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Abstract

Addressing the challenges of identifying suitable targets and effective delivery strategies is critical in pursuing
therapeutic solutions for glioblastoma (GBM). This study focuses on the therapeutic potential of microRNA-124
(miR-124), known for its tumor-suppressing properties, by investigating its ability to target key oncogenic
pathways in GBM. The results reveal that CDK4 and CDK6—cyclin-dependent kinases that promote cell cycle
progression—are significantly overexpressed in GBM brain samples, underscoring their role in tumor proliferation
and identifying them as critical targets for miR-124 intervention. However, delivering miRNA-based therapies
remains a major obstacle due to the instability of RNA molecules and the difficulty in achieving targeted, efficient
delivery. To address these issues, this research introduces an innovative, non-viral dual-gene delivery platform

that utilizes umbilical cord mesenchymal stem cells (UMSCs) and their exosomes to transport miR-124 and
programmed cell death protein-1 (PD-1). The efficacy of this dual-gene delivery system was validated using an
orthotopic GBM model, which closely mimics the tumor microenvironment seen in patients. Experimental results
demonstrate that the UMSC/miR-124-PD-1 complex and its exosomes successfully induce apoptosis in GBM cells,
significantly inhibiting tumor growth. Notably, these treatments show minimal cytotoxic effects on normal glial
cells, highlighting their safety and selectivity. Moreover, the study highlights the immunomodulatory properties of
UMSC/miR-124-PD-1 and its exosomes, enhancing the activation of immune cells such as T cells and dendritic cells,
while reducing immunosuppressive cells populations like regulatory T cells and myeloid-derived suppressor cells.
The orchestrated dual-gene delivery system by UMSCs and exosomes showcased targeted tumor inhibition and
positive immune modulation, emphasizing its potential as a promising therapeutic approach for GBM.
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Introduction

Glioblastoma (GBM) stands as the most prevalent and
highly aggressive malignant brain tumor affecting adults.
Upon diagnosis, the standard treatment typically involves
a multimodal approach that includes surgical resection,
radiation therapy, and chemotherapy [1]. Due to the
challenges posed by the blood-brain barrier (BBB), sev-
eral innovative biomaterial-based strategies have been
developed to address these limitations [2]. Biomaterials
can also be utilized to deliver innovative treatments [3],
including gene therapy, chemotherapy [4], photodynamic
therapy [5], anti-angiogenic therapy [6], and thermo-
therapy [7]. However, nanoparticles that originate from
non-biological sources often face issues such as organ
clearance and accumulation, lack of self-targeting, poor
degradation, and regulatory hurdles. As a result, surface
functionalization becomes essential and unavoidable to
enhance their biocompatibility and therapeutic efficacy
[8, 9]. Recent studies have explored using mesenchymal
stem cells (MSCs) as living carriers for the active delivery
of therapeutic agents to tumor sites, with the advantage
of potentially avoiding rejection due to their inherent
immunosuppressive characteristics [10, 11]. Moreover,
evidence suggests that umbilical cord-derived MSCs
(UMSCs) offer significant advantages as transplantable
cells compared to adult-derived MSCs from bone mar-
row or adipose tissue, making them promising candi-
dates for clinical applications in treating various diseases
[12]. Meanwhile, exosomes derived from gene-modified
mesenchymal stem cells (MSCs) have emerged as a new
delivery method, offering a lower potential for tumori-
genesis [13].

Although numerous compounds targeting CTLA-4 and
PD-L1 (programmed death-ligand 1) have been tested in
clinical trials for GBM, none have significantly improved
survival outcomes for newly diagnosed or recurrent
cases in the past decade [14]. Gliomas are classified as
‘cold tumors, characterized by low immune cell infiltra-
tion, which makes immunotherapy ineffective as a stand-
alone treatment [15]. Several reports suggest combining
immune checkpoint inhibitors (ICIs) with traditional
GBM treatments, such as radiation or chemotherapy,
may enhance therapeutic efficacy [16]. These combina-
tion therapies could provide more potent, specific, and
long-lasting anticancer immune responses compared to
mono or sequential therapies [17]. Therefore, identifying
an optimal combination strategy is crucial for maximiz-
ing the effectiveness of immune checkpoint inhibitors
(ICIs) in GBM.

MicroRNAs (miRNAs) are small, non-coding RNA
molecules that regulate gene expression by binding to

messenger RNA (mRNA) and inhibiting protein trans-
lation. In cancer, miRNAs play a critical role as regula-
tory molecules, acting as either oncogenes or tumor
suppressors [18]. Notably, miR-124 is a specific miRNA
that is consistently downregulated in various types of
cancer, and this downregulation is inversely correlated
with tumor growth, lymph node metastasis, and poor
prognosis [19]. In the case of GBM, miR-124 and miR-
137 are significantly downregulated, and restoring their
expression levels leads to increased cell cycle arrest in
the GO/G1 phase [20]. Patients with miR-124 expres-
sion levels below the average typically show shorter
survival times [21, 22]. Nanoparticle formulations have
recently addressed delivery challenges and off-target
issues associated with miRNA [23]. The use of MSCs and
their exosome-based miRNA delivery has emerged as a
disease-specific targeting method with biocompatible
characteristics, especially when compared to other non-
organic nanoparticles [24]. While large-scale isolation
of exosomes remains a challenge, in this study, we devel-
oped a hypoxic condition for gene-modified UMSCs to
achieve a greater yield [25].

To effectively deliver and target multiple sites within
heterogeneous GBM, we designed umbilical cord-
UMSCs as bio-based materials, incorporating the thera-
peutic PD-1 gene on the surface and miR-124 with G1
arrest capacity for GBM treatment. In addition, exosomes
derived from this dual-target UMSCs (UMSC/miR-
124-PD-1) were isolated to evaluate their anti-GBM
capability.

Materials and methods

Glioblastoma samples

The human glioma specimens used in this study were
obtained with approval from the Taipei Medical Univer-
sity Hospital Institutional Review Board, as per protocol
IRB N201901041. We collected MRI scans with contrast
enhancement and pathological reports diagnosing these
specimens as grade 4 gliomas for subsequent RNA array
testing (Welgene Biotech Co., Ltd., Human GE array V2).
Human Brain Total RNA (Normal human brain (whole)
pooled from 4 males Asians, age: 21-29, Clontech Labo-
ratories, Inc. A Takara Bio Company, CA, USA, CATA-
LOG No. 636530).

Open sources analysis and platform

Sample from The Cancer Genome Atlas Program
(TCGA) was utilized by GEPIA platform (Gene Expres-
sion Profiling Interactive Analysis, http://gepia.cance
r-pku.cn/). The survival pattern of CDK4 and CDK6
expression was analyzed using a 50% cut-off value to
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differentiate between high and low expression levels.
MicroRNA target annotation and correlation between
specific genes was predicted by TargetScan (https://www
.targetscan.org/).

PiggyBac (PB) transposon miR-124/PD-1 plasmid
construction

A PiggyBac vector, pPB-CMV-MCS-EF1a-RedPuro, con-
taining the multiple cloning sites (MCS), PiggyBac termi-
nal repeats (PB-TRs), core insulators, and a puromycin
selection marker (BSD) fused with RFP driven by the
human EFla, was used as the base vector (System Bio-
science). The bicistronic expression construct was devel-
oped by inserting the hsa-pre-miR-124 (human miR-124
microRNA precursor, Topgene and PD-1 (PDCD1
Human cDNA ORE, Origene) cDNA fragments into pPB-
CMV-MCS-EFla-RedPuro using a specific restriction
enzyme linker (Xbal, Nhel, Sall and EcoRI) to construct
the pPB-(hsa-pre-miR-124)-PD1 plasmid bicistronic
expression plasmid.

Plasmid transfection of UMSCs

UMSCs were gently detached and harvested using
Accutase (SCR, Merck, NJ, USA). Subsequently, a count
of 5x 10° cells was performed, and the cells were pelleted
at 200 x g for 5 minutes. The electroporation solution
was prepared using the P1 Primary Cell 4D-Nucleofec-
tor™ X Kit L (Lonza, Basel, Switzerland). The electro-
poration mixture consisted of 82 pL of P1 Primary Cell
Nucleofector™ Solution and 18 pL of supplement, which
were combined with 5 pg of PD-1, miR-124, miR-124/
PD-1 and 5 pg of the transposase plasmid for each reac-
tion. The UMSC pellet was carefully resuspended in this
electroporation solution mixture and then transferred to
the Nucleocuvette™ vessel provided in the kit, ensuring
the absence of any bubbles. The Nucleocuvette™ vessel
was subsequently placed in the Lonza 4D-Nucleofector
(Lonza), and the cells were electroporated using pro-
gram DO101. Following electroporation, the cells were
transferred from the vessel into a pre-warmed T25 flask
containing 5 mL of MSC media and 5% PLTGold. The
media was refreshed the following day. To select posi-
tive cells, puromycin was introduced three days after
electroporation at a concentration of 1 pg/mL. This con-
centration was increased to 2 ug/mL after one week of
electroporation.

Exosome isolation and validation

Exosomes were harvested from UMSC/miR124-PD-1
supplements after the hypoxia condition for a 72-hour
period. The culture supernatant underwent centrifuga-
tion at 3,000 x g for 30 min at 4 °C to eliminate dead cells
and cell debris. Subsequently, the Total Exosome Isola-
tion Reagent (4478359, Thermo Fisher Scientific) was
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employed for exosome isolation for western blotting,
and a 0.22-um PES membrane filter was used for diam-
eter detection. Exosome quantification was performed
with a BCA protein assay kit (Beyotime Biotechnology).
Nanoparticle tracking analysis (NTA) was conducted to
observe the size distribution and concentration of extra-
cellular vehicles (EVs) utilizing a NanoSight NS300 sys-
tem (Malvern Instruments). The analysis was executed
with NTA 3.1 software, setting the threshold to 5 and
using default parameters. The EVs were appropriately
resuspended in PBS [26].

Cells culture and reagents

GBM8401 and GL261 cells were separately obtained
from the American Type Culture Collection (ATCC) and
DSMZ (the Leibniz Institute DSMZ (Germany). The cells
were cultured in a growth medium consisting of mini-
mum essential medium (MEM) or Dulbecco’s modified
Eagle’s medium (DMEM), supplemented with 10% fetal
bovine serum (FBS), 1% sodium pyruvate, 2 mM L-glu-
tamine, 100 units/mL penicillin, and 100 mg/mL strepto-
mycin. They were maintained in a humidified incubator
at 37 °C with a 5% CO, atmosphere. The reagent used in
this study was listed in Supplementary Table 1.

Western blot assay

Total proteins from the cells were extracted with lysis
buffer (50 mM Tris-hydrochloride [HCI, pH 8.0], 120
mM NaCl, 0.5% NP-40, and 1 mM phenylmethanesulfo-
nyl fluoride. A cytosol extraction kit was used to extract
the cytosolic cytochrome-c from the cells, following the
manufacturer’s instructions. The expression levels of
various proteins after treatment were determined using
Western blotting. The proteins were visualized using
the MultiGel-21 imaging system (TOP BIO CO., Tai-
pei, Taiwan), and their band intensities were quantified
using Image J (version 1.50, National Institutes of Health,
Bethesda, MD, USA).

Orthotopic glioblastoma model

Six-week-old male C57BL/6 mice was purchased from
the National Laboratory Animal Center and housed in a
pathogen-free animal facility. The animals were fed ster-
ilised mouse chow and water. C57BL/6 mice (20-25 g)
were used for intracerebral GL261 cell implantations.
The animals were anaesthetised with 1-2% isofluorane.
In brief, 10,000 glioblastoma cells in 3 puL. Mg?*/Ca**-free
Hanks’ balanced salt solution (HBSS) was slowly (15—
20 s) injected into the left-brain region at a depth of 3 mm
from the dural surface of the mice. The detail procedure
was described in previous studies [27, 28]. The mice were
separated into various groups and administered once
with different modulation form of UMSCs treatment
(internal carotid artery injection): UMSCs (2 x 10°/treat),
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UMSC/PD-1, UMSC/miR-124, UMSC/miR-124-PD-1
and isolated exosome from UMSC/miR-124-PD-1
(1 x 10°/treat). The MSCs for animal treatment were all
be dissolved in 100 uL normal saline.

Intra carotid artery injection (ICA)

To introduce engineered UMSCs into the brain, we
employed intra-carotid artery (ICA) injection adminis-
tration in C57B/L6 male mice. First, the mice were anes-
thetized using a Zoletil (25 mg/kg) plus xylazine (7.5 mg/
kg) solution administered intraperitoneally. A 2 cm inci-
sion was made, starting 0.5 cm below the lower jaw and
extending to the suprasternal fossa. Micro tweezers were
used to carefully remove any muscle and connective tis-
sue covering the right common carotid artery. Once the
right CCA was exposed, the bottom of the CCA and the
extra carotid artery (ECA) were ligated with 6.0 surgical
sutures, respectively. To prevent backflow of blood, the
upper section of the CCA was secured with a loop using
a 6.0 surgical suture. A precise incision was made on the
CCA using micro scissors. Subsequently, a PE-90 tube
attached to a 30 g needle containing engineered UMSCs
(100 pl volume) was gently inserted into the CCA inci-
sion. The tube’s position was secured with a micro arte-
rial clamp during the injection process. After the cell
injection, the upper loop of the CCA was ligated, and the
incision was closed using surgical sutures.

To aid in the mice’s recovery, they were placed on a
heating blanket. This meticulous procedure ensured the
targeted delivery of engineered UMSCs into the brain,
paving the way for further research and analysis.

Immune cells validation from mice tissue

The single-cell suspensions isolated from the spleen,
tumor-draining lymph nodes (TDLNSs), and bone mar-
row were collected for flow cytometry analysis. The
function of CD8+T-cells (cytotoxic T lymphocytes,
CTL) was determined based on the expressions of
intracellular interferon (IFN)-y and interleukin (IL)-2
using flow cytometry. Additionally, memory CTL was
assayed by CD8*, CD62L", and CD44*. CD11c*/CD24"/
MHCII* dendritic cells were assayed as positive mark-
ers. The accumulation of CD11b*CD86" M1 type and
CD11b*CD206* M2 type of macrophage were also evalu-
ated. Furthermore, the percentages of regulatory T cells
(Tregs) and myeloid-derived suppressor cells (MDSCs)
were used to evaluate immunosuppressive function,
which plays a key role in the tumor microenvironment.
Single-cell suspensions were stained with anti-FOXP3-
Alexa Fluor 488/CD4-APC/CD25-PE antibodies using a
mouse Treg flow kit according to the manufacturer’s pro-
tocol. CD11b-FITC and Gr-1-PE antibodies were used
for detecting MDSCs. The percentages of these cell types
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were determined using the FACS Calibur flow cytometer,
and data were analysed using FlowJo software [29].

Biodistribution and homing ability of UMSCs
UMSC/miR-124-PD-1 were harvested and incubated
with a diluted DiR solution (320 pg/mL, XenoLight DiR
cell tracing dye, PerkinElmer, Waltham, MA, USA) in
PBS at 37 °C for 30 min. Mice bearing GL261 tumors
was injected ICA with 2x10° DiR-labeled UMSC/miR-
124-PD-1 100 pL in PBS, and anaesthetised with 1-2%
isoflurane 10 min before imaging. The DiR signal from
UMSC/miR-124-PD-1 was monitored with the IVIS
Lumina LT system (Xenogen, PerkinElmer) at 2, 24, 48,
96 h after injection. The photons emitted from the tumor
was assayed using the IVIS50 imaging system. The acqui-
sition time was 30 s. Regions of interest (ROIs) were draw
around the tumor and quantified using the Living Image
software as photons-s~lcm(2)-1-sr™ .

Hematoxylin and Eosin (H&E), immunohistochemistry
(IHC), and Immunofluorescence (IHC) staining

Mice brains were fixed by transcardial perfusion with
saline, followed by perfusion and immersion in 4% para-
formaldehyde, and embedded in optimal cutting tem-
perature compound (OCT). OCT-embedded brain tissue
from mice was subjected to H&E or IHC or IF staining.
All staining was performed according to routine proto-
cols. For IF staining, OCT-embedded slices were perme-
abilized with 0.3% Triton X-100/PBS, blocked with 10%
goat serum (Vector S-1000)/PBS, and incubated with
primary antibodies diluted in 2% BSA/1x PBS overnight:
luciferase (elabscience) (1:100) and GFAP (elabscience)
(1:100). Thereafter, slices were incubated with Alexa
Fluor 555 or Alexa 488-conjugated secondary antibod-
ies (Jackson immunoresearch) for 30 min, followed by
mounting with Prolong Gold antifade reagent contain-
ing DAPI for nuclear counter-staining. Slides were pho-
tographed with a Leica SP-8 confocal microscope, and
images were processed with Image J. At least five slides
from each group were analysed. The antibodies used in
this material was listed in Supplementary Tables 2-3.

Statistical analysis
Quantitative data are presented as the mean * standard
deviation (SD) from three independent experiments.
Statistical significance was assessed using one-way anal-
ysis of variance (ANOVA) in GraphPad Prism version
7.0 (San Diego, CA), with a significance level of p<0.05.
To ensure reliability and reproducibility, each experi-
ment was conducted independently at least three times,
enabling robust comparisons between the control and
treatment groups.

Some of the materials and methods were listed in
supported information.
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Results

miR-124 is identified as a potential target of CDK4/CDK6 in
glioblastoma

To identify the potential target, we conducted RNA
microarray analysis on 38 glioblastoma samples obtained
from Taipei Medical University, Taiwan (Fig. 1A). Nota-
bly, the expression levels of CDK4 and CDK6 were sig-
nificantly elevated compared to normal brain tissue,
suggesting their potential relevance for treatment. Subse-
quently, in Fig. 1B, we validated these findings by exam-
ining data from an open-source database (The Cancer
Genome Atlas Program, TCGA), which also revealed
high expression levels of CDK4 and CDK6 in GBM (glio-
blastoma). Furthermore, it was observed that patients
exhibiting higher expression levels of CDK4 and CDK6
tended to have poorer survival outcomes (Fig. 1C). To
delve deeper into the role of CDK4 and CDK6, we con-
ducted a protein-level analysis involving one glial cell
line (SVG-p12) and three GBM cell lines (U-87-MG,
GBM&8401, and GL261). Figure 1D illustrates that
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GBM8401 and GL261 cells exhibited notably higher pro-
tein expression levels of CDK4 and CDK6 compared to
SVG-p12. Moreover, Fig. 1E demonstrates a similar pat-
tern in RNA expression levels, with CDK4 and CDK6
being highly expressed in GBM cells. To target both
CDK4 and CDK®6, we conducted a search for potential
binding miRNAs using the TargetScanHuman website.
As illustrated in Fig. 1F, we identified binding sites for
both CDK4 and CDK6 that can be matched with miR-
124. CDK4 and CDKB6, which play critical roles in regu-
lating the cell cycle during the G1 phase, can serve as
essential targets for controlling cell proliferation [25]. To
further confirm the role of miR-124 in regulating CDK4
and CDK®6, we conducted an interaction analysis using
ENCORI. As shown in Fig. 1G, there is a negative cor-
relation between the expression level of miR-124 and that
of CDK4 and CDK6 in glioma samples. Additionally, we
validated the expression of miR-124 through qPCR and
confirmed that miR-124 exhibits relatively low expres-
sion in GBM cells compared to glial cells (Fig. 1H). In
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(H) The miR-124 expression in glial cells and three different GBM cells assayed by g-PCR
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summary, our findings suggest that increasing the levels
of miR-124 may represent a potential therapeutic strategy
for addressing GBM. Additionally, developing the deliv-
ery strategies for miR-124 toward GBM is important.

Elevating the expression of miR-124 in GBM cells has

the potential to reduce their proliferation, metastatic
tendencies and immunosuppressive regulation

To validate how miR-124 exerts control over GBM pro-
gression, we conducted transfections of GL261 and
GBM&8401 cells with miR-124 mimic. As depicted in
the Supplementary Fig. 1A, this led to an increase in
the expression level of miR-124-3p in GBM cells. Con-
versely, the expression levels of both CDK4 and CDK6
were reduced by the miR-124 mimic, as shown in Sup-
plementary Fig. 1B. The expression of CDK4, CDK®6, and
cyclin D1 proteins was also reduced by mimic miR-124
(Supplementary Fig. 1C). Palbociclib treatment alone,
used as a positive control in Supplementary Fig. 1D,
suggests that CDK4/CDK6 inhibition may lead to G1
phase arrest. Furthermore, the overexpression of miR-
124 appeared to decrease proliferation, as evidenced
by a reduction in colony formation among GBM cells
(Supplementary Fig. 2A). We also observed an increase
in Annexin-V positive apoptotic cells in response to miR-
124 mimic in GBM cells (Supplementary Fig. 2B). More-
over, mimic miR-124 was found to mitigate the SDF-1
induced invasion and migration abilities of GBM cells
(Supplementary Fig. 3A-B). In addition, key metastasis-
associated proteins such as VEGF, uPA, and MMP-9
were downregulated by miR-124 mimic in GBM cells
(Supplementary Fig. 3A-C). The predicted binding sites
of miR-124 on both STAT3 and NF-kB were validated
using the TargetScanHuman website (Supplementary
Fig. 4A). Notably, the phosphorylation of upstream tran-
scription factors, STAT3 and NF-kB, was suppressed by
miR-124 (Supplementary Fig. 4B). Furthermore, our find-
ings suggest that miR-124 mimic may have the potential
to suppress immunosuppressive factors such as IDO-1
and PD-L1 in GBM cells (Supplementary Fig. 4C). In
conclusion, our findings suggest that miR-124 may reg-
ulate GBM progression by targeting the STAT3/NF-«B-
mediated signaling pathway. Immunosuppressive factors
in the tumor microenvironment can also be reduced by
miR-124, hinting at the potential for combination with
immunotherapy.

The potential dual-gene delivery system and GBM
apoptosis induction involving miR-124 and PD-1 using
UMSCs

First and foremost, we designed a delivery system for
miR-124 and PD-1 into UMSCs using the PiggyBac trans-
poson vector (Fig. 2A). Following electroporation, we
observed the expression of PD-1 (CD279) on the surface
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of transfected UMSCs (Fig. 2B). Additionally, we detected
the protein expression of PD-1 in UMSC/PD-1 and
UMSC/miR-124-PD-1 (Fig. 2C). Subsequently, we con-
firmed the expression of miR-124-3p in our transfected
UMSC/miR-124 and UMSC/miR-124-PD-1 through
qPCR analysis (Fig. 2D). To ensure that the characteris-
tics of the transfected UMSCs remained unchanged after
electroporation, we conducted proliferation assays and
validated their differentiation capacity. As depicted in
Fig. 2E, we observed a similar proliferation rate between
wild-type UMSCs and those gene-modified with vari-
ous vectors, including UMSC/PD-1, UMSC/miR-124
and UMSC/miR-124-PD-1. Moreover, the osteocyte,
adipocyte, and chondrocyte differentiation potential
appeared to be consistent in both wild-type UMSCs and
UMSCs gene-modified with various vectors (Fig. 2F).
Figure 2G-H and Supplementary Fig. 5A demonstrates
that the activation of Annexin-V may be dependent on
the number UMSC/miR-124-PD-1. Specifically, a ratio of
one GBM cell to five UMSC/miR-124-PD-1 cells results
in stronger Annexin-V activity compared to a ratio of one
to three. Furthermore, an increase in the number of co-
cultured UMSC/miR-124-PD-1 with GL261 cells led to
an increase in TUNEL-positive GBM cells (Fig. 2I and
Supplementary Fig. 5B). The activation of cleaved cas-
pase-3, a key marker of apoptosis, was also induced in
GL261 cells by UMSC/miR-124-PD-1 (Fig. 2] and Sup-
plementary Fig. 5C). Notably, G1 arrest was observed in
GL261 cells after co-culture with UMSC/miR-124-PD-1
(Fig. 2K and Supplementary Fig. 5D). In summary,
UMSC/miR-124-PD-1 expresses both PD-1 and miR-124
and may also regulate apoptosis by modulating the cell
cycle through the release of miR-124.

The co-culture of exosomes derived from UMSC/miR-
124-PD-1 has the potential to induce apoptosis in GBM
cells

Furthermore, we isolated exosomes from both wild-
type UMSCs and UMSCs gene-modified with vari-
ous vectors. The median size of UMSC/miR-124-PD-1
derived exosomes measured by NTA are 128.8 nm
(Fig. 3A). To validate whether these isolated com-
pounds could be identified as exosomes, we used CD63,
a well-established exosome marker. Beads conjugated
with or without commercial exosomes served as posi-
tive and negative controls. As shown in Fig. 3B, CD63
expression was notably high in the extracted exosomes
from UMSCs and those gene-modified with various
vectors, including UMSC/PD-1, UMSC/miR-124 and
UMSC/miR-124-PD-1. Surface expression of CD9 and
CD81 was also detected in exosomes isolated from both
UMSCs and all types of transfected UMSCs (Fig. 3C).
Additionally, these cells were found to express CD9,
CD63, and CD81 proteins (Fig. 3D). Colony formation
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decreased with exosomes isolated from UMSC/miR-124
and UMSC/miR-124-PD-1, but not with those from
UMSC/PD-1. Interestingly, colony count did not show
significant changes in co-cultures with exosomes from
UMSCs or UMSC/PD-1, suggesting that the tumor
inhibition effect is primarily attributed to miR-124
rather than PD-1 (Fig. 3E). Additionally, we confirmed
the activation of the Annexin-V signal through micros-
copy in GBM cells co-cultured with exosomes from
UMSC/miR-124 and UMSC/miR-124-PD-1 (Fig. 3F and
Supplementary Fig 6). We also conducted tests to deter-
mine whether these exosomes might affect normal glial
cells (SVG-p12) when co-cultured together. As shown
in supplementary Fig. 7, no Annexin-V activation was
observed under co-culture conditions ranging from 1:1
to 1:5. This result suggests the safety of UMSC-derived
exosomes. In summary, both UMSC/miR-124-PD-1 and
its derived exosomes exhibit the ability to suppress GBM
progression, with the primary contribution coming from
the release of miR-124.

The migration, penetration, infiltration into GBM, and the
bio-distribution of UMSC/miR-124-PD-1

Firstly, we aimed to determine whether UMSCs pos-
sess the capacity to transmigrate towards GBM cells. As
illustrated in Fig. 4A, only the bottom well-seeded with
GL261 groups could identify the migratory effect of all
types of UMSCs. Furthermore, we employed a wound-
healing assay to investigate whether UMSCs could also
migrate toward GBM cells. After 20 h of incubation,
UMSCs demonstrated a clear ability to migrate toward
GBM cells, with no significant differences observed
between the groups (Fig. 4B). To ensure effective inocu-
lation of our gene-modified UMSCs into the brain area,
we established an internal carotid artery (ICA) injection
route for treatment. We verified our injection efficacy
by administering Ga-68 labeled UMSC/miR-124-PD-1
and conducting SPECT/CT scans after 2 h of injec-
tion. In Fig. 4C, we observed the accumulation of Ga-68
labeled UMSC/miR-124-PD-1 in the brain tumor area,
which was confirmed by the three-directional SPECT/
CT images. These results indicate that our UMSC/miR-
124-PD-1 can successfully infiltrate towards GBM
through ICA injection routes. Furthermore, we uti-
lized DiR tracer to label our UMSC/miR-124-PD-1 for
dynamic tracking of its accumulation. As illustrated in
Fig. 4D, the signal within the brain area is significantly
higher in GBM-bearing mice compared to normal mice.
The largest accumulation was observed at 24 h and began
to decrease, reducing unnecessary accumulation. We
also extracted organs from mice to perform ex vivo DiR
detection in the brain, heart, lungs, livers, spleen, and
kidney at different time points. In Fig. 4E, UMSC/miR-
124-PD-1 signal could only be detected in the brains of
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GBM-bearing mice as opposed to normal mice. Similar
to the in vivo imaging, the highest signal of UMSC/miR-
124-PD-1 in the extracted brain is observed at 24 h after
injection (Fig. 4F). In conclusion, UMSC/miR-124-PD-1
demonstrated specific targeting ability towards GBM,
which may reduce needless targeting of other organs.

Effective Inhibition of GBM by UMSC/miR-124-PD-1 and its
derived exosomes

The experimental workflow for UMSC therapy in GL261-
bearing mice is depicted in Fig. 5A. Cells or exosome
particles were administered via a single internal carotid
artery (ICA) injection and three intravenous [IV injec-
tions, each administered at three-day intervals, totaling
four injections. Tumor size validation was conducted
using MRI scans performed once a week. One group of
mice underwent immunoregulation testing and was sac-
rificed on day 15, while another group was designated for
survival analysis, with endpoints defined in accordance
with ethical standards for animal experiments. Remark-
ably, significant tumor inhibition was observed in the
UMSC/miR-124-PD-1 and its derived exosomes treated
group (Fig. 5B). Additionally, no apparent tumor induc-
tion was observed in the UMSCs treated group when
compared to the non-treated control group. Moreover,
not only tumor inhibition occur, but the survival out-
come of the UMSC/miR-124-PD-1 and its derived exo-
somes treated group was notably superior to that of the
other groups (Fig. 5C). Compared to standard temo-
zolomide (TMZ) treatment, UMSC/miR-124-PD-1 and
its derived exosomes exhibited significantly improved
survival rates. The median survival for UMSC/miR-
124-PD-1 and its derived exosomes is 20 days, com-
pared to 15 days for TMZ. Furthermore, a representative
whole-brain H&E stain illustrated the anti-glioblastoma
(GBM) progression efficacy of UMSC/miR-124-PD-1 and
its derived exosomes (Fig. 5D). No obvious tumors were
found in the UMSC/miR-124-PD-1 group, indicating the
efficacy of the treatment. Figure 5E displays representa-
tive tumor progression from MRI scans of each group,
further demonstrating the superior tumor-suppressive
capacity of UMSC/miR-124-PD-1 and its derived exo-
somes. The mean growth time to reach a 150 mm? vol-
ume is nearly 100 times greater in UMSC/miR-124-PD-1
compared to the vehicle (Supplementary Table 4). A
synergistic tumor inhibition effect was observed in both
UMSC/miR-124-PD-1 and its derived exosomes com-
pared to monotherapy (Supplementary Table 5). These
treatments did not induce general toxicity in mice, as evi-
denced by the stability of mice body weight throughout
the entire treatment process (Fig. 5F). However, TMZ
treatment resulted in significant body weight fluctua-
tions, underscoring its clinical limitations. Furthermore,
no significant pathological alterations were observed in
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Fig. 5 Therapeutic efficacy of UMSC/miR-124-PD-1 and its exosome on GBM-bearing mice. (A) Experimental flowchart for treatment evaluation in the
GBM model using UMSCs transfected with various vectors. The (B) tumor volume assessed by MR T2-RARE scan and (C) survival outcome calculated using
the Kaplan-Meier method for UMSCs transfected with various vectors are presented. (D) Whole-brain H&E stain from one represented mice is displayed.
(E) Representative MR tumor images with three consecutive slices from each group of mice are displayed. (F) The body weight of each group of mice dur-
ing treatment is presented. (G) Pathological evaluation of normal organs from each group of mice isolated on day 15 using H&E staining. (H) Biochemical
analysis of liver function evaluated from mice serum on Day 15. (I-J) Protein expression of CDK4, CDK®, Ki-67 and cleaved caspase-3 in tumor tissue are

assayed by IHC staining

the heart, lungs, livers, kidney, and intestine (Fig. 5G).
Importantly, MSCs are known to accumulate in lung
or liver tissue; however, no evidence of potential dam-
age was found. Serum from mice was also used to test
functional markers of liver, AST, ALT and yGT, which
showed no significant changes in any treatment condi-
tion (Fig. 5H and Supplementary Table 6). The kidney
function marker, CREA, also remains consistent across
all treatment groups (Supplementary Table 6). In tumor
tissue, the expression levels of miR-124 targets, including
CDK4 and CDK6, were reduced in UMSCs expressing
miR-124 group (Fig. 5I). Moreover, in tumor IHC stain-
ing, the proliferation marker Ki-67 exhibited a decrease
in response to treatment with UMSC/miR-124-PD-1 and
its derived exosomes (Fig. 5J). Conversely, the apopto-
sis marker, cleaved caspase-3, showed a corresponding
increase. The successful delivery of our cells and exo-
somes into the brain tumor region was achieved through
ICA injection combined with three IV injection meth-
ods, thereby reducing unnecessary accumulation in other
organs.

Immunostimulant effect of UMSC/miR-124-PD-1 and its
derived exosomes in vitro and in vivo

To begin, we assessed the immunomodulatory poten-
tial of UMSC/miR-124-PD-1 through co-culture with
PBMC:s. As depicted in Fig. 6A, the populations of CD4,
CDS8, and CD86 were observed to increase in the pres-
ence of UMSCs transfected with the PD-1 component,
including UMSC/PD-1 and UMSC/miR-124-PD-1. Addi-
tionally, the immunostimulatory effect of UMSC/miR-
124-PD-1 was found to have a long-term impact, as
confirmed by the accumulation of CD45'CD4*CD44*
memory T cells (Fig. 6B). Furthermore, we validated that
the proliferation of CD8" T cells could be enhanced by
varying the ratio of UMSC/miR-124-PD-1. In Fig. 6C,
co-cultures of PBMCs and UMSC/miR-124-PD-1 at a
ratio of one to five demonstrated a more robust CD8*
T cell proliferation pattern compared to a ratio of one
to three. In the subsequent steps, we conducted in vivo
experiments to validate the immunoregulatory effects of
various vector-transfected UMSCs. CD8" T cells express-
ing IFN-y or IL-2 from the tumor-draining lymph node
(TDLN) were found to be activated in the UMSC/miR-
124-PD-1 and its exosomes treated group (Fig. 6D and
Supplementary Fig. 8A). A similar activation pattern was
also observed in splenocytes (SP), as depicted in Fig. 6E

and supplementary Fig. 9A, for both the UMSC/miR-
124-PD-1 group and its exosomes group. Interestingly,
UMSC/miR-124-PD-1-derived exosomes exhibited a
superior cytotoxic T cell activation effect compared
to the UMSCs themselves, which may be attributed to
the exosomes’ enhanced tumor-penetration capabili-
ties. In TDLN, CD11c*CD24*"MHCII" dendritic cells
(DC) were activated by all types of transfected UMSCs
(Fig. 6F and Supplementary Fig. 8B). Additionally, the
accumulation of memory T cells in the SP was observed
in UMSCs overexpressing PD-1 (Fig. 6G and Supplemen-
tary Fig. 9B). Furthermore, as shown in Fig. 6H, Supple-
mentary Fig. 9C and Supplementary Fig. 10A, M1-like
macrophages with anti-tumor potential were found
to accumulate in response to all types of transfected
UMSC:s in both the SP and bone marrow (BM). We not
only conducted isolated immune-related organ assess-
ments but also validated the accumulation patterns of
tumor-infiltrating immune cells within the tumor tissue
using IF and IHC staining. As illustrated in Fig. 6L, sup-
plementary Fig. 11A and 11C, the accumulation of CD8/
IEN-y T cells and CD86 M1 macrophage was signifi-
cantly higher in the UMSC/miR-124-PD-1 treated group
compared to other treatments. In tumor IHC-stained
tissue, the expression of CD8 and CD86 was elevated
in the UMSC/miR-124-PD-1 and its derived exosomes
group (Supplementary Fig. 12A and C). In summary,
UMSC/miR-124-PD-1 and the exosomes derived from
them have the potential to induce positive immunoregu-
lation in GBM effectively.

Immunosuppressive effect of UMSC/miR-124-PD-1 and its
derived exosomes in vitro and in vivo

In addition to observing the immunostimulatory
function of gene-modified UMSCs, we also vali-
dated their impact on immunosuppressive cells. Tregs
(CD4*CD25*FOXP3*) in TDLN and SP were found
to be diminished by all types of transfected UMSCs
(Fig. 6I, supplementary Fig. 8C and 9D). Furthermore,
myeloid-derived suppressor cells (MDSCs) were effec-
tively suppressed by the UMSC/miR-124-PD-1 and
its exosomes-treated group in spleen and bone mar-
row (Fig. 6] and supplementary Fig. 9E and 10B). The
opposing function of M1, recognized as tumor-associ-
ated macrophages (M2 type), was also decreased by the
UMSC/miR-124-PD-1 and its exosomes-treated group in
SP and BM (Fig. 6K, Supplementary Fig. 9C and 10 A).
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The accumulation of CD4/FOXP3 Treg cells and CD206
M2 macrophages in the tumor, as stained by IF, was sig-
nificantly lower in the UMSC/miR-124-PD-1 treated
group compared to other treatments (Supplementary
Fig. 11B-C). The immunosuppressive factors, such as
IDO, FOXP3, and CD206, which were stained by IHC,
were also found to be decreased in mice tumor tissue by
UMSC/miR-124-PD-1 and its derived exosomes Supple-
mentary Fig. 12B and 12 C). In summary, the immuno-
suppression within the TME was effectively controlled by
UMSC/miR-124-PD-1 and its exosomes by reducing acti-
vation and accumulating immunosuppressive cells.

Discussion

The standard-of-care therapy currently results in a
median survival rate of only 12-15 months for the
aggressive disease, glioblastoma. Consequently, there is
a pressing unmet need for innovative strategies to effec-
tively address the treatment challenges. Some of the
primary obstacles hindering progress include the aggres-
sive growth of tumors in vital organs, rendering local or
monotherapy less effective. Additionally, the presence of
the BBB shielding tumor cells [30], their inherent resis-
tance to apoptosis, and the absence of a singular, targe-
table oncogenic pathway all pose formidable hurdles for
treatment. In this study, our objective is to leverage the
unique capabilities of UMSCs to deliver two potential
therapeutic genes (miR-124 and PD-1) directly into the
tumor. UMSCs and its derived exosome have the natu-
ral ability to infiltrate within the tumor, making them
a promising vehicle for targeted therapy [31]. It’s not
only the gene-modified UMSCs themselves that exhibit
genetic alterations, but their secreted exosomes also
carry similar genetic modifications, which demonstrate
specific efficacy against cancer [32, 33].

Exosomes, nanosized extracellular vesicles released
by various cells, are more easily internalized when they
exhibit a broad size distribution, as smaller exosomes are
favored by cells [34]. Engineered exosomes have shown
promising results in preclinical studies for regenerating
bone, cartilage, skin, cardiac, neuronal, and other tissues,
highlighting their potential as biomaterials for deliver-
ing therapeutic genes or drugs [35]. Studies have shown
that exosomes transport RNA more effectively than
other nanoparticles, enhancing the functional efficiency
of small RNA delivery [36]. Liang et al. and Limoni et al.
have successfully delivered miRNA and siRNA to target
colon and breast cancer, respectively [37, 38]. The Ohno
group also successfully utilized gene-modified exosomes
as biomaterials to deliver miRNA to EGFR-expressing
breast cancer [39]. Exosomes are emerging as next-gen-
eration platforms for nanomedicine in cancer therapy;
therefore, evaluating their targeting capabilities for
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specific cancers is crucial for developing exosome-based
treatments.

In recent years, cell cycle-related genes have been rec-
ognized as potential targets for cancer treatment [40, 41].
In Fig. 1, it is important to emphasize that CDK4 and
CDK6 display elevated expression levels in GBM samples
and hold significant associations with survival outcomes.
We then specifically identified CDK4 and CDK6 as piv-
otal targets under the regulation of miR-124 (Fig. 1F).
Importantly, miR-124 exhibits relatively low expres-
sion in GBM cells when compared to normal glial cells,
underscoring its potential specificity as a treatment tar-
get (Fig. 1H). In addition, preclinical model suggested
that the ectopic expression of mature miR-124 in a GBM
cell line resulted in significant inhibition of migration and
invasion, demonstrating a role for miR-124 in promot-
ing tumour invasiveness [42]. After mimic miR-124 on
highly CDK4 and 6 expressed GBM cells, the prolifera-
tion, and invasion/migration were suppressed (Supple-
mentary Figs. 1-4). It has been demonstrated that the
overexpression of miR-124 increases apoptosis in a colon
cancer model [43]. In Figs. 2E and 3I-L, the apoptosis of
GBM cells after mimic miR-124 or co-cultured with our
UMSC/miR-124-PD-1 are also confirmed. There also
some evidence indicated miR-124 regulates cell migra-
tion and proliferation were attributed to its targeting of
Ras/Raf/ERK1/2 [44]. Our group indicated the regula-
tion of tumor inhibition by miR-124 is associated with
inactivation of STAT3 and NF-kB mediated signaling
transduction (Supplementary Fig. 4A-B). Lee et al., dem-
onstrated that the miR-124 mimics delivered by the bone
marrow- and adipose-MSCs may decrease the migra-
tion of the U87 cells and the self-renewal of the glioma
stem cells, respectively, suggesting that the MSCs were
able to transfer the exogenous miRNAs in an efficient
and functional way [45]. Additionally, Sharif’s group also
proved that MSCs can delivery exogenous miR-124 to
suppress the cells migration and to increase the sensiti-
zation of chemotherapy of GBM [46]. While the studies
mentioned above suggested the potential of targeting
miR-124, they did not include an in vivo therapeutic
evaluation model or an assessment of survival outcomes
in GBM. Figure 5A-E illustrates that UMSCs delivering
miR-124 exhibited tumor inhibition and extended sur-
vival, whereas single-target approaches remained limited
in their effectiveness. Moreover, the infiltrated potential
and delivery efficacy within tumor area was confirmed
by transwell assay, wound healing assay, Ga-68- and DiR-
labeled UMSC/miR-124-PD-1 (Fig. 4) that support the
tumor targeting effect of UMSCs.

Prior to 2015, the central nervous system (CNS) was
commonly regarded as an “immune privileged” organ.
This notion was based on the presence of an intact BBB
and the absence of a lymphatic system, which limited
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Fig. 6 Immunoregulation of UMSC/miR-124-PD-1 and its exosome on GBM-bearing mice. (A) CD4, CD8, CD86 induction signal, activation of (B) memory
T cells, and (C) T cell proliferation in GBM co-cultured with UMSCs transfected with various vectors are assayed by flow cytometry. The accumulation of
CD8*IFN-y* or CD8*IL-2* CTL in mice (D) TDLN and (E) SP is assayed by flow cytometry. (F) CD11c*CD24*MHCII* DCs in mice TDLN, (G) CD8*CD62L*CD44*
memory T cells in mice SP,and (H) CD11b*CD86* M1 in mice SP and BM are assayed by flow cytometry. (I) CD4*CD25*FOXP3* Tregs in mice TDLN and
SP.(J) CD11b*Gr-1" MDSCs in mice SP and BM, and (K) CD11b*CD206™ M2 in mice SP and BM are assayed by flow cytometry. (L) CD8 and IFN-y positive

CTL cells are assayed by IF staining

immune responses within the CNS [47]. However, Lou-
veaus group made a groundbreaking discovery by
revealing the existence of a CNS lymphatic system [48].
Nonetheless, the presence of immune suppressive cells
and the expression of immune checkpoint molecules rep-
resent two major factors that enable the tumor to elude
immune surveillance [49, 50]. The expression of PD-L1,
along with the accumulation of Tregs and MDSCs, is
associated with a poor prognosis and the induction of
apoptosis in activated cytotoxic T-cells [51, 52]. While
monotherapy with ICIs has limitations, numerous
reports have suggested that combining immune check-
point inhibitors with conventional treatments for GBM,
such as radiation or chemotherapy, may enhance thera-
peutic efficacy [53]. PD-1 acts as a brake on the immune
system by interacting with its ligands, PD-L1 and PD-L2,
which are expressed on tumor cells, dendritic cells, and
other immune cells [54, 55]. To counteract this, PD-1
antibodies were developed to restore T cell activity by
blocking the PD-L1 signaling from tumors [56, 57]. In
our model, the tumor-tropic PD-1-expressing UMSC
may mimic the function of anti-PD-1 antibodies, thereby
reducing the interaction between tumor cells and T
cells and boosting T cell activity. In this study, we indi-
cated that a positive immune regulation can be achieved
by delivering PD-1 via UMSCs to block the interaction
between PD-L1 and T cells. Both co-culture and in vivo
systems demonstrated the activation of CTLs, dendritic
cells (DCs), memory T cells, and M1 macrophages in the
presence of UMSCs expressing PD-1 (Fig. 6A-H and L).
Conversely, the population of immune regulatory cells
with a negative impact, such as Tregs, MDSCs, and M2
macrophages, was reduced by UMSC/miR-124-PD-1
administration (Fig. 6I-K). In addition to the systemic
immunoregulation of UMSC/miR-124-PD-1, we also
observed a distinct immune cell accumulation pattern
within the tumor area.

Due to the characteristics of UMSCs, here, we pro-
posed that UMSCs can be cell carriers to deliver multi-
targeted vectors, which may markedly enhance the
therapeutic efficacy against this lethal disease. We suc-
cessfully established UMSCs transduced dual functions
vector, including miR-124 for tumor suppression and
PD-1 expression vector for PD-L1 blockage. We con-
firmed that our UMSC/miR-124-PD-1 and its exosome
may enhance the antitumor activity and suppress the
immunosuppression effect of tumors (Figs. 5 and 6). Our

breakthrough is the successful development of an innova-
tive biomaterial delivery platform that employs UMSCs
for dual gene therapy, potentially extending the survival
of GBM patients.
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