data evaluation from open field tests. (F-F").
Stereotactic Injection Sites for 6-OHDA and LN-PMSCs: Injection coordinates into the right medial forebrain bundle
(MEFB) of PD model rats. (G). APO Rotational Test Data Analysis. (H). Open Field Test Data Analysis. (I). Rotarod Test
Data Analysis. *p < 0.05, **p < 0.01, ***p < 0.0001
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Overall, these results suggested that LN-PMSCs transplantation in MFB significantly ameliorated motor
dysfunction in PD model rats.

3.5 Survival and Differentiation of LN-PMSCs into Functional Neurons in PD Rats

LN-PMSCs were quantitatively transplanted into the MFB region of PD rat brains. After 4 weeks
of transplantation, the rats were anesthetized, and their brains were extracted and processed for frozen
section analysis. Immunohistochemical staining was performed, and the red fluorescent protein m-Cherry
carried by the LV-Lmxla-NeuroDl1 lentiviral vector was used to locate LN-PMSCs under a fluorescence
microscope. Immunofluorescence staining results showed that LN-PMSCs survived in the transplantation
area and differentiated into various functional neuron types. They expressed the neuron marker TUJI, the
dopaminergic neuron markers FOXA2, the presynaptic marker SYN, GABAergic neuron markers GABA,
the astrocyte marker GFAP and the postsynaptic marker PSD95 (Fig. 6A). And the fluorescence intensity
of TH in the LN-PMSCs group was significantly higher compared to that in the PMSCs group (Fig. 6B).
These results indicate that the transplanted LN-PMSCs can survive and differentiate into functional neurons
in vivo, establishing new neural networks and functional neurons, thereby improving the damaged neural
pathways in the PD model rats.
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Figure 6: (Continued)
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Figure 6: Survival and Differentiation of transplanted LN-PMSCs in PD model Rats. (A). The transplanted LN-PMSCs
survived and differentiated into functional neurons in the brain of PD model rats 4 weeks after transplantation. The
TUJ1, PSD95, FOXA2, SYN, GFAP and GABA were detected by Immunofluorescence staining in the graft region
4 weeks after transplantation. (B). The fluorescence intensity of TH in the PMSCs group and the LN-PMSCs group

4 Discussion

PD is one of the most common neurodegenerative disorders characterized by the irreversible loss of
dopaminergic neurons. Currently, surgical and pharmacological treatments only alleviate PD symptoms but
do not cure the disease, and long-term medication use can lead to severe side effects [24]. Stem cell therapy
and gene therapy offer promising alternatives for PD treatment. In recent years, the application of MSCs
in the field of PD therapy has received widespread attention. MSCs are advantageous due to their broad
availability, such as ease of acquisition, low risk of immune rejection, non-tumorigenic, multidirectional
differentiation potential and ability to secrete cytokines [25]. Previous studies have shown that MSCs can
not only differentiate into dopaminergic neurons. Moreover, the use of developmental factors associated
with dopamine formation, such as SHH, FGF8, and BDNE, can significantly increase the percentage of
dopaminergic neurons [9,26]. MSCs can also release neurotrophic factors (BDNF, GDNF) through paracrine
effects, which can promote neuronal survival and reduce neuroinflammation [27,28]. Recent studies have
shown that transplantation of MSCs significantly improves motor dysfunction and reduces abnormal
aggregation of a-synuclein in animal models of PD [29,30].

Gene therapy is currently being tested in clinical trials and mainly involves using viral vectors to deliver
transcription factors into cells or the body to modulate the expression of one or more specific genes [31].
Initially, gene transfer was achieved using retroviral vectors in vitro; now, it has advanced to using adenoviral
(AAV) or lentiviral (LV) vectors for in vivo gene expression. Lentiviral vectors, derived from the HIV-1 family,
can infect both dividing and non-dividing cells and package larger transgenes (approximately 11 kb single-
stranded RNA) with long-term expression [32-34]. Moreover, lentiviral vectors reduce the risk of immune
rejection and can efficiently infect cells. To combine the advantages of MSCs and gene therapy, we genetically
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engineered PMSCs with lentiviral vectors carried Lmxla and NeuroD1 to establish a LN-PMSCs cell line,
which could differentiate into dopaminergic neurons for rescuing motor deficits in PD rats.

Lmxla has been identified as a critical factor in inducing DA progenitor cells or neurons in vitro
and plays a crucial role in regulating DA neuron differentiation, survival, and function [35,36]. It can
induce the expression of tyrosine hydroxylase (TH), a rate-limiting enzyme in DA production, which is
beneficial for repairing PD-induced brain damage [37-39]. NeuroD], an endogenous neural transcription
factor, is expressed during early brain development and in adult neural stem cells. NeuroD1 has been
observed to effectively reprogram human astrocytes into functional neurons in the adult mouse cortex
and hippocampus [40-42]. In this study, Lmxla and NeuroDI1 were used to directly induce PMSCs into
dopaminergic neurons in vitro. The lentiviral vector carrying m-Cherry fluorescent protein demonstrated
a high transfection efficiency of over 90%. The induced cells exhibited typical neuronal morphology after
9 days in a neurogenic medium. Moreover, they highly expressed the dopaminergic neuron markers TH,
FOXA2, TUJ1, NURRI and could secrete dopamine to the cell supernatants. Many studies have found
that the addition of a specific neural induction solution for about 12 consecutive days induces MSCs into
dopaminergic neuron-like cells [43-46]. In contrast, LN-PMSCs were induced for as few as 9 days under the
neural induction medium. With significantly reduced induction time compared to previous methods. These
results showed the genetically modified PMSCs (LN-PMSCs) could differentiate into dopaminergic neurons
in vitro. Therefore, the LN-PMSCs may be potential donor grafts for transplantation therapy for PD patients.

Then, we used 6-hydroxydopamine (6-OHDA), which mimics DA neuron damage and PD symptoms
by injecting 6-OHDA into the medial forebrain bundle (MFB), to create a rat model of PD for evaluating the
therapeutic potential of LN-PMSCs transplantation [47,48]. 6-OHDA is a toxic dopamine metabolite that
undergoes rapid and non-enzymatic oxidation to form quinone and hydrogen peroxide. It is taken up by
norepinephrine transporters, causing damage to norepinephrine neurons [49,50]. By injecting 6-OHDA at
two sites in the right MFB of rats, significant damage to dopaminergic neurons in the substantia nigra and
striatum was achieved. Two weeks after 6-OHDA injection, the rats displayed clear unilateral rotation and
gait disturbances, confirming successful PD modeling. Behavioral assessments using APO-induced rotation
tests, rotarod tests, and open field tests evaluated the effects of motor impairment. After establishing the
PD model, cells were injected into the lesioned MFB region. Four weeks post-transplantation, LN-PMSCs-
treated rats showed reduced number of rotations, increased times on the rotarod, and greater movement
distance in the open field compared to the model and PMSCs groups. This indicates that LN-PMSCs
transplantation in MFB of PD rats exhibits significant therapeutic effects on motor dysfunction improvement
in PD model rats. Furthermore, the transplanted LN-PMSCs could survive in the injured area 4 weeks
after transplantation, and differentiated into dopaminergic neurons, GABAergic neurons, astrocytes and
established synaptic connections, which enhances the restoration of neural pathways and motor functions.

In conclusion, in the present study, a gene-engineered pulmonary mesenchymal stem cell line over-
expressing Lmxla and NeuroD1 (LN-PMSCs) was successfully established. The LN-PMSCs significantly
improved motor dysfunction in PD rats 4 weeks after transplantation. Furthermore, LN-PMSCs survived
and differentiated into functional neurons in the rat. Although the present study confirmed the therapeutic
potential of transplanted LN-PMSCs in a rat model of PD, the underlying mechanisms by which LN-PMSCs
improve motor function have not been fully elucidated and need to be further validated by techniques such as
gene knockout. The results will contribute to the application of genetically engineered MSCs for the treatment
of neurodegenerative diseases, including PD.
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