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Abstract: Glioblastoma is the most aggressive, malignant, and lethal brain tumor of the central
nervous system. Its poor prognosis lies in its inefficient response to currently available treatments
that consist of surgical resection, radiotherapy, and chemotherapy. Recently, the use of mesenchymal
stem cells (MSCs) as a possible kind of cell therapy against glioblastoma is gaining great interest
due to their immunomodulatory properties, tumor tropism, and differentiation into other cell types.
However, MSCs seem to present both antitumor and pro-tumor properties depending on the tissue
from which they come. In this work, the possibility of using MSCs to deliver therapeutic genes,
oncolytic viruses, and miRNA is presented, as well as strategies that can improve their therapeutic
efficacy against glioblastoma, such as CAR-T cells, nanoparticles, and exosomes.
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1. Introduction

Glioblastoma is the most common and lethal primary brain tumor of the CNS. Due
to its invasive and infiltrative growth pattern, its complete eradication through surgery is
practically impossible. Furthermore, its high resistance to radiotherapy and concomitant
chemotherapy with temozolomide mean its median survival rate remains at 15 months [1,2].
Intratumor heterogeneity conditions different degrees of sensitivity to treatment. Further-
more, the blood–brain barrier that limits drug access to the tumor site, the tumor microenvi-
ronment, and the rapid development of resistant phenotypes are responsible for the failure
of several targeted therapies. One treatment option to overcome these limitations might be
the use of mesenchymal stem cells (MSCs).

MSCs are multipotent cells capable of self-renewal and differentiation into multiple
cell types. They are currently used in tissue regeneration and immune disorders, but a
better understanding of the biology of MSCs has made it possible to explore their potential
as a new therapeutic tool against brain tumors [3,4]. De Melo et al. [3] treated a U-87 brain
tumor cell model with human adipose tissue–MSCs previously infected by the suicide
gene HSV-Tk. The MSCs were good carriers of the gene for the treatment of U-87-derived
glioblastoma. Kwon et al. [4] offered a combinatorial treatment based on MSCs against
glioblastoma and to induce post nerve regeneration. Similarly to internalizing oncolytic
viruses into MSCs, conjugating nanoparticles to MSCs can help in the accumulation of
nanoparticles at tumor sites. When mediated by nanoparticles, MSCs can regenerate the
damaged neurons in the central nervous system through the promotion of axon growth.

It should be noted that therapy using MSCs is not restricted by histocompatibility, the
formation of teratomas is not induced by MSCs, and ethical conflicts regarding the use of
MSCs do not occur. MSCs have been isolated in bone marrow [5], adipose tissue [6–9], the
umbilical cord [10,11], dental pulp [12,13], and the placenta [14,15] (Figure 1). In 2006, the
International Society for Cellular Therapy established the minimum criteria to define MSCs
based on the following biological characteristics: (a) adherent plastic cell growth under
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standard culture conditions, (b) positive expression of cell surface markers CD105, CD90,
and CD73, (c) lack of expression of CD45, CD34, CD14 or CD11b, CD79alpha or CD19 and
HLA-DR surface molecules, and (d) differentiation towards osteoblasts, adipocytes, and
chondrocytes in vitro [16].
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MSCs are relatively easy to isolate, culture, expand, and differentiate in vitro, making
them excellent candidates for cell therapy [17–22]. MSC collection and isolation protocols
are not standardized, making it difficult to compare studies to determine the precise
mechanisms of MSCs’ migration. Continued research is needed to better understand the
molecular mechanism of MSCs’ migration and to be able to use them for glioblastoma
treatment [23].

MSCs modulate both innate and adaptive immune cells by disrupting their activation,
proliferation, maturation, cytokine production, cytolytic activity, or antibody production.
MSCs regulate inflammation by releasing anti-inflammatory cytokines (IL-4, IL-6, IL-10,
IDO, PGE-2, and TGF-β) to trigger appropriate macrophage polarization. The immuno-
suppressive effects are related to the inhibition of T cell proliferation and the induction
of regulatory T cells, thus promoting the transformation of macrophages from the anti-
inflammatory M1 to M2 phenotype or contributing to immune homeostasis [24–29].

MSCs have tropism for glioma, which makes them potential vectors for the delivery of
antitumor substances without affecting normal brain tissue. Glioma and MSCs have been
shown to secrete various factors, such as stromal cell-derived factor 1 (SDF-1, also known
as CXCL12), VEGF, PDFG, endothelial cell growth factor (EGF), TGF-β1, interleukin 8
(IL-8), and the MCP1 protein, which contribute to tumor tropism [30–33]. MSCs’ migration
across the blood–brain barrier, which is similar to that carried out by leukocytes, has been
proposed as a possible mechanism for MSCs’ tumor tropism. [30,34–37]. Furthermore, tu-
mor tropism preferences vary depending on the MSC lineage. The endocrine signals of the
tumor microenvironment influence the migration of MSCs, including mainly the regulatory
signal produced by SDF-1/CXCR4 [35,38–40]. CXCR4 is a cell surface chemokine receptor
that mediates cell dissemination, invasion, and proliferation present in tumor stem cells of
a wide variety of tumors, such as glioma. There is a significant overexpression of CXCR4
in glioblastoma [41–44]. Cell migration is increased in the presence of growth factors,
chemokines, p27, and matrix metalloproteases, while it is decreased in the presence of
inhibitors of angiogenic signaling factors. The migration of MSCs obtained from the umbil-
ical cord (UC-MSC) depends on angiogenic signaling factors and may share pathways with
tumor angiogenesis. This could be an advantage for using MSCs against glioma [23,45–47].

2. Clinical and Therapeutic Use of MSCs
2.1. Therapeutic Gene Delivery

Gliomas can escape the immune system by secreting immunosuppressive agents,
inhibiting T cell proliferation, and reducing immune responses. An immunotherapy
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strategy for treating gliomas is the administration of therapeutic genes to stimulate an
immune response, e.g., genes that encode cytokines, such as interleukins (IL) and interferon
(IFN) family genes [30]. Strategies for the delivery of genes or anticancer agents are
based on the following: (a) augmentation gene therapy, which includes the expression
of a gene to cause apoptosis, to improve the sensitivity of the tumor to chemotherapy or
radiotherapy, or to introduce a tumor suppressor gene, (b) gene silencing therapy, based
on the inhibition of the expression of an oncogene through the use of an antisense RNA or
DNA, (c) suicide gene therapy, that consists of administering an enzyme that converts the
non-toxic prodrug to a toxic one in the tumor site, and (d) immunogenic therapy, which
increases the immunogenicity of tumor cells or tissues in such a way that it can stimulate
the immune response against the tumor [48].

The most commonly used gene for therapeutic gene delivery is tumor necrosis factor-
related apoptosis-inducing ligand (TRAIL). TRAIL belongs to the tumor necrosis factor
(TNF) superfamily. Its therapeutic interest against tumors lies in the fact that it effectively
induces apoptosis of tumor cells without producing toxicity to neighboring normal cells
through the activation of the TNF/CD95L axis (extrinsic apoptosis pathway). Nevertheless,
this type of therapy presents the problem that TRAIL has a short pharmacokinetic half-
life after intravenous administration. The use of MSCs has been proposed as a TRAIL-
directed and prolonged administration vector [49–52]. However, certain tumors, such as
glioblastoma, are resistant to TRAIL-directed apoptosis. To solve this problem, a combined
treatment of TRAIL with drugs that sensitize glioma cells to apoptosis induced by TRAIL
or other agents (chemotherapeutics, radiotherapy, lipoxygenase, carbenoxolone) has been
used [23].

2.2. Oncolytic Virus Delivery

Oncolytic viruses are genetically modified viruses that replicate within tumor cells.
Viral infections caused by oncolytic viruses in tumor cells induce in situ cell lysis, which
releases viral particles into neighboring tumor cells, resulting in further viral infections.
The goal is to spread the virus throughout the tumor environment in such a way that after
countless rounds of infections, the tumor is completely eradicated.

In 2017, a trial was carried out with the Zika virus [53] to test the effectiveness of
using oncolytic viruses in therapy against glioblastoma. This is an RNA virus belonging
to the flavivirus genus, and it is the causative agent of microcephaly. Zika virus presents
great tropism for developing CNS cells, mainly for neural stem and progenitor cells. This
property was tested to see whether it might be of benefit for a more effective treatment
against glioblastoma. The study used patient-derived glioblastoma stem cells (GSCs),
which express stem cell markers, have self-renewal capacity, have differentiation potential,
and form tumors after xenotransplantation, and differentiated glioma cells (DGCs). Both
cells were infected with two strains of the Zika virus, and after 48 h, an analysis through
immunofluorescence microscopy showed that more than 60% of the GSCs were infected
regardless of the type of strain. Furthermore, 90% of the infected GSCs presented the
dedifferentiation marker SOX2. These data confirm the tropism of the Zika virus towards
undifferentiated nerve cells. Furthermore, the study demonstrated that Zika virus (a) pri-
marily infects human SOX2+ GSCs and inhibits proliferation in vitro, (b) causes loss of
self-renewal and proliferation in glioblastoma organoids, (c) targets GSCs and, with less
effects, DGCs and normal neuronal cells in human tissue samples, and (d) attenuates
glioma growth, prolongs survival, and has marginal effects on normal neuronal cells [53].

The main limitation of treatment with oncolytic viruses is the cellular delivery system,
as most of the systemically administered virus is eliminated through phagocytosis. This
is where MSCs come into play as a secure management system. The internalization of
oncolytic viruses within MSCs allows for their intravenous administration and safe delivery
to tumor cells [4]. Human-bone-marrow-derived MSCs (BM-MSCs) have been used as
oncolytic virus delivery vectors for the treatment of mice carrying the human U87 glioma
cell line and ovarian tumors [23].
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Another example in oncotherapy is the thymidine kinase gene of the herpes simplex
virus (HSV-tk). Thymidine kinase is an anticancer, prodrug-converting enzyme. It converts
ganciclovir into its toxic form, which inhibits DNA synthesis, and, consequently, cell death
occurs. Administration of HSV-tk through MSCs obtained from BM-MSCs produces a
more efficient distribution within tumors compared to injection of this gene in viral vectors.
MSCs engineered with HSV-tk have recently been used in combination with ganciclovir in
the treatment of C6 glioma and Panc02 pancreatic cancer [54]. Another study demonstrated
the antitumor effect of MSCs obtained from adipose tissue (AT-MSC) transduced with the
HSV-tk gene for the treatment of glioblastoma derived from the U87 cell line [3]. These
results show that MSCs, regardless of their origin, are good carriers of suicide genes for
glioblastoma gene therapy [55–59].

Oncolytic viruses have been used as effective weapons against glioblastoma. Clinical
studies for the treatment of glioblastoma have included more than 20 oncolytic viruses that
have been examined [60]. Herpes simplex virus-1 [61–63], adenovirus [64], reovirus [65],
measles viruses [66], Newcastle disease viruses [67], and poliovirus [68] are a few of them.
Nevertheless, there are various factors that complicate their effectiveness, such as low levels
of viral transduction to glioblastoma cells, immunogenicity against viruses [69], or the
dispersion of tumor cells forming metastatic niches. For this reason, delivery systems for
oncolytic viruses to tumor cells have been devised [70], with MSCs as virus carrier cells
that can reach places that viruses do not reach due to the dispersion of tumor cells and the
immunological reaction against viruses [69].

Multiple types of viruses can be combined with MSCs. But, there are several points
that should be considered when using this kind of therapy in order to improve the benefits
of the combination [59,70–72]. First of all, viral infection of MSCs and viral replication into
them is needed for an optimal tumor viral delivery; protection of virus recognition by the
immune system should be guaranteed; MSCs should load their viruses near the tumor
mass in such a way that a homogeneous production of new viral particles will be favored
by the tumor mass; and MSCs should better keep their immunogenic capacity to promote
an antitumor immune response.

2.3. miRNA Delivery

MicroRNAs (miRNAs) are small, non-coding RNAs that operate as negative post-
transcriptional regulators of gene expression. They are an important tool to target mRNAs,
and some of them are potent tumor suppressors [73–79]. It has been observed that miR-
NAs are abundant in extracellular exosomes secreted by a wide type of mammalian cells,
including MSCs. Given the lability (they are easily degraded) of miRNAs, they cannot be
injected directly, so the inclusion of therapeutic miRNAs in exosomes from MSCs may be a
new treatment strategy against glioma [23]. Overexpression of miR-9 is associated with in-
creased apoptosis in glioblastoma by negatively regulating the expression of the structural
maintenance gene on chromosome 1 (SMC1A) in tumor cells. Therefore, those therapies that
induce miR-9 expression in glioblastoma cells might have a positive therapeutic effect [79].

MSCs obtained from the umbilical cord (UC-MSC) secrete extracellular vesicles that
contain miRNAs, whose complementary bases are found in the RNA of glioma cells, which
inhibits cell proliferation and stimulates apoptosis. Various types of miRNAs have been
found that act at different levels, including (a) blockade of the AKT-mTOR pathway and
then inhibiting invasion and reducing the proliferation rate of glioblastoma, (b) inhibi-
tion of MET expression, which sensitizes the GSCs to ionizing radiation, (c) preventing
the transformation of malignant astrocytes into GSCs, (d) negative regulation of Notch1,
(e) suppression of cyclin D1 expression, (f) downregulation of NF-kB through the negative
regulation of the inhibitor of the epsilon subunit of nuclear factor kappa-B kinase (IKBKE),
(g) negative regulation of the expression of cyclin B1, (h) negative regulation of B-cell lym-
phoma protein 2 (Bcl-2), an antiapoptotic protein, allowing glioblastoma to be sensitized
to radiation, (i) blockade of the MAPK pathway, which is responsible for regulating cell
apoptosis, proliferation, and resistance to chemotherapy, (j) blockade of MDM2, which is
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responsible for the degradation of the tumor suppressor protein p53, (k) blockade of the
activity of TGF-β, a cytokine associated with proliferation, angiogenesis, invasion, and
immunosuppression, and (l) inactivation of MGMT, a protein responsible for repairing
DNA damage, which sensitizes glioblastomas to temozolomide [80].

The use of MSC-derived exosomes for the delivery of therapeutic miRNAs for cancer
therapy seems to be controversial nowadays, as, in some cases, those miRNAs have
contributed to increased cancer phenotypes, as in osteosarcoma, via miR-208a [81], in
multiple myeloma, via miR-146a [82], in gastric cancer, via miRNA-221 [83], in glioma
cells, via miR-1587 [84], and even in breast cancer cells, through miR-23b expression, which
acquired a dormant phenotype in metastatic niches [85].

Also, fortunately, research has demonstrated that various tumors seem to be reduced
when the delivery of miRNAs from MSC-derived exosomes is applied, as in hepatocel-
lular carcinoma, as miR-122 improves drug sensitivity [86] and microRNA-15a reduces
hepatocellular carcinoma progression via downregulation of SALL4 [83], in non-small-cell
lung cancer cells through microRNA-193a, which reduces cisplatin resistance via targeting
LRRC1 [87], in pancreatic cancer, via miRNA-1231 [88], and in glioma, as microRNA-133b
suppresses glioma progression via the Wnt/β-catenin signaling pathway by targeting
EZH2 [89].

3. Methods to Improve MSCs’ Tropism

MSCs’ tumor tropism due to the chemokines secreted by tumor cells is a key char-
acteristic that permits the administration of specific therapeutic agents. However, drugs
incorporated into the cytoplasm of MSCs have reduced viability and migratory capacity,
in addition to having a limited loading capacity. Therefore, to improve the effectiveness
of MSC-based therapy against cancer, methods must be sought to overcome these limita-
tions [90]. The use of CAR-T cells [91–93] or conjugation with nanoparticles [94–98] are
two potential ways to improve the tropism of MSCs.

3.1. CAR-MSC Cells

Adoptive immunotherapy of T cells genetically modified to express chimeric anti-
gen receptors (CARs) has been established as a promising approach for the treatment
of glioblastoma. The therapeutic interest in CAR-T cells focuses on their great ability to
specifically target a tumor antigen and avoid the need for antigen presentation by the
major histocompatibility complex. Several CAR antigens are currently in clinical trials for
glioblastoma, including epidermal growth factor receptor variant III (EGFRvIII), human
epidermal growth factor receptor 2 (HER2), and interleukin 13Ra2 receptor (IL-13Ra2) [99].

Neuroectoderm-derived neoplasms, such as glioblastoma, sarcomas, and neuroblas-
toma, express high levels of the disialoganglioside GD2 antigen. Taking this into account,
a bifunctional MSC was designed that simultaneously expressed anti-GD2-CAR, to im-
prove tropism for the tumor cell, and TRAIL, which is a therapeutic molecule that will
destroy tumor cells. The results obtained demonstrated that bifunctional MSCs had greater
destruction capacity than MSCs with TRAIL alone [100] (Figure 2).

3.2. Conjugation of MSCs with Nanoparticles

Nanometals are characterized by having a small size, a large surface area compared
to their volume, the possibility of fixing different molecules on their surface, the ability to
cross cellular and/or tissue barriers, and a long circulation time in the bloodstream. These
characteristics make them suitable for clinical use as drug delivery systems or agents for
targeting tumor cells [101,102].
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Internalization of drugs in MSCs is limited, and this reduces their viability and mi-
gratory capacity. A strategy to expand the carrying capacity of MSCs is to modify their
cell surface. A study conducted by Takayama et al. [90] determined the influence of these
modifications on the characteristic properties of MSCs, such as migration. In that study, the
MSC cell line C3H10T1/2 was functionalized with the anticancer agent doxorubicin (DOX)
encapsulated within liposomes (DOX-Lips) for higher drug loading through the avidin–
biotin complex method (Figure 3). Next, different parameters were evaluated, including
the amount of DOX in DOX-Lip-C3H10T1/2 cells, the influence of DOX on C3H10T1/2
cells, and the antitumor effect of DOX-Lip-C3H10T1/2 in vitro on the murine colon adeno-
carcinoma cell line and in vivo on mouse models carrying subcutaneous tumors and lung
metastases. The results were promising, as cell surface modification with DOX-Lips using
the avidin–biotin complex method did not affect the proliferation, attachment, migration, or
tumor localization ability of C3H10T1/2 cells. Furthermore, it produced a great antitumor
effect on Colon26/GFP cells. Tumor cells treated with DOX-Lips-C3H10T1/2 cells had
a lower percentage of viability compared to unmodified C2H10T1/2 at 48% and 89%,
respectively. It was also possible to determine that endocytosis is the mechanism through
which tumor cells incorporate the drug [90].
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Figure 3. Use of DOX-Lips-loaded MSCs to increase the efficacy of antitumor treatment. Dox-Lips
are liposomes that contain the antitumor agent doxorubicin. DOX-Lips alone can kill some tumor
cells, but the efficacy of DOX-Lips is enhanced when they are delivered to tumor cells via MSCs.

4. Exosomes Derived from MSCs

The secretome of MSCs is formed by a set of proteins expressed by MSCs and secreted
into the extracellular space. Cytokines, chemokines, growth factors, and extracellular
vesicles (EV) belong to this group. The latter, depending on its size and origin, is subdivided
into ectosomes and exosomes. Ectosomes are vesicles of 50 nm to 1 µm in diameter
generated by direct budding from the plasma membrane, while exosomes are vesicles of
40 to 160 nm that originate from endosomal compartments, and they are ubiquitous in
body fluids. Exosomes are made up of a lipid bilayer membrane and can house molecular
components, such as DNA, RNA, and proteins. The interest that exosomes have aroused in
the clinic is due to the fact that they are capable of influencing various activities through
the exchange of bioactive components both with neighboring cells and with distal cells.
MSCs present different characteristics than exosomes derived from MSCs [103–111].

The biogenesis of exosomes involves the formation of intracellular multivesicular
bodies (MVBs) that can follow two paths. They can fuse with lysosome to be degraded, or
they can fuse with the plasma membrane to release their cargo into the extracellular space
(exosomes). The content of MSC-derived exosomes consists of (a) proteins that control
cell growth, proliferation, adhesion, migration, and morphogenesis capabilities of MSCs;
(b) RNA involved in the regulation of cell survival, cell differentiation, and the modulation
of the immune system; and (c) DNA [103].

Cell–cell contact between MSCs and glioblastoma cells generates a unique secretome,
which could be related to the significant increase in the tumorigenic properties of glioblas-
toma cells [112–114]. However, like MSCs, exosomes derived from MSCs can present
pro-tumorigenic or anti-tumorigenic effects in the various processes in which they inter-
vene (tumor growth, angiogenesis, metastasis, and drug resistance) depending on their
origin [103]. In glioblastoma, internalization of exosomes derived from AT-MSCs stimu-
lated cell proliferation, while internalization of exosomes from BM-MSCs and UC-MSCs
inhibited proliferation and induced apoptosis [112].
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5. MSCs Associated with Gliomas

Glioma-associated MSCs (gbMSCs), isolated for the first time in 2014 [115], are capable
of secreting different factors depending on the conditions in which they are found, e.g.,
hypoxia. They are characterized by the positive expression of CD105, CD90, and CD73
and negative expression of CD14, CD31, and CD45 [116]. A study by Svensson et al. [117]
identified two subpopulations, CD90+ gbMSC and CD90- gbMSC. CD90- gbMSCs produce
higher levels of PGE2 and VEGF than CD90+ gbMSCs. It is known that PGE2 induces
immunosuppression and that VEGF is a factor that favors greater tumor angiogenesis in
addition to greater recruitment and proliferation of MSCs in glioma. This indicates that
the CD90- gbMSC subpopulation plays a very important role in tumor vascularization
and immunosuppression, and it is also capable of differentiating into pericytes and further
contributing to neovascularization in the glioma microenvironment. Therefore, a higher
percentage of gbMSCs, whether CD90+ or CD90-, is associated with a worse survival
rate [117]. Various studies suggest the promoting role of gbMSCs in the aggression and
progression of gliomas [30].

Shahar et al. [118] demonstrated that glioma-associated human MSCs (GA-hMSCs)
are present in high-grade human gliomas although they are not tumorigenic; instead, they
are capable of enhancing the proliferation of glioma-initiating cells, which are responsible
for tumor recurrence. Also, a greater presence of GA-hMSCs is associated with a worse
prognosis and survival [118]. These findings raise an important question regarding whether
the use of MSCs as a treatment for glioblastoma could worsen the patient’s condition.

6. Do MSCs Support or Suppress Tumor Progression of Gliomas?

Once MSCs are localized in the tumor microenvironment, they can interact with
tumor cells and, as a result, secrete a wide range of cytokines and growth factors that
can contribute to cell survival, growth, motility, and immune escape of tumor cells [112].
However, various studies have demonstrated different results of the potential use of MSCs
in therapy. Some indicate that MSCs can facilitate tumor progression by reducing apoptosis
and promoting epithelial-to-mesenchymal transition, while others can inhibit it by exerting
an immunosuppressive effect.

6.1. BM-MSC

Bone-marrow-derived MSCs (BM-MSCs) can negatively affect tumor angiogenesis
through the release of antiangiogenic factors [23]. Furthermore, it has been shown that
BM-MSCs promote senescence of the U87 glioblastoma cell line by inducing changes in cell
morphology and by increasing the production of cytokines (IL-6, IL-8, leukemia inhibitory
factor (LIF), CCL2/MCP-1, and CXCL2) [119]. But, another study showed that BM-MSCs
can enhance the invasive capacity of the glioblastoma cell line U373 and inhibit it in U87.
This seems to be due to the fact that there are significant differences in the gene expression
profiles of the cell lines, as the first cell line presents more mesenchymal characteristics
(associated with malignancy) than the second one [120]. It has also been seen that BM-MSC-
conditioned medium inhibits the proliferation of the C6 glioma cell line but promotes its
migration and invasion [121].

6.2. UC-MSC

Umbilical-cord-derived MSCs (UC-MSCs) have been shown to inhibit the growth of
the U87 glioblastoma cell line by suppressing angiogenesis and promoting apoptosis in the
tumor microenvironment [23]. The antitumor function of human UC-MSCs occurs through
the positive regulation of PTEN in glioma cells (SNB19, U251, 4910, and 5310) [23,122].
Akt regulates the function of proteins involved in the cell cycle, proliferation, apopto-
sis, and invasion, all of which are important in tumorigenesis. Akt is overactivated in
many glioblastomas due to loss of PTEN function. Overexpression of PTEN negatively
disrupts the PI3K/Akt signaling pathway, resulting in decreased tumor cell growth and
migration. Furthermore, UC-MSCs can induce apoptosis through downregulation of the
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X-linked inhibitor of apoptosis (XIAP). Overexpression of XIAP is a mechanism through
which tumor cells acquire resistance to apoptosis; if its expression decreases, apoptosis is
favored. Likewise, UC-MSCs induce the activation of TRAIL, which ultimately induces
apoptosis [122].

6.3. AT-MSC

Adipose-tissue-derived MSCs (AT-MSCs) can increase the size of glioma tissue by re-
ducing apoptosis and VEGF secretion, in addition to promoting epithelial-to-mesenchymal
transition in glioma cells. On the other hand, AT-MSCs can have an inhibitory effect against
the 8MGBA glioblastoma cell line due to the synergistic action of the soluble factors it
releases, which include IL-6, IFN-γ, and G-CSF [123].

AT-MSCs are involved in promoting the malignant phenotype of several tumors, like
cervical cancer [124], breast cancer [125], colon cancer [126], and ovarian tumors [127].
Even promotion of tumorspheres [125] and angiogenesis [128] has been documented in
breast cancer.

On the contrary, Kucerova et al. [129] have documented AT-MSC-mediated prodrug
cancer gene therapy. Second, the ability to inhibit cell growth and to induce apoptosis of
primary ovarian carcinoma after exposure of cells to microvesicles derived from human im-
mortalized AT-MSCs has been determined [130]. Third, AT-MSCs cultured at high density
express IFN-β and TRAIL and suppress the growth of H460 human lung cancer cells [131].
Fourth, AT-MSCs enhanced the effects of radiotherapy on hepatocellular carcinoma [132].
Fifth, the therapeutic potential of AT-MSCs as cellular vehicles for prodrug gene therapy
against brainstem gliomas is now clear [133]. Lastly, AT- and BM-derived MSCs appear
to have similar tumor tropism in vitro. Given the feasibility of obtaining larger numbers
of AT-MSCs from adipose tissue under local anesthesia, adipose tissue might be a more
efficient source of MSCs for research and clinical applications [6].

7. Conclusions

MSCs are multipotent cells capable of differentiating into various cell types. They
have the ability to migrate to the tumor area and integrate into tumor vessels [3]. All of
this, added to their easy obtaining, makes them suitable for cell therapy. However, the lack
of a standardized protocol has made it difficult to compare results. Therefore, one of the
aspects to consider is the establishment of a universal protocol that allows for obtaining
more homogeneous and representative data.

The use of MSCs in cancer cell therapy presents divergence in results. On the one
hand, it shows antitumor properties that could improve the survival rate and quality of
the patient’s life. On the other hand, it shows pro-tumor properties that could facilitate
tumor progression. So, a question to ask is to what extent the use of MSCs in the treatment
of glioblastoma is viable. Because most research has been carried out in in vitro cells and
small experimental animals, more experiments are required to move to the next level,
including experimentation with large animals and, finally, a clinical trial in humans, as long
as the benefits outweigh the risks. Regarding the differences found in the different types of
MSCs, UC-MSCs seem to present better antitumor properties than AT-MSCs and BM-MSCs.
However, it must always be considered that the properties of MSCs vary depending on the
cell type from which they are obtained, as well as the tumor selected for MSC treatment.
Another strategy that is recently gaining relevance is the use of exosomes derived from
MSCs. These have the same characteristics as MSCs but have the advantage that they are
not immunogenic and can be produced on a large scale for clinical application at a low
cost [103].

MSCs promote or suppress the growth of glioma cells depending on their origin and
the conditions in which they are found. For example, UC-MSCs have greater proliferation
and expansion potential than BM-MSCs [119]. These results highlight the biological com-
plexity that MSCs present for their use as administration vectors and the need for more
in-depth research to better understand their possible effects, whether beneficial or harmful.
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Therefore, it is essential to consider various factors, such as the type of tumor to which
MSCs will be administered, heterogeneity, the tumor microenvironment, and the sources of
MSCs before using them in clinical therapy [23].

In short, current glioblastoma therapy is not a curative treatment but rather palliative;
that is, it seeks to reduce symptoms and thus improve the person’s quality of life. For
this reason, various alternative treatment routes have emerged, including antiangiogenic
drugs, the use of monoclonal antibodies, nanoparticles loaded with drugs, or the use of
MSCs, the latter being the ones that have shown the best results. In the future, it would be
interesting to determine whether the combination of different treatments would lead to
an improvement in the antitumor response. This requires more research to elucidate the
complex molecular mechanisms by which glioblastomas are capable of developing great
resistance to treatments, as well as the effect that each line of treatment would have on the
tumor microenvironment individually and in combination.

Author Contributions: S.M.S.-G., writing original draft; M.H.S., writing—reviewing and editing;
J.S.C., concept, supervision, writing—reviewing and editing. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was partially supported by grant 18/21 from the University of Navarra Founda-
tion, Pamplona, Spain, to J.S.C.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Grossman, S.A.; Batara, J.F. Current management of glioblastoma multiforme. Semin. Oncol. 2004, 31, 635–644. [CrossRef]

[PubMed]
2. McGirt, M.J.; Chaichana, K.L.; Attenello, F.J.; Weingart, J.D.; Than, K.; Burger, P.C.; Olivi, A.; Brem, H.; Quinoñes-Hinojosa, A.

Extent of surgical resection is independently associated with survival in patients with hemispheric infiltrating low-grade gliomas.
Neurosurgery 2008, 63, 700–707. [CrossRef] [PubMed]

3. de Melo, S.M.; Bittencourt, S.; Ferrazoli, E.G.; da Silva, C.S.; da Cunha, F.F.; da Silva, F.H.; Stilhano, R.S.; Denapoli, P.M.; Zanetti,
B.F.; Martin, P.K.; et al. The Anti-Tumor Effects of Adipose Tissue Mesenchymal Stem Cell Transduced with HSV-Tk Gene on
U-87-Driven Brain Tumor. PLoS ONE 2015, 10, e0128922. [CrossRef] [PubMed]

4. Kwon, S.; Yoo, K.H.; Sym, S.J.; Khang, D. Mesenchymal stem cell therapy assisted by nanotechnology: A possible combinational
treatment for brain tumor and central nerve regeneration. Int. J. Nanomed. 2019, 14, 5925–5942. [CrossRef] [PubMed]

5. Friedenstein, A.J.; Piatetzky, S., II; Petrakova, K.V. Osteogenesis in transplants of bone marrow cells. J. Embryol. Exp. Morphol.
1966, 16, 381–390. [CrossRef] [PubMed]

6. Pendleton, C.; Li, Q.; Chesler, D.A.; Yuan, K.; Guerrero-Cazares, H.; Quinones-Hinojosa, A. Mesenchymal stem cells derived from
adipose tissue vs bone marrow: In vitro comparison of their tropism towards gliomas. PLoS ONE 2013, 8, e58198. [CrossRef]
[PubMed]

7. Safford, K.M.; Rice, H.E. Stem cell therapy for neurologic disorders: Therapeutic potential of adipose-derived stem cells. Curr.
Drug Targets 2005, 6, 57–62. [CrossRef]

8. Zuk, P.A.; Zhu, M.; Mizuno, H.; Huang, J.; Futrell, J.W.; Katz, A.J.; Benhaim, P.; Lorenz, H.P.; Hedrick, M.H. Multilineage cells
from human adipose tissue: Implications for cell-based therapies. Tissue Eng. 2001, 7, 211–228. [CrossRef] [PubMed]

9. Zuk, P.A.; Zhu, M.; Ashjian, P.; De Ugarte, D.A.; Huang, J.I.; Mizuno, H.; Alfonso, Z.C.; Fraser, J.K.; Benhaim, P.; Hedrick, M.H.
Human adipose tissue is a source of multipotent stem cells. Mol. Biol. Cell 2002, 13, 4279–4295. [CrossRef]

10. Erices, A.; Conget, P.; Minguell, J.J. Mesenchymal progenitor cells in human umbilical cord blood. Br. J. Haematol. 2000, 109,
235–242. [CrossRef]

11. Covas, D.T.; Siufi, J.L.; Silva, A.R.; Orellana, M.D. Isolation and culture of umbilical vein mesenchymal stem cells. Braz. J. Med.
Biol. Res. 2003, 36, 1179–1183. [CrossRef]

12. Pierdomenico, L.; Bonsi, L.; Calvitti, M.; Rondelli, D.; Arpinati, M.; Chirumbolo, G.; Becchetti, E.; Marchionni, C.; Alviano, F.;
Fossati, V.; et al. Multipotent mesenchymal stem cells with immunosuppressive activity can be easily isolated from dental pulp.
Transplantation 2005, 80, 836–842. [CrossRef]

13. Rodríguez-Lozano, F.J.; Bueno, C.; Insausti, C.L.; Meseguer, L.; Ramírez, M.C.; Blanquer, M.; Marín, N.; Martínez, S.; Moraleda,
J.M. Mesenchymal stem cells derived from dental tissues. Int. Endod. J. 2011, 44, 800–806. [CrossRef]

14. In’t Anker, P.S.; Scherjon, S.A.; Kleijburg-van der Keur, C.; de Groot-Swings, G.M.; Claas, F.H.; Fibbe, W.E.; Kanhai, H.H. Isolation
of mesenchymal stem cells of fetal or maternal origin from human placenta. Stem Cells 2004, 22, 1338–1345. [CrossRef]

15. Miao, Z.; Jin, J.; Chen, L.; Zhu, J.; Huang, W.; Zhao, J.; Qian, H.; Zhang, X. Isolation of mesenchymal stem cells from human
placenta: Comparison with human bone marrow mesenchymal stem cells. Cell Biol. Int. 2006, 30, 681–687. [CrossRef]

https://doi.org/10.1053/j.seminoncol.2004.07.005
https://www.ncbi.nlm.nih.gov/pubmed/15497116
https://doi.org/10.1227/01.NEU.0000325729.41085.73
https://www.ncbi.nlm.nih.gov/pubmed/18981880
https://doi.org/10.1371/journal.pone.0128922
https://www.ncbi.nlm.nih.gov/pubmed/26067671
https://doi.org/10.2147/IJN.S217923
https://www.ncbi.nlm.nih.gov/pubmed/31534331
https://doi.org/10.1242/dev.16.3.381
https://www.ncbi.nlm.nih.gov/pubmed/5336210
https://doi.org/10.1371/journal.pone.0058198
https://www.ncbi.nlm.nih.gov/pubmed/23554877
https://doi.org/10.2174/1389450053345028
https://doi.org/10.1089/107632701300062859
https://www.ncbi.nlm.nih.gov/pubmed/11304456
https://doi.org/10.1091/mbc.e02-02-0105
https://doi.org/10.1046/j.1365-2141.2000.01986.x
https://doi.org/10.1590/S0100-879X2003000900006
https://doi.org/10.1097/01.tp.0000173794.72151.88
https://doi.org/10.1111/j.1365-2591.2011.01877.x
https://doi.org/10.1634/stemcells.2004-0058
https://doi.org/10.1016/j.cellbi.2006.03.009


Cells 2024, 13, 617 11 of 16

16. Dominici, M.; Le Blanc, K.; Mueller, I.; Slaper-Cortenbach, I.; Marini, F.; Krause, D.; Deans, R.; Keating, A.; Prockop, D.; Horwitz,
E. Minimal criteria for defining multipotent mesenchymal stromal cells. The International Society for Cellular Therapy position
statement. Cytotherapy 2006, 8, 315–317. [CrossRef]

17. Mushahary, D.; Spittler, A.; Kasper, C.; Weber, V.; Charwat, V. Isolation, cultivation, and characterization of human mesenchymal
stem cells. Cytometry A 2018, 93, 19–31. [CrossRef]

18. Baghaei, K.; Hashemi, S.M.; Tokhanbigli, S.; Asadi Rad, A.; Assadzadeh-Aghdaei, H.; Sharifian, A.; Zali, M.R. Isolation,
differentiation, and characterization of mesenchymal stem cells from human bone marrow. Gastroenterol. Hepatol. Bed Bench 2017,
10, 208–213.

19. Feng, X.; Qi, F.; Wang, H.; Li, W.; Gan, Y.; Qi, C.; Lin, Z.; Chen, L.; Wang, P.; Hu, Z.; et al. Sorting Technology for Mesenchymal
Stem Cells from a Single Tissue Source. Stem Cell Rev. Rep. 2024, 20, 524–537. [CrossRef]

20. Prakash, N.; Kim, J.; Jeon, J.; Kim, S.; Arai, Y.; Bello, A.B.; Park, H.; Lee, S.H. Progress and emerging techniques for biomaterial-
based derivation of mesenchymal stem cells (MSCs) from pluripotent stem cells (PSCs). Biomater. Res. 2023, 27, 31. [CrossRef]

21. Yang, H.; Chen, J.; Li, J. Isolation, culture, and delivery considerations for the use of mesenchymal stem cells in potential therapies
for acute liver failure. Front. Immunol. 2023, 14, 1243220. [CrossRef] [PubMed]

22. Soleimani, M.; Nadri, S. A protocol for isolation and culture of mesenchymal stem cells from mouse bone marrow. Nat. Protoc.
2009, 4, 102–106. [CrossRef] [PubMed]

23. Xiang, B.; Chen, L.; Wang, X.; Xiang, C. Mesenchymal stem cells as therapeutic agents and in gene delivery for the treatment of
glioma. J. Zhejiang Univ. Sci. B 2017, 18, 737–746. [CrossRef]

24. Bajetto, A.; Thellung, S.; Dellacasagrande, I.; Pagano, A.; Barbieri, F.; Florio, T. Cross talk between mesenchymal and glioblastoma
stem cells: Communication beyond controversies. Stem Cells Transl. Med. 2020, 9, 1310–1330. [CrossRef] [PubMed]

25. Lu, D.; Jiao, X.; Jiang, W.; Yang, L.; Gong, Q.; Wang, X.; Wei, M.; Gong, S. Mesenchymal stem cells influence monocyte/macrophage
phenotype: Regulatory mode and potential clinical applications. Biomed. Pharmacother. 2023, 165, 115042. [CrossRef] [PubMed]

26. Luque-Campos, N.; Bustamante-Barrientos, F.A.; Pradenas, C.; García, C.; Araya, M.J.; Bohaud, C.; Contreras-López, R.; Elizondo-
Vega, R.; Djouad, F.; Luz-Crawford, P.; et al. The Macrophage Response Is Driven by Mesenchymal Stem Cell-Mediated Metabolic
Reprogramming. Front. Immunol. 2021, 12, 624746. [CrossRef] [PubMed]

27. Lu, D.; Xu, Y.; Liu, Q.; Zhang, Q. Mesenchymal Stem Cell-Macrophage Crosstalk and Maintenance of Inflammatory Microenvi-
ronment Homeostasis. Front. Cell Dev. Biol. 2021, 9, 681171. [CrossRef] [PubMed]

28. Cho, D.I.; Kim, M.R.; Jeong, H.Y.; Jeong, H.C.; Jeong, M.H.; Yoon, S.H.; Kim, Y.S.; Ahn, Y. Mesenchymal stem cells reciprocally
regulate the M1/M2 balance in mouse bone marrow-derived macrophages. Exp. Mol. Med. 2014, 46, e70. [CrossRef] [PubMed]

29. Jin, L.; Deng, Z.; Zhang, J.; Yang, C.; Liu, J.; Han, W.; Ye, P.; Si, Y.; Chen, G. Mesenchymal stem cells promote type 2 macrophage
polarization to ameliorate the myocardial injury caused by diabetic cardiomyopathy. J. Transl. Med. 2019, 17, 251. [CrossRef]
[PubMed]

30. Zhang, Q.; Xiang, W.; Yi, D.Y.; Xue, B.Z.; Wen, W.W.; Abdelmaksoud, A.; Xiong, N.X.; Jiang, X.B.; Zhao, H.Y.; Fu, P. Current
status and potential challenges of mesenchymal stem cell-based therapy for malignant gliomas. Stem Cell Res. Ther. 2018, 9, 228.
[CrossRef]

31. Pavon, L.F.; Sibov, T.T.; de Souza, A.V.; da Cruz, E.F.; Malheiros, S.M.F.; Cabral, F.R.; de Souza, J.G.; Boufleur, P.; de Oliveira, D.M.;
de Toledo, S.R.C.; et al. Tropism of mesenchymal stem cell toward CD133(+) stem cell of glioblastoma in vitro and promote tumor
proliferation in vivo. Stem Cell Res. Ther. 2018, 9, 310. [CrossRef] [PubMed]

32. Kidd, S.; Spaeth, E.; Dembinski, J.L.; Dietrich, M.; Watson, K.; Klopp, A.; Battula, V.L.; Weil, M.; Andreeff, M.; Marini, F.C. Direct
evidence of mesenchymal stem cell tropism for tumor and wounding microenvironments using in vivo bioluminescent imaging.
Stem Cells 2009, 27, 2614–2623. [CrossRef] [PubMed]

33. Doucette, T.; Rao, G.; Yang, Y.; Gumin, J.; Shinojima, N.; Bekele, B.N.; Qiao, W.; Zhang, W.; Lang, F.F. Mesenchymal stem cells
display tumor-specific tropism in an RCAS/Ntv-a glioma model. Neoplasia 2011, 13, 716–725. [CrossRef] [PubMed]

34. Do, P.T.; Wu, C.C.; Chiang, Y.H.; Hu, C.J.; Chen, K.Y. Mesenchymal Stem/Stromal Cell Therapy in Blood-Brain Barrier Preservation
Following Ischemia: Molecular Mechanisms and Prospects. Int. J. Mol. Sci. 2021, 22, 10045. [CrossRef]

35. Karsy, M.; Guan, J.; Jensen, R.; Huang, L.E.; Colman, H. The Impact of Hypoxia and Mesenchymal Transition on Glioblastoma
Pathogenesis and Cancer Stem Cells Regulation. World Neurosurg. 2016, 88, 222–236. [CrossRef]

36. Conaty, P.; Sherman, L.S.; Naaldijk, Y.; Ulrich, H.; Stolzing, A.; Rameshwar, P. Methods of Mesenchymal Stem Cell Homing to the
Blood-Brain Barrier. Methods Mol. Biol. 2018, 1842, 81–91. [CrossRef]

37. Chen, M.; Li, X.; Zhang, X.; He, X.; Lai, L.; Liu, Y.; Zhu, G.; Li, W.; Li, H.; Fang, Q.; et al. The inhibitory effect of mesenchymal
stem cell on blood-brain barrier disruption following intracerebral hemorrhage in rats: Contribution of TSG-6. J. Neuroinflamm.
2015, 12, 61. [CrossRef]

38. Zhang, H.; Li, X.; Li, J.; Zhong, L.; Chen, X.; Chen, S. SDF-1 mediates mesenchymal stem cell recruitment and migration via the
SDF-1/CXCR4 axis in bone defect. J. Bone Miner. Metab. 2021, 39, 126–138. [CrossRef]

39. Wang, X.; Jiang, H.; Guo, L.; Wang, S.; Cheng, W.; Wan, L.; Zhang, Z.; Xing, L.; Zhou, Q.; Yang, X.; et al. SDF-1 secreted by
mesenchymal stem cells promotes the migration of endothelial progenitor cells via CXCR4/PI3K/AKT pathway. J. Mol. Histol.
2021, 52, 1155–1164. [CrossRef]

https://doi.org/10.1080/14653240600855905
https://doi.org/10.1002/cyto.a.23242
https://doi.org/10.1007/s12015-023-10635-w
https://doi.org/10.1186/s40824-023-00371-0
https://doi.org/10.3389/fimmu.2023.1243220
https://www.ncbi.nlm.nih.gov/pubmed/37744328
https://doi.org/10.1038/nprot.2008.221
https://www.ncbi.nlm.nih.gov/pubmed/19131962
https://doi.org/10.1631/jzus.B1600337
https://doi.org/10.1002/sctm.20-0161
https://www.ncbi.nlm.nih.gov/pubmed/32543030
https://doi.org/10.1016/j.biopha.2023.115042
https://www.ncbi.nlm.nih.gov/pubmed/37379639
https://doi.org/10.3389/fimmu.2021.624746
https://www.ncbi.nlm.nih.gov/pubmed/34149687
https://doi.org/10.3389/fcell.2021.681171
https://www.ncbi.nlm.nih.gov/pubmed/34249933
https://doi.org/10.1038/emm.2013.135
https://www.ncbi.nlm.nih.gov/pubmed/24406319
https://doi.org/10.1186/s12967-019-1999-8
https://www.ncbi.nlm.nih.gov/pubmed/31382970
https://doi.org/10.1186/s13287-018-0977-z
https://doi.org/10.1186/s13287-018-1049-0
https://www.ncbi.nlm.nih.gov/pubmed/30413179
https://doi.org/10.1002/stem.187
https://www.ncbi.nlm.nih.gov/pubmed/19650040
https://doi.org/10.1593/neo.101680
https://www.ncbi.nlm.nih.gov/pubmed/21847363
https://doi.org/10.3390/ijms221810045
https://doi.org/10.1016/j.wneu.2015.12.032
https://doi.org/10.1007/978-1-4939-8697-2_6
https://doi.org/10.1186/s12974-015-0284-x
https://doi.org/10.1007/s00774-020-01122-0
https://doi.org/10.1007/s10735-021-10008-y


Cells 2024, 13, 617 12 of 16

40. Gong, J.; Meng, H.B.; Hua, J.; Song, Z.S.; He, Z.G.; Zhou, B.; Qian, M.P. The SDF-1/CXCR4 axis regulates migration of transplanted
bone marrow mesenchymal stem cells towards the pancreas in rats with acute pancreatitis. Mol. Med. Rep. 2014, 9, 1575–1582.
[CrossRef]

41. Rempel, S.A.; Dudas, S.; Ge, S.; Gutiérrez, J.A. Identification and localization of the cytokine SDF1 and its receptor, CXC chemokine
receptor 4, to regions of necrosis and angiogenesis in human glioblastoma. Clin. Cancer Res. 2000, 6, 102–111. [PubMed]

42. Sehgal, A.; Keener, C.; Boynton, A.L.; Warrick, J.; Murphy, G.P. CXCR-4, a chemokine receptor, is overexpressed in and required
for proliferation of glioblastoma tumor cells. J. Surg. Oncol. 1998, 69, 99–104. [CrossRef]

43. Ehtesham, M.; Min, E.; Issar, N.M.; Kasl, R.A.; Khan, I.S.; Thompson, R.C. The role of the CXCR4 cell surface chemokine receptor
in glioma biology. J. Neurooncol. 2013, 113, 153–162. [CrossRef] [PubMed]

44. Rubin, J.B.; Kung, A.L.; Klein, R.S.; Chan, J.A.; Sun, Y.; Schmidt, K.; Kieran, M.W.; Luster, A.D.; Segal, R.A. A small-molecule
antagonist of CXCR4 inhibits intracranial growth of primary brain tumors. Proc. Natl. Acad. Sci. USA 2003, 100, 13513–13518.
[CrossRef] [PubMed]

45. Nowak, B.; Rogujski, P.; Janowski, M.; Lukomska, B.; Andrzejewska, A. Mesenchymal stem cells in glioblastoma therapy and
progression: How one cell does it all. Biochim. Biophys. Acta Rev. Cancer 2021, 1876, 188582. [CrossRef] [PubMed]

46. Gomes, E.D.; Vieira de Castro, J.; Costa, B.M.; Salgado, A.J. The impact of Mesenchymal Stem Cells and their secretome as a
treatment for gliomas. Biochimie 2018, 155, 59–66. [CrossRef] [PubMed]

47. Vieira de Castro, J.; Gomes, E.D.; Granja, S.; Anjo, S.I.; Baltazar, F.; Manadas, B.; Salgado, A.J.; Costa, B.M. Impact of mesenchymal
stem cells’ secretome on glioblastoma pathophysiology. J. Transl. Med. 2017, 15, 200. [CrossRef]

48. Marofi, F.; Vahedi, G.; Biglari, A.; Esmaeilzadeh, A.; Athari, S.S. Mesenchymal Stromal/Stem Cells: A New Era in the Cell-Based
Targeted Gene Therapy of Cancer. Front. Immunol. 2017, 8, 1770. [CrossRef] [PubMed]

49. Fakiruddin, K.S.; Ghazalli, N.; Lim, M.N.; Zakaria, Z.; Abdullah, S. Mesenchymal Stem Cell Expressing TRAIL as Targeted
Therapy against Sensitised Tumour. Int. J. Mol. Sci. 2018, 19, 2188. [CrossRef]

50. Loebinger, M.R.; Eddaoudi, A.; Davies, D.; Janes, S.M. Mesenchymal stem cell delivery of TRAIL can eliminate metastatic cancer.
Cancer Res. 2009, 69, 4134–4142. [CrossRef]

51. Loebinger, M.R.; Sage, E.K.; Davies, D.; Janes, S.M. TRAIL-expressing mesenchymal stem cells kill the putative cancer stem cell
population. Br. J. Cancer 2010, 103, 1692–1697. [CrossRef] [PubMed]

52. Cafforio, P.; Viggiano, L.; Mannavola, F.; Pellè, E.; Caporusso, C.; Maiorano, E.; Felici, C.; Silvestris, F. pIL6-TRAIL-engineered
umbilical cord mesenchymal/stromal stem cells are highly cytotoxic for myeloma cells both in vitro and in vivo. Stem Cell Res.
Ther. 2017, 8, 206. [CrossRef] [PubMed]

53. Zhu, Z.; Gorman, M.J.; McKenzie, L.D.; Chai, J.N.; Hubert, C.G.; Prager, B.C.; Fernandez, E.; Richner, J.M.; Zhang, R.; Shan, C.;
et al. Zika virus has oncolytic activity against glioblastoma stem cells. J. Exp. Med. 2017, 214, 2843–2857. [CrossRef] [PubMed]

54. Amano, S.; Li, S.; Gu, C.; Gao, Y.; Koizumi, S.; Yamamoto, S.; Terakawa, S.; Namba, H. Use of genetically engineered bone
marrow-derived mesenchymal stem cells for glioma gene therapy. Int. J. Oncol. 2009, 35, 1265–1270. [CrossRef]

55. Kenarkoohi, A.; Bamdad, T.; Soleimani, M.; Soleimanjahi, H.; Fallah, A.; Falahi, S. HSV-TK Expressing Mesenchymal Stem Cells
Exert Inhibitory Effect on Cervical Cancer Model. Int. J. Mol. Cell. Med. 2020, 9, 146–154. [CrossRef]

56. Bashyal, N.; Lee, T.Y.; Chang, D.Y.; Jung, J.H.; Kim, M.G.; Acharya, R.; Kim, S.S.; Oh, I.H.; Suh-Kim, H. Improving the Safety of
Mesenchymal Stem Cell-Based Ex Vivo Therapy Using Herpes Simplex Virus Thymidine Kinase. Mol. Cells 2022, 45, 479–494.
[CrossRef] [PubMed]

57. Dührsen, L.; Hartfuß, S.; Hirsch, D.; Geiger, S.; Maire, C.L.; Sedlacik, J.; Guenther, C.; Westphal, M.; Lamszus, K.; Hermann, F.G.;
et al. Preclinical analysis of human mesenchymal stem cells: Tumor tropism and therapeutic efficiency of local HSV-TK suicide
gene therapy in glioblastoma. Oncotarget 2019, 10, 6049–6061. [CrossRef]

58. Oishi, T.; Ito, M.; Koizumi, S.; Horikawa, M.; Yamamoto, T.; Yamagishi, S.; Yamasaki, T.; Sameshima, T.; Suzuki, T.; Sugimura, H.;
et al. Efficacy of HSV-TK/GCV system suicide gene therapy using SHED expressing modified HSV-TK against lung cancer brain
metastases. Mol. Ther. Methods Clin. Dev. 2022, 26, 253–265. [CrossRef] [PubMed]

59. Ghaleh, H.E.G.; Vakilzadeh, G.; Zahiri, A.; Farzanehpour, M. Investigating the potential of oncolytic viruses for cancer treatment
via MSC delivery. Cell Commun. Signal. 2023, 21, 228. [CrossRef]

60. Shah, S. Novel Therapies in Glioblastoma Treatment: Review of Glioblastoma; Current Treatment Options; and Novel Oncolytic
Viral Therapies. Med. Sci. 2023, 12, 1. [CrossRef]

61. Markert, J.M.; Medlock, M.D.; Rabkin, S.D.; Gillespie, G.Y.; Todo, T.; Hunter, W.D.; Palmer, C.A.; Feigenbaum, F.; Tornatore, C.;
Tufaro, F.; et al. Conditionally replicating herpes simplex virus mutant, G207 for the treatment of malignant glioma: Results of a
phase I trial. Gene Ther. 2000, 7, 867–874. [CrossRef] [PubMed]

62. Markert, J.M.; Liechty, P.G.; Wang, W.; Gaston, S.; Braz, E.; Karrasch, M.; Nabors, L.B.; Markiewicz, M.; Lakeman, A.D.; Palmer,
C.A.; et al. Phase Ib trial of mutant herpes simplex virus G207 inoculated pre-and post-tumor resection for recurrent GBM. Mol.
Ther. 2009, 17, 199–207. [CrossRef] [PubMed]

63. Markert, J.M.; Razdan, S.N.; Kuo, H.C.; Cantor, A.; Knoll, A.; Karrasch, M.; Nabors, L.B.; Markiewicz, M.; Agee, B.S.; Coleman,
J.M.; et al. A phase 1 trial of oncolytic HSV-1, G207, given in combination with radiation for recurrent GBM demonstrates safety
and radiographic responses. Mol. Ther. 2014, 22, 1048–1055. [CrossRef] [PubMed]

https://doi.org/10.3892/mmr.2014.2053
https://www.ncbi.nlm.nih.gov/pubmed/10656438
https://doi.org/10.1002/(SICI)1096-9098(199810)69:2%3C99::AID-JSO10%3E3.0.CO;2-M
https://doi.org/10.1007/s11060-013-1108-4
https://www.ncbi.nlm.nih.gov/pubmed/23494875
https://doi.org/10.1073/pnas.2235846100
https://www.ncbi.nlm.nih.gov/pubmed/14595012
https://doi.org/10.1016/j.bbcan.2021.188582
https://www.ncbi.nlm.nih.gov/pubmed/34144129
https://doi.org/10.1016/j.biochi.2018.07.008
https://www.ncbi.nlm.nih.gov/pubmed/30031037
https://doi.org/10.1186/s12967-017-1303-8
https://doi.org/10.3389/fimmu.2017.01770
https://www.ncbi.nlm.nih.gov/pubmed/29326689
https://doi.org/10.3390/ijms19082188
https://doi.org/10.1158/0008-5472.CAN-08-4698
https://doi.org/10.1038/sj.bjc.6605952
https://www.ncbi.nlm.nih.gov/pubmed/21063402
https://doi.org/10.1186/s13287-017-0655-6
https://www.ncbi.nlm.nih.gov/pubmed/28962646
https://doi.org/10.1084/jem.20171093
https://www.ncbi.nlm.nih.gov/pubmed/28874392
https://doi.org/10.3892/ijo_00000443
https://doi.org/10.22088/ijmcm.Bums.9.2.146
https://doi.org/10.14348/molcells.2022.5015
https://www.ncbi.nlm.nih.gov/pubmed/35356894
https://doi.org/10.18632/oncotarget.27071
https://doi.org/10.1016/j.omtm.2022.07.001
https://www.ncbi.nlm.nih.gov/pubmed/35892087
https://doi.org/10.1186/s12964-023-01232-y
https://doi.org/10.3390/medsci12010001
https://doi.org/10.1038/sj.gt.3301205
https://www.ncbi.nlm.nih.gov/pubmed/10845725
https://doi.org/10.1038/mt.2008.228
https://www.ncbi.nlm.nih.gov/pubmed/18957964
https://doi.org/10.1038/mt.2014.22
https://www.ncbi.nlm.nih.gov/pubmed/24572293


Cells 2024, 13, 617 13 of 16

64. Chiocca, E.A.; Abbed, K.M.; Tatter, S.; Louis, D.N.; Hochberg, F.H.; Barker, F.; Kracher, J.; Grossman, S.A.; Fisher, J.D.; Carson, K.;
et al. A phase I open-label, dose-escalation, multi-institutional trial of injection with an E1B-Attenuated adenovirus, ONYX-015,
into the peritumoral region of recurrent malignant gliomas, in the adjuvant setting. Mol. Ther. 2004, 10, 958–966. [CrossRef]
[PubMed]

65. Kicielinski, K.P.; Chiocca, E.A.; Yu, J.S.; Gill, G.M.; Coffey, M.; Markert, J.M. Phase 1 clinical trial of intratumoral reovirus infusion
for the treatment of recurrent malignant gliomas in adults. Mol. Ther. 2014, 22, 1056–1062. [CrossRef] [PubMed]

66. Allen, C.; Opyrchal, M.; Aderca, I.; Schroeder, M.A.; Sarkaria, J.N.; Domingo, E.; Federspiel, M.J.; Galanis, E. Oncolytic measles
virus strains have significant antitumor activity against glioma stem cells. Gene Ther. 2013, 20, 444–449. [CrossRef] [PubMed]

67. Freeman, A.I.; Zakay-Rones, Z.; Gomori, J.M.; Linetsky, E.; Rasooly, L.; Greenbaum, E.; Rozenman-Yair, S.; Panet, A.; Libson, E.;
Irving, C.S.; et al. Phase I/II trial of intravenous NDV-HUJ oncolytic virus in recurrent glioblastoma multiforme. Mol. Ther. 2006,
13, 221–228. [CrossRef] [PubMed]

68. Desjardins, A.; Gromeier, M.; Herndon, J.E., 2nd; Beaubier, N.; Bolognesi, D.P.; Friedman, A.H.; Friedman, H.S.; McSherry, F.;
Muscat, A.M.; Nair, S.; et al. Recurrent Glioblastoma Treated with Recombinant Poliovirus. N. Engl. J. Med. 2018, 379, 150–161.
[CrossRef] [PubMed]

69. Marelli, G.; Howells, A.; Lemoine, N.R.; Wang, Y. Oncolytic Viral Therapy and the Immune System: A Double-Edged Sword
Against Cancer. Front. Immunol. 2018, 9, 866. [CrossRef]

70. Ali, S.; Xia, Q.; Muhammad, T.; Liu, L.; Meng, X.; Bars-Cortina, D.; Khan, A.A.; Huang, Y.; Dong, L. Glioblastoma Therapy:
Rationale for a Mesenchymal Stem Cell-based Vehicle to Carry Recombinant Viruses. Stem Cell Rev. Rep. 2022, 18, 523–543.
[CrossRef]

71. Ramírez, M.; García-Castro, J.; Melen, G.J.; González-Murillo, Á.; Franco-Luzón, L. Patient-derived mesenchymal stem cells as
delivery vehicles for oncolytic virotherapy: Novel state-of-the-art technology. Oncolytic Virother. 2015, 4, 149–155. [CrossRef]

72. Ghasemi Darestani, N.; Gilmanova, A.I.; Al-Gazally, M.E.; Zekiy, A.O.; Ansari, M.J.; Zabibah, R.S.; Jawad, M.A.; Al-Shalah, S.A.J.;
Rizaev, J.A.; Alnassar, Y.S.; et al. Mesenchymal stem cell-released oncolytic virus: An innovative strategy for cancer treatment.
Cell Commun. Signal. 2023, 21, 43. [CrossRef] [PubMed]

73. Ahmed, S.P.; Castresana, J.S.; Shahi, M.H. Glioblastoma and MiRNAs. Cancers 2021, 13, 1581. [CrossRef]
74. Hasan, H.; Afzal, M.; Castresana, J.S.; Shahi, M.H. A Comprehensive Review of miRNAs and Their Epigenetic Effects in

Glioblastoma. Cells 2023, 12, 1578. [CrossRef]
75. Jegathesan, Y.; Stephen, P.P.; Sati, I.; Narayanan, P.; Monif, M.; Kamarudin, M.N.A. MicroRNAs in adult high-grade gliomas:

Mechanisms of chemotherapeutic resistance and their clinical relevance. Biomed. Pharmacother. 2024, 172, 116277. [CrossRef]
76. Nikolova, E.; Laleva, L.; Milev, M.; Spiriev, T.; Stoyanov, S.; Ferdinandov, D.; Mitev, V.; Todorova, A. miRNAs and related genetic

biomarkers according to the WHO glioma classification: From diagnosis to future therapeutic targets. Noncoding RNA Res. 2024,
9, 141–152. [CrossRef] [PubMed]

77. Shaikh, M.A.J.; Altamimi, A.S.A.; Afzal, M.; Gupta, G.; Singla, N.; Gilhotra, R.; Almalki, W.H.; Kazmi, I.; Alzarea, S.I.; Prasher, P.;
et al. Unraveling the impact of miR-21 on apoptosis regulation in glioblastoma. Pathol. Res. Pract. 2024, 254, 155121. [CrossRef]
[PubMed]

78. Song, Z.; Xue, Z.; Wang, Y.; Imran, M.; Assiri, M.; Fahad, S. Insights into the roles of non-coding RNAs and angiogenesis in
glioblastoma: An overview of current research and future perspectives. Biochim. Biophys. Acta Gen. Subj. 2024, 1868, 130567.
[CrossRef] [PubMed]

79. Zu, Y.; Zhu, Z.; Lin, M.; Xu, D.; Liang, Y.; Wang, Y.; Qiao, Z.; Cao, T.; Yang, D.; Gao, L.; et al. MiR-9 Promotes Apoptosis Via
Suppressing SMC1A Expression in GBM Cell Lines. Curr. Chem. Genom. Transl. Med. 2017, 11, 31–40. [CrossRef]

80. Ngadiono, E.; Hardiany, N.S. Advancing towards Effective Glioma Therapy: MicroRNA Derived from Umbilical Cord Mesenchy-
mal Stem Cells’ Extracellular Vesicles. Malays J. Med. Sci. 2019, 26, 5–16. [CrossRef]

81. Qin, F.; Tang, H.; Zhang, Y.; Zhang, Z.; Huang, P.; Zhu, J. Bone marrow-derived mesenchymal stem cell-derived exosomal
microRNA-208a promotes osteosarcoma cell proliferation, migration, and invasion. J. Cell. Physiol. 2020, 235, 4734–4745.
[CrossRef] [PubMed]

82. De Veirman, K.; Wang, J.; Xu, S.; Leleu, X.; Himpe, E.; Maes, K.; De Bruyne, E.; Van Valckenborgh, E.; Vanderkerken, K.; Menu, E.;
et al. Induction of miR-146a by multiple myeloma cells in mesenchymal stromal cells stimulates their pro-tumoral activity. Cancer
Lett. 2016, 377, 17–24. [CrossRef] [PubMed]

83. Ma, M.; Chen, S.; Liu, Z.; Xie, H.; Deng, H.; Shang, S.; Wang, X.; Xia, M.; Zuo, C. miRNA-221 of exosomes originating from bone
marrow mesenchymal stem cells promotes oncogenic activity in gastric cancer. Onco Targets Ther. 2017, 10, 4161–4171. [CrossRef]
[PubMed]

84. Figueroa, J.; Phillips, L.M.; Shahar, T.; Hossain, A.; Gumin, J.; Kim, H.; Bean, A.J.; Calin, G.A.; Fueyo, J.; Walters, E.T.; et al.
Exosomes from Glioma-Associated Mesenchymal Stem Cells Increase the Tumorigenicity of Glioma Stem-like Cells via Transfer
of miR-1587. Cancer Res. 2017, 77, 5808–5819. [CrossRef] [PubMed]

85. Ono, M.; Kosaka, N.; Tominaga, N.; Yoshioka, Y.; Takeshita, F.; Takahashi, R.U.; Yoshida, M.; Tsuda, H.; Tamura, K.; Ochiya, T.
Exosomes from bone marrow mesenchymal stem cells contain a microRNA that promotes dormancy in metastatic breast cancer
cells. Sci. Signal. 2014, 7, ra63. [CrossRef] [PubMed]

86. Lou, G.; Song, X.; Yang, F.; Wu, S.; Wang, J.; Chen, Z.; Liu, Y. Exosomes derived from miR-122-modified adipose tissue-derived
MSCs increase chemosensitivity of hepatocellular carcinoma. J. Hematol. Oncol. 2015, 8, 122. [CrossRef] [PubMed]

https://doi.org/10.1016/j.ymthe.2004.07.021
https://www.ncbi.nlm.nih.gov/pubmed/15509513
https://doi.org/10.1038/mt.2014.21
https://www.ncbi.nlm.nih.gov/pubmed/24553100
https://doi.org/10.1038/gt.2012.62
https://www.ncbi.nlm.nih.gov/pubmed/22914495
https://doi.org/10.1016/j.ymthe.2005.08.016
https://www.ncbi.nlm.nih.gov/pubmed/16257582
https://doi.org/10.1056/NEJMoa1716435
https://www.ncbi.nlm.nih.gov/pubmed/29943666
https://doi.org/10.3389/fimmu.2018.00866
https://doi.org/10.1007/s12015-021-10207-w
https://doi.org/10.2147/OV.S66010
https://doi.org/10.1186/s12964-022-01012-0
https://www.ncbi.nlm.nih.gov/pubmed/36829187
https://doi.org/10.3390/cancers13071581
https://doi.org/10.3390/cells12121578
https://doi.org/10.1016/j.biopha.2024.116277
https://doi.org/10.1016/j.ncrna.2023.10.003
https://www.ncbi.nlm.nih.gov/pubmed/38035044
https://doi.org/10.1016/j.prp.2024.155121
https://www.ncbi.nlm.nih.gov/pubmed/38262269
https://doi.org/10.1016/j.bbagen.2024.130567
https://www.ncbi.nlm.nih.gov/pubmed/38242182
https://doi.org/10.2174/2213988501711010031
https://doi.org/10.21315/mjms2019.26.4.2
https://doi.org/10.1002/jcp.29351
https://www.ncbi.nlm.nih.gov/pubmed/31637737
https://doi.org/10.1016/j.canlet.2016.04.024
https://www.ncbi.nlm.nih.gov/pubmed/27102001
https://doi.org/10.2147/OTT.S143315
https://www.ncbi.nlm.nih.gov/pubmed/28860826
https://doi.org/10.1158/0008-5472.CAN-16-2524
https://www.ncbi.nlm.nih.gov/pubmed/28855213
https://doi.org/10.1126/scisignal.2005231
https://www.ncbi.nlm.nih.gov/pubmed/24985346
https://doi.org/10.1186/s13045-015-0220-7
https://www.ncbi.nlm.nih.gov/pubmed/26514126


Cells 2024, 13, 617 14 of 16

87. Wu, H.; Mu, X.; Liu, L.; Wu, H.; Hu, X.; Chen, L.; Liu, J.; Mu, Y.; Yuan, F.; Liu, W.; et al. Bone marrow mesenchymal stem
cells-derived exosomal microRNA-193a reduces cisplatin resistance of non-small cell lung cancer cells via targeting LRRC1. Cell
Death Dis. 2020, 11, 801. [CrossRef] [PubMed]

88. Shang, S.; Wang, J.; Chen, S.; Tian, R.; Zeng, H.; Wang, L.; Xia, M.; Zhu, H.; Zuo, C. Exosomal miRNA-1231 derived from bone
marrow mesenchymal stem cells inhibits the activity of pancreatic cancer. Cancer Med. 2019, 8, 7728–7740. [CrossRef] [PubMed]

89. Xu, H.; Zhao, G.; Zhang, Y.; Jiang, H.; Wang, W.; Zhao, D.; Hong, J.; Yu, H.; Qi, L. Mesenchymal stem cell-derived exosomal
microRNA-133b suppresses glioma progression via Wnt/β-catenin signaling pathway by targeting EZH2. Stem Cell Res. Ther.
2019, 10, 381. [CrossRef]

90. Takayama, Y.; Kusamori, K.; Tsukimori, C.; Shimizu, Y.; Hayashi, M.; Kiyama, I.; Katsumi, H.; Sakane, T.; Yamamoto, A.;
Nishikawa, M. Anticancer drug-loaded mesenchymal stem cells for targeted cancer therapy. J. Control. Release 2021, 329,
1090–1101. [CrossRef]

91. Yan, L.; Li, J.; Zhang, C. The role of MSCs and CAR-MSCs in cellular immunotherapy. Cell Commun. Signal. 2023, 21, 187.
[CrossRef] [PubMed]

92. Hombach, A.A.; Geumann, U.; Günther, C.; Hermann, F.G.; Abken, H. IL7-IL12 Engineered Mesenchymal Stem Cells (MSCs)
Improve A CAR T Cell Attack Against Colorectal Cancer Cells. Cells 2020, 9, 873. [CrossRef]

93. Chan, L.Y.; Dass, S.A.; Tye, G.J.; Imran, S.A.M.; Wan Kamarul Zaman, W.S.; Nordin, F. CAR-T Cells/-NK Cells in Cancer
Immunotherapy and the Potential of MSC to Enhance Its Efficacy: A Review. Biomedicines 2022, 10, 804. [CrossRef]

94. Yang, X.; Li, Y.; Liu, X.; He, W.; Huang, Q.; Feng, Q. Nanoparticles and their effects on differentiation of mesenchymal stem cells.
Biomater. Transl. 2020, 1, 58–68. [CrossRef]

95. Raghav, P.K.; Mann, Z.; Ahlawat, S.; Mohanty, S. Mesenchymal stem cell-based nanoparticles and scaffolds in regenerative
medicine. Eur. J. Pharmacol. 2022, 918, 174657. [CrossRef]

96. Merino, J.J.; Cabaña-Muñoz, M.E. Nanoparticles and Mesenchymal Stem Cell (MSC) Therapy for Cancer Treatment: Focus on
Nanocarriers and a si-RNA CXCR4 Chemokine Blocker as Strategies for Tumor Eradication In Vitro and In Vivo. Micromachines
2023, 14, 2068. [CrossRef] [PubMed]

97. Wang, M.; Xin, Y.; Cao, H.; Li, W.; Hua, Y.; Webster, T.J.; Zhang, C.; Tang, W.; Liu, Z. Recent advances in mesenchymal stem cell
membrane-coated nanoparticles for enhanced drug delivery. Biomater. Sci. 2021, 9, 1088–1103. [CrossRef]

98. Ren, N.; Feng, Z.; Liang, N.; Xie, J.; Wang, A.; Sun, C.; Yu, X. NaGdF(4):Yb/Er nanoparticles of different sizes for tracking
mesenchymal stem cells and their effects on cell differentiation. Mater. Sci. Eng. C Mater. Biol. Appl. 2020, 111, 110827. [CrossRef]
[PubMed]

99. Choi, B.D.; Maus, M.V.; June, C.H.; Sampson, J.H. Immunotherapy for Glioblastoma: Adoptive T-cell Strategies. Clin. Cancer Res.
2019, 25, 2042–2048. [CrossRef]

100. Golinelli, G.; Grisendi, G.; Prapa, M.; Bestagno, M.; Spano, C.; Rossignoli, F.; Bambi, F.; Sardi, I.; Cellini, M.; Horwitz, E.M.; et al.
Targeting GD2-positive glioblastoma by chimeric antigen receptor empowered mesenchymal progenitors. Cancer Gene Ther. 2020,
27, 558–570. [CrossRef]
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