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ARTICLE INFO ABSTRACT
Keywords: Mesenchymal stem cells (MSCs), as self-renewing multipotent stromal cells, have been considered promising
Mesenchymal stem cells (MSCs) agents for cancer treatment. A large number of studies have demonstrated the valuable properties of MSC-based

Genetic modification
Nanoparticle (NP)
Exosome

Cancer therapy

treatment, such as low immunogenicity and intrinsic tumor-trophic migratory properties. To enhance the po-
tency of MSCs for therapeutic purposes, equipping MSCs with targeted delivery functions using genetic engi-
neering is highly beneficial. Genetically engineered MSCs can express tumor suppressor agents such as pro-
apoptotic, anti-proliferative, anti-angiogenic factors and act as ideal delivery vehicles. MSCs can also be
loaded with nanoparticle drugs for increased efficacy and externally moderated targeting. Moreover, exosomes
secreted by MSCs have important physiological properties, so they can contribute to intercellular communication
and transfer cargo into targeted tumor cells. The precise role of genetically modified MSCs in tumor environ-
ments is still up for debate, but the beginning of clinical trials has been confirmed by promising results from
preclinical investigations of MSC-based gene therapy for a wide range of malignancies. This review highlights the
advanced techniques of engineering/nano-engineering and MSC-derived exosomes in tumor-targeted therapy.

1. Introduction population of plastic adherent cells with fibroblast-like morphology
isolated from bone marrow (BM) [1,2]. MSCs maintain strong prolifer-

Mesenchymal stem cells are multipotent progenitor cells first intro- ation abilities due to their clonogenic potential. These cells can be
duced by Friedenstein et al. in 1987 [1]. They described these cells as a extracted from different adult human tissues, such as the dental pulp [3],
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gingiva, articular cartilage, brain, dental tissue, endometrium, men-
strual blood, and skin. Bone marrow and adipose tissues (AT) are rich
and more established sources of MSC. BM has been the primary source of
MSCs for many years; however, cell collection from this tissue is an
invasive and painful process [4]. AT is also one of the richest origins of
MSC identified in 2001 by Zuk et al. [5], which offers some benefits such
as ease of tissue processing, high yield of initial cells, and robust in vitro
proliferative ability. In recent years, adipose-derived mesenchymal stem
cells (AD-MSCs) have become appealing alternatives to BM-MSCs [6].
Like other cells, MSCs have limited cell division capacity and reach
senescence after 43-77 days of cultivation (7-12 passages) which is
morphologically demonstrated by irregular and enlarged cell shapes and
ultimately proliferation arrest [5,7]. However, some factors such as the
source of tissue, donor sex, and culture conditions impact the degree and
duration of MSC proliferation. Due to these unique characteristics, MSCs
are a leading candidate for cell-based therapeutics used in regenerative
medicine, immune modulation, and cancer therapy [8].

Early research on MSCs and tumors was related to the impact of
naive (unmodified) MSCs (N-MSCs) on tumors. N-MSCs are isolated
from natural tissue sources and can be homed to tumors to effectively
target the tumor microenvironment and investigate their application as
antitumor agents. According to published research, N-MSCs co-cultured
with in vitro tumor cells might inhibit tumor cell proliferation. Ram-
asamy et al. [9] demonstrated that N-MSCs could prevent in vitro pro-
liferation of leukemia cell lines and solid tumor cell lines. However, the
inhibitory action of N-MSCs was dose-dependent, the inhibition rate was
reduced at higher N-MSC proportions [9]. The inhibitory effect of
N-MSC could include the N-MSC-mediated secretion of soluble factors
such as Dickkopf-related protein 1 (Dkk1), which prevents Wnt signaling
pathways in tumor cells. N-MSCs cause apoptosis in tumor cells through
the upregulation of caspase 3, a protease associated with apoptosis.
These cells can increase the proportion of cancer stem cells (CSCs) across
populations of tumor cells and implicitly block tumor development by
angiogenesis inhibitors. N-MSCs also prevent angiogenesis by either
inducing apoptosis in endothelial vascular cells or directly inhibiting the
development of vascular networks. N-MSCs are related to the differen-
tiation of MSCs in advancement to vascular endothelial cells in mela-
noma and advance of CSCs that promote tumorigenesis and metastasis,
leading to the recurrence of tumors such as breast cancer and enhancing
the expansion of gastritis cells.

Additionally, N-MSCs promote the growth of tumor cells by pro-
ducing chemokines such CCL5, CXCR4, intercellular adhesion molecules
(ICAMs), and vascular cell adhesion molecules (VCAMs) in malig-
nancies. Through signals and pathways largely based on many inflam-
matory cytokines, chemokines, growth factors, and proteases, and other
effects, tumors and their microenvironments cause MSC homing [10].
However, N-MSCs have been correlated with bidirectional influences on
tumor growth, and there are numerous inconsistencies between studies
as to whether MSCs are implicated in the promotion or suppression of
tumors. Recent studies have demonstrated that this cell population ex-
hibits an uncommon property of homing-in to sites of tumorigenesis and
directly repressing tumor growth by contacting target cells and pre-
venting their Akt (protein kinase B) activity. Furthermore, emerging
evidence suggests that MSCs can simplify targeted delivery to metastatic
cancer since they tend to move to the same homing destination by
following CSC migration. Therefore, the attributes of MSCs make them
an appealing choice as tumor-selective cellular carriers. The therapeutic
potential of MSCs originates from (1) paracrine factors involving pep-
tides, proteins, and hormones, and (2) the transfer of microvesicles or
exosomes in packaging different molecules. These potentials may be
engineered to mediate these factors in vesicles [11]. Engineering stra-
tegies may prepare MSCs for the targeted delivery of various factors
focused on biological approaches. MSCs can be engineered for different
utilities such as carriers of suicide genes, drug delivery, induction of
cytokine gene expression, carriers of anti-mitotic factors, and carriers of
anti-angiogenesis factors. Furthermore, greater knowledge of modified
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exosomes is required to shed light on the functions of these vesicles in
clinical applications. Moreover, the utility of exosomes as biological
delivery vehicles for transferring miRNA, siRNA, and IncRNA is
considerable. The development of MSC engineering as a tumor-targeted
therapy is the main topic of this review.

2. Potency of MSCs in cancer therapy

Over the past decade, a great deal of attention has been paid to the
role of MSCs in the treatment of tumors. Some studies have suggested
that nonengineered MSCs may exert antitumor activities [12]. In 1999,
Maestroni et al. [13] discovered that MSCs had the capability to migrate
towards the tumor site. MSCs communicate with tumor cells in different
ways, suppressing or supporting tumor growth. In this regard, they
showed that BM-derived MSCs release some cytokines that prevent lung
carcinoma and B16 melanoma growth in mice [13,14]. The tumor acts
as a wound mimic to take advantage of a consecutive source of che-
mokines and cytokines in various responsive cells like MSCs [15].
Therefore, high concentrations of growth factors and inflammatory
chemokines are the leading sources for integrating MSCs into the tumor
stroma. Moreover, the microenvironment of MSCs is considered a site of
chronic inflammation [15].

MSCs, like other mature stem cells, are a potentially valuable source
in regenerative medicine [16]. Although the harvest of MSCs is less
invasive and easy to work with, the clinical application of MSCs raises
numerous ethical and safety concerns. Results obtained from completed
and ongoing clinical studies indicate the huge therapeutic potential of
MSCs-based therapy while ethical issues in regenerative and trans-
plantation medicine are an important dilemma. Expression of cell sur-
face markers like CD44, CD73, CD105, CD90, CD271, and ganglioside
GD2 was observed in more than 95 % of these cells. Furthermore, the
ability to differentiate into adipocytes, osteoblasts, and chondrocytes is
a significant competency of MSCs [17]. AT compared to BM can be easily
isolated from subcutaneous tissue without ethical concerns as well, and
the extracted MSCs have about a 40-fold higher yield. In this way, adi-
pose tissue as a valuable source of MSCs has gained significant consid-
eration in recent years [18]. Other characteristics of MSCs include (1)
their low immunogenicity (loss of expression of costimulatory mole-
cules), (2) immune-specific status (as a result of the absence of major
histocompatibility complex class II (MHC-II) and the limited expression
of MHC-I), and (3) innate tropism for tumors and their metastases.
MSCs, due to their attributes like integration into tumor stroma, tumor
tropism, and immune-specific status, could be the perfect delivery
vehicle for antitumor biological factors [19]. MSCs have no impact on
host immune response induction or rejection when injected into human
leukocyte antigens (HLA)-incompatible recipients. These features allow
the infusion of MSCs into recipients without HLA matching. Therefore,
MSCs can be used as cellular vehicles for the delivery of anticancer
agents particularly to tumors [20,21].

3. Genetic modifications in MSCs

Genetically engineered cells have emerged as tremendous platforms
for addressing the different challenges faced by synthetic delivery sys-
tems. In order to dominate diverse physiological barriers and control
their interaction with the tumor microenvironment, engineered cells can
be used to present natural biomolecules or synthetic ligands. As the
clinical function of MSCs is often associated with unsatisfactory per-
formance in vivo, genetic engineering is a suitable method to ameliorate
in vivo performance. In this direction, engineered MSCs have been
successfully applied to express particular proteins and peptides to treat
metastatic or localized tumors. MSCs are genetically modified to secrete
factors that can enable them to increase their survival in hypoxic states
or situations, apoptosis, and other inherent features, such as cardiac
protection, migration, and differentiation to a specific lineage [22]. As
an important characteristic, modified MSCs have no difference from
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naive MSCs in differentiation, proliferation, surface antigenicity, and
tumor homing potentials. Generally, MSCs have been engineered to
express pro-apoptotic, anti-angiogenic, and anti-proliferative agents
that target tumor cancers. As mentioned, MSCs have a dual role in
supporting tumor growth and having antitumor properties in cancer
[23]. To solve this duality influence, engineered MSCs with exogenous
delivery could convert into specific therapeutic goals. Genetic modifi-
cation of MSCs is generally performed by applying viral and non-viral
vectors (Fig. 1A). For instance, modified MSCs can mediate tumor cell
death to ameliorate host immune response against cancer cells [22].

3.1. Viral vectors

MSCs have a great propensity for viral modification. The most
common viral vectors are lentivirus, baculovirus, retrovirus, and adeno-
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associated virus (AAV). Most of these viral vehicles produce permanent
expression, while adenoviruses create transient expression. In the viral
method, more than 90 % of MSCs can be transduced without affecting
the quality of the offspring or lineage differentiation by standard pro-
cedures. Some vectors, like retrovirus, lead to the integration of the
transgene into the host genome which results in limitations in some
activities such as activation of oncogenes, insertional mutagenesis,
packaging capacity of exogenous DNA, and neutralizing antibodies
against AAV. To solve this problem, Benabdallah et al. [24] designed
non-integrating vectors to bypass activating oncogenes and achieve
targeted integration by applying zinc finger nuclease (ZFN) to add the
erythropoietin gene (Epo) into the chemokine (C-C motif) receptor-5
gene locus of MSC. The Epo gene was delivered to MSCs using
integrase-defective lentiviral vectors and ZFN was delivered by using
adenovirus [24]. Since a large portion of the human population can
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Fig. 1. Schematic representing the strategies of genetically engineered MSC and MSC-derived exosomes for cancer therapy. (A) (1-2) MSCs are isolated from
adipose tissue, bone marrow, and umbilical cord. (3) Various genes are transferred into MSCs by three main techniques; viral vectors, non-viral vectors, and physical/
chemical methods. (4-5) Expansion of genetically modified MSC for 2-3 passages and administration via veins for cancer treatment. (B) MSC-derived exosomes
represent an attractive therapeutic approach for treating cancer tumors. (1-2) MSCs are isolated from adipose tissue, bone marrow, and umbilical cord. (3) MSCs are
altered with therapeutic molecules such as mRNA, miRNAs and cytokines. (4-5) Expansion of MSC for 2-3 passages and exosomes are isolated, purified and
characterized from modified MSC. (6) Administration of exosomes via veins for cancer therapy.
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neutralize AAV antibodies, the in vivo effect decreases dramatically.
Hence, AAV vectors may be among the most promising vectors because
of their reduced pathogenicity in humans and their ability to achieve
long-term gene expression. Implantation of engineered MSCs via viral
vectors may induce a target-specific therapeutic impact on tumor cancer
procession and metastasis [25]. For instance, Relation et al. [26] showed
that MSCs expressing interferon-gamma (IFN-y) prevented tumor
growth in mouse lung carcinoma and neuroblastoma models. These
modified MSCs used a lentiviral vector for expressing human IFN-y by
the same backbone vector [26]. Recently, site-directed integration by
transcription activator-like effector nucleases (TALENS) and clustered
regularly interspaced short palindromic repeats (CRISPR) have been
used for MSC engineering. Although viral vectors have high efficiency,
their high production costs and incompatible immune reactions still
present significant problems. Instead, non-viral vectors cause little
stimulation of the immune system, and their flexibility and compati-
bility have made these vectors largely superior [23].

3.2. Non-viral vectors

Non-viral vector-mediated gene transfer is another option that is
amenable to increased manufacturing, adaption with a broad array of
design choices, and decreased immune stimulation. Common proced-
ures used for transfecting MSCs include chemical and physical methods.
Chemical methods include polymeric carriers, lipid agents, inorganic
nanoparticles, and dendrimers. Using inorganic nanoparticles (NPs) for
transfecting MSCs is frequently associated with polycations. For
instance, gold nanoparticles with Jet-polyethylenimine (PEI) reagent led
to a 2.5-fold increase in transfection efficiency over conventional Jet-PEI
polyplexes [27]. PEI (25kD) is a synthetic, water-soluble, linear/-
branched polymer, and water-soluble. Due to the ability to generate a
complex with DNA and support the release of endosomal through the
“proton sponge effect", it is widely used in gene delivery systems [28].

In this regard, Park et al. [29] showed that the function of silica with
PEI was better than PEI, which led to a 75 % increase in efficiency for
human MSC transfection [29]. Furthermore, Muroski and colleagues
[30] recently created modified gold NPs using Ku70 peptide via
N-cysteine to improve MSCs transfection up to 80 % [30]. Polymeric and
lipid agents can achieve a transfection efficiency ranging 2-35 % in
MSC. Also, dendrimers (repetitively branched molecules) typically
transfect MSCs with about 10-17 % efficiency [22]. Physical methods
include nucleofection, electroporation, and sonoporation. In nucleo-
fection, the nucleic acid is directly transferred into the nucleus of target
cells by an electrical pulse. In electroporation, the pores of cells are
opened by an electrical pulse and then the nucleic acid directly drives
into the cytoplasm. Sonoporation increases the permeability of the cell
membrane and allows the transport of nucleic acid into the cells.
Although Otani and colleagues [31] showed the successful transfection
of siRNA into MSCs by using a combination of ultrasound and micro-
bubbles, the acoustic severity significantly affected the viability of the
cells [31]. Because transient gene expression and low efficiency of
transfection are the limitations of non-viral vectors in MSCs, they have
been used in limited studies and are only favorable for regenerative
medicine [29].

4. Applications of modified MSCs
4.1. Engineered MSCs for drug delivery and secreting antitumor molecules

MSCs are good candidates for targeted drug delivery vehicles due to
their unique properties, including (1) anti-inflammatory properties by
using cytokine secretion and growth factors; (2) tissue homing ability,
and (3) low immunogenicity due to the lack of MHC-II expression [22].
MSCs are applied exogenously to produce protein-based agents for
treating cancers or genetic diseases. Engineered MSCs mostly lead to
enhanced retention, survival, growth factor production, and migration
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of regenerative medicine towards cancer cells for cancer therapy [32].
Engineered MSCs are used to present natural biomolecules or synthe-
sizing ligands to overcome different physiological barriers and control
their interaction with the tumor microenvironment (Fig. 2A) [25]. They
have also been engineered to produce prodrug-activating enzymes
against tumors and a wide variety of proteins for cancer therapy [22,33].
These proteins include interferon-, interleukins (IL-18, IL-12, and IL-2),
and tumor necrosis factor-related apoptosis-inducing ligand (TRAIL)
[34]. Moreover, MSCs are genetically engineered to express suicide
genes (cytosine deaminase, thymidine kinase, and carboxylesterase).
For the first time, Studeny et al. [32] showed the application of engi-
neered MSCs for direct delivery of the interferon B (IFN-B) gene to
melanoma xenograft mice. This study demonstrated that decreasing
tumor growth prolongs the survival of tumor-bearing mice.

Another current approach for treating cancer is transporting an
oncolytic virus (Fig. 2B) designed to amplify in tumor cells and the
target site. Several studies have showed that MSCs can be an effective
carrier of oncolytic viruses in treating human hepatocellular carcinoma
[35] and ovarian tumors [36]. According to the host immune response’s
role in preventing the virus translation process and subsequent weak
diffusion of the virus, only a few oncolytic viruses have been successfully
used in clinical trials to date [22]. Although engineered MSCs have
shown effectiveness in treating cancer, monotherapy has not demon-
strated efficiency in treating highly heterogeneous cancer. Therefore,
combination therapy is a suitable therapeutic approach due to resistance
to chemotherapy during cancer evolution. For instance,
TRAIL-engineered MSCs transported along with temozolomide in
treating glioblastomas were more effective than monotherapy. In the
following, to ensure that both drugs reach the tumor site together, the
secreted CD20-specific single-chain Fv antibody of engineered MSC
linked to TRAIL (scFvCD20-TRAIL) was explored [37]. Moreover, this
combination (temozolomide plus TRAIL-engineered MSC) leads to
simultaneous induction of apoptosis and inhibition of proliferation in
cancer cells, which is more beneficial to treat non-Hodgkin’s lymphoma.
A concern about genetically engineered MSCs is the long-term safety of
viral gene therapy; while non-viral gene transfection can reduce this
concern, it has low efficiency. As genetically engineered MSCs can only
deliver protein and peptide-based drugs, nanoparticle delivery strategies
are used for delivering non-peptide drugs and therapeutic nucleic acids
[37]. Engineered MSCs used for tumor-targeted drug delivery are sum-
marized in Table 1.

4.2. Nanoengineered MSCs for drug delivery

MSCs can be modified to carry chemical anticancer agents like
doxorubicin (DOX), paclitaxel (PTX), gemcitabine (GEM), or
gemcitabine-carboplatin (GCB) (Fig. 2D). Besides tumor-targeted de-
livery, nanoengineered MSCs can be used as diagnostic aids for imaging
tumors [38]. Xu et al. employed MSCs loaded with plasmonic-magnetic
hybrid NPs (LDGI: lipids, doxorubicin, gold nanorods, and iron oxide
nanocluster) for photothermal treatment (PT), chemotherapy, and
photoacoustic (PA) imaging of triple-negative breast cancer (TNBC)
tumors. Gold nanorods are primarily interesting from the point of view
of their optical properties, which strongly depend on both the particle
size and shape. Such optical attributes are related to the interaction
between the metal conduction electrons and the electric field compo-
nent of incident electromagnetic radiation, leading to strong and char-
acteristic absorption bands in the visible part of the spectrum [39]. Iron
oxide nanoparticle possess an important place due to its super-
paramagnetic nature, and its small size. Iron oxide nanoparticle is
biocompatible to a certain extent with the human system as the chelator
of hemoglobin contains Fe(II) atoms [40]. LDGI hybrid NPs and iron
oxide nanoclusters increased MSC migration toward cancer cells and
CXCR4 expression.[41,42] MSC exposure to nanoparticles with adsor-
bed doxorubicin controlled drug release and reduced breast cancer, lung
melanoma metastases, and glioblastoma in mice. In vitro and in vivo,
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Engineered exosomes can be used as a delivery carrier for targeting cancer tumor. Extrinsic ncRNA and/or anticancer drugs after being loaded into exosomes can
directly target tumors and block their further development. In addition, the surface modification of exosomes with ligands corresponding to receptors overexpressed
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migration to the cancer site and effective release of therapeutic nanoparticles or active drugs. Drugs are dissolved in the MSC culture media and MSCs as cellular
vehicles of delivery of NPs absorb doxorubicin (DOXO), paclitaxel (PTX), or gemcitabine (GEM) and release them in their active forms into the tumor microenvi-

ronment, inhibiting tumor cell growth.

doxorubicin-loaded liposomes on MSC outer membranes had a specific
cytotoxic effect on colon cancer without affecting MSC as carrier cells.
Paclitaxel-loaded MSC was effective against pancreatic, brain, squamous
cell, mesothelioma, metastatic lung, and leukemia. In a recent study,
drug pharmacokinetics and pharmacodynamics after MSC containing
paclitaxel-loaded nanoparticles were analyzed. The authors found that
2 x 10% MSC (equivalent to 50pg or 2.5mg/kg of paclitaxel)
completely eradicated mouse orthotopic human lung tumors. A
transcription-activating peptide on MSC membranes increased nano-
particle formation and paclitaxel-mediated cytotoxicity against target
lung cancer cells. Gemcitabine-releasing MSC inhibited human pancre-
atic cancer and squamous cell carcinoma development without changing
MSC multi-lineage differentiation capacity or surface marker expres-
sion. Coupling nanoparticles with MSCs can be accomplished through
cell surface anchorage and cellular internalization. In this way, drugs
can be released in a sustained and local manner via the migration of
MSCs to the tumor [22]. Hence, this nanohybrid-loaded MSC delivery
system could be advanced as a synergistic strategy combining chemo-
therapy, PA imaging, and PT therapy to treat cancers effectively [43].
Nano-engineered MSCs used for drug delivery in cancer therapy are
summarized in Table 1.

4.2.1. Nanoengineering via cellular internalization

Cellular internalization represents one of the techniques used for
drug loading. In this approach, drug-encapsulated NPs are encompassed
through endocytosis. Subsequently, an evasion process occurs to navi-
gate away from the endolysosomal compartment, facilitating the de-
livery of MSCs with drug delivery capabilities. Some small therapeutic
cargos can be directly loaded onto MSC without any vehicle

encapsulation. Panyam et al. [44], for the first time, indicated that NPs
formulated from specific polymers like poly L-lactide-co-glycolide
(PLGA) can leave the endosomal portion and lead to greater intracellular
preservation of the encapsulated drug [44]. PLGA is generated from the
polymerization of lactic acid (LA) and glycolic acid (GA) and is widely
used in medical engineering materials and pharmaceuticals due to its
biodegradability, non-toxicity, good plasticity, and biocompatibility
[45]. Based on organic phase solvents the mean particle sizes of PLGA
are different between 70 and 290 nm [46].

Applying NPs with cationic surfaces such as poly (o-L-lysine) (PLL)
and PEI results in improving the cellular uptake of MSCs for the non-
viral gene. PLL with a molecular weight between 30 and 70 kDa is a
water-soluble cationic biopolymer generated by the polymerization of L-
lysine monomer. PLLs, have naturally inherent properties such as non-
antigenicity, biocompatibility, antibacterial property, and biodegrad-
ability, are used in different pharmaceutical fields and biomedical do-
mains [47]. Kostura et al. [48] demonstrated that the use of PLL in
coating superparamagnetic iron oxide (SPIO) NPs leads to enhanced cell
uptake by MSCs. SPIO nanoparticles have been utilized as probes for cell
and subcellular structure identification, and gene delivery due to their
interesting size-dependent characteristics and relative biocompatibility
[49]. PEI-SPIO NPs are another series of molecules designed and opti-
mized for MSCs loading. These NPs have no remarkable toxicity effect
on MSCs and in conclusion, they demonstrated high loading efficiency
[50]. Recently, liposomal NPs have been used to deliver therapeutic
cargos to MSCs through endocytosis and release their cargos by inte-
grating them into the endosomal membrane intracellularly. In contrast
to polymeric NPs, high doses of liposomal NPs are essential for cellular
loading and have significant cytotoxicity [51]. An essential property of
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Table 1
Engineered and nano-engineered MSCs used for tumor-targeting drug delivery.
Type of Engineering Delivery technique ~ Target cancer Target gene Study Outcome Ref.
engineering methods or drugs method
Genetically Direct Gene Viral vector Non-Hodgkin’s scFvCD20- In vivo Selectively migrated to the tumor site [127]
Modified manipulating lymphoma TRAIL In vitro Inhibited tumor growth
MSC HCC E1A In vivo Specific antitumor activity [128]
In vitro High tumor-migrating tropism
Breast cancer IFN-p In vivo Reduced tumor growth, metastases and [129,130]
In vitro prolonged survival
Lung carcinoma PEDF In vivo Reduced tumor growth and prolonged survival [110]
In vitro
Mesothelioma TRAIL In vivo Reduced tumor growth [111]
In vitro
Ovarian Cancer Endostatin In vivo Preferential homing to the tumor site [131]
In vitro Significantly decreased tumor volume without
apparent systemic toxic effects
HCC Apoptin In vivo Reduced tumor volume [132]
In vitro
HNF4a In vivo Reduced tumor growth [133]
In vitro
Liver cancer NK4 In vivo Apoptosis induction, angiogenesis and [122]
In vitro lymphangiogenesis suppression
Glioma BMP4 In vivo Prolonged survival in a murine model of GBM* [134]
In vitro
Melanoma IFN-a In vivo Apoptosis induction, angiogenesis suppression [135]
In vitro and significantly prolonged survival
Leukemia IFN-g In vitro Immunostimulation, and apoptosis induction [136]
Breast tumor TNEF- In vivo Led to a valuable antitumor immune response [137]
a/CD40L In vitro and longest mouse survival
Glioma 3TSR/S- In vivo Significantly targeted both tumor cells and [138]
TRAIL In vitro vascular component of GBMs, inhibited tumor

progression, and extended survival of mice
bearing highly vascularized GBM

Glioma IL-2 In vivo Antitumor effect and further prolonged the [139]
In vitro survival of tumor-bearing rats

Ovarian carcinoma IL-12 In vivo Immune system cell activation and induced [140]
In vitro cellular apoptosis

Ascites IL-12 In vivo Reduced ascites volume and prolonged survival ~ [141]
In vitro

Lymphoma IL-21 In vivo Delayed tumor development and prolonged [142]
In vitro survival

Colorectal Cancer IL7, IL12 In vivo Established a pro-inflammatory response that [143]
In vitro prolonged T cell antitumor attack

Successfully counteracted repression through
the tumor environment

HCC IFN-y, IL-10 In vivo Significantly reduced tumor growth [144]
In vitro Increased expression of cell cycle inhibitors p21
and p27

Inhibited HCC in vitro and in vivo by
modulating cell cycle regulators and MAPK

pathway
Glioma IL-18, IFN-B In vivo Promoted cell apoptosis, antitumor cytokine [145]
In vitro production

Significantly prolonged survival and inhibited
tumor growth in a rat intracranial glioma model
CD4+ and CD8+ T-cell infiltration in
intracranial glioma tissues

Lung tumor CX3CL1 In vivo Cytotoxic T cells and NK cells activation [146]
In vitro

Pancreatic cancer miR-126-3p In vivo Overexpressed miR-126-3p derived from [147]
In vitro BMSCs” exosomes inhibited the proliferation,

invasion, and metastasis of pancreatic cancer
cells, and promoted their apoptosis both in vitro

and in vivo.
Lung carcinoma PEDF In vivo Inhibited tumor angiogenesis and induced [110]
In vitro apoptosis
Glioma microRNA- In vivo Suppressed tumor progress [148]
584 In vitro Decreased tumor mass weights
Glioma miR-124 In vitro Enhanced the chemosensitivity of GBM cells to [149]
temozolomide and decreased the migration of
GBM cells
Glioma miR-145, In vitro Decreased the migration of glioma cells and the ~ [150]
miR-124 self-renewal of glioma stem cells
Glioma PE cytotoxin In vivo Blocked protein synthesis, antitumor agent [151]
In vitro Long-term survival of mice

(continued on next page)
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Table 1 (continued)

Type of Engineering Delivery technique ~ Target cancer Target gene Study Outcome Ref.
engineering methods or drugs method
Glioblastoma, Oncolytic In vivo Induced caspase-mediated apoptosis and tumor ~ [152,153]
Breast and Lung viruses In vitro destruction by virus replication
tumors
Angiogenesis kringle1-5 In vivo Decreased microvessel density and blood flow [154]41
In vitro
Glioma PTEN In vitro Cytotoxic effects on glioma cells and induction [146]
of G (1)-phase cell cycle arrest
Non-viral Pancreas HSV-TK, In vivo Reduced tumor growth and metastases [155]
CCL5 In vitro
Glioma TRAIL In vivo Induced tumor-specific apoptosis [156]

In vitro Inhibited GBM growth, extended survival, and
reduced the occurrence of microsatellites

Pancreatic cancer 1L-25 In vivo Hypothesized induction of apoptosis in cancer [144]
In vitro cells
Glioblastoma NIS In vivo Noticeably slower rate of tumor development [157]
and a longer median survival.
Glioblastoma NIS In vivo Delayed tumor growth and improve median [158]
survival up to 60 %.
Glioblastoma NIS In vitro Decrease in tumor growth and a significant [159]
extension of survival.
Glioblastoma NIS In vitro NIS is a sensitive reporter gene and can be [160]
In vivo monitored by high-resolution PET imaging
using the radiotracers sodium iodide.**
Glioblastoma NIS In vitro Significant delay in tumor growth and prolong [161]
In vivo survival.
Thyroid cancer NIS In vivo saRNA-mediated NIS expression increasing [162]
iodide uptake via AMPK/mTOR pathway.
Thyroid cancer NIS In vitro MSCs, when combined with the hNIS gene, can [163]
In vivo effectively combat tumors using 1311 therapy.
Thyroid cancer NIS In vitro NIS expression in genetically modified MSCs [164]

enables therapeutic 1311 application and non-
invasive imaging

HCC NIS In vivo Significantly delayed tumor growth and [165]
In vitro prolonged survival
Gene-directed Viral vector Glioma HSVtk GCV In vivo Significant in vitro and in vivo bystander effect [166-168]
enzyme prodrug In vitro
therapy TK-GCV VPA In vivo Significantly inhibited tumor growth and [169]
In vitro prolonged the survival of glioma-bearing mice
CDb (5-FC) In vivo Significantly prolonged survival compared with ~ [170]
In vitro control animals

Tumor regression was possible using nontoxic
levels of 5-FC

Bystander effect of 5-FC/CD gene therapy did
not require direct cell-to-cell contact

CDy::UPRT In vivo Tumor regression and increased survival time [171]
(5-FC) In vitro
CYP2B6 In vivo Tumor-selective migration and antitumor [172]
(CPA) In vitro effects in glioma
Melanoma CDy::UPRT In vivo Therapeutic cell homing into subcutaneous [173]
(5-FC) In vitro melanoma and mediated tumor growth
inhibition
Prostate cancer CDy::UPRT In vivo Significantly inhibited PC tumor growth after [174]
(5-FC) In vitro intravenous administration
Non-viral Pancreatic HSVtk GCV In vivo Reduced primary pancreatic tumor growth and  [155]
carcinoma In vitro reduced liver metastases
HCC In vivo Reduced tumor growth [175]
In vitro Microvessel density remained unchanged by
suicide gene treatment
Pancreatic breast In vivo Toxic tumor-specific environment [176]
cancer In vitro Significantly reduced primary tumor growth
and prolonged life in both tumor models
Pulmonary In vivo Engineered BMSCs had significant suicide [21]
melanoma In vitro effects
Tendency to target tumor nodules after systemic
delivery
Gastric cancer CDb (5-FC) In vivo Tumor volumes and weights of mice injected [177]

In vitro with CD-hMSC decreased significantly after
treatment with 5-FC

Non Nano Cellular Lung Paclitaxel In vivo Improved biodistribution in lung tumors [54]
Genetically Engineering internalization Adenocarcinoma In vitro Improved antitumor efficacy
Modified (Endocytosis) Reduced dose dependent toxicity
MSC Glioma Doxorubicin In vivo Enhanced penetration and sustained release of [178]
In vitro doxorubicin in tumor

Improved survival

(continued on next page)



F. Shams et al.

Table 1 (continued)

Biomedicine & Pharmacotherapy 167 (2023) 115505

Type of Engineering Delivery technique ~ Target cancer Target gene Study Outcome Ref.
engineering methods or drugs method
Glioma None In vivo NP-loaded cells migrated toward an [38]
In vitro experimental human glioma model
Tumor cells Paclitaxel In vitro Size, surface charge, starving time of MSCs, [52]
incubating time and concentration of NPs could
influence the efficiency of NPs uptake
Glioma In vivo Improved cell homing efficiency, and tracked [52]
In vitro the fate of the cells in vivo
Osteosarcoma Porphyrin In vitro Efficient targeted delivery strategy in killing [179]
(TPPS) human OS cells
Novel tri-component system able to induce
controlled and massive cells death in a short
time frame when stimulated with laser light
Lung and ovarian Paclitaxel In vivo Selective accumulation and retention in tumors ~ [53]
cancer In vitro
Breast Cancer Doxorubicin In vivo Improved payload capacity [58]
In vitro Improved survival and tumor inhibition
Lung tumor TNF- TRAIL In vivo Effective tumor target delivery vehicle in cancer ~ [180]
In vitro gene therapy
Doxorubicin In vivo Enhanced targeting and permeation into tumor ~ [181]
In vitro nest
Significant reduction of lung metastases
In vivo MSCs could be tracked in vivo to multiple lung [182]
In vitro metastases using MRI
Breast Cancer Doxorubicin In vivo Enhanced migration and penetration [41]
In vitro Improved antitumor efficacy
Cell penetrating Lung Paclitaxel In vivo Improved payload capacity [56]
peptide adenocarcinoma In vitro Improved survival and tumor inhibition
Cell surface Lung Doxorubicin In vivo Improved survival and tumor inhibition [61]
anchoring adenocarcinoma In vitro
Ovarian Paclitaxel In vivo Improved payload capacity of MSCs [60]
adenocarcinoma In vitro Improved delivery and anticancer efficacy
MA148 cell line Inhibited tumor growth (p < 0.05) and
improved survival
Glioma Doxorubicin In vivo Improved penetration and tumor kill [183]
In vitro

2 Glioblastoma multiforme.
b Bone marrow stromal cells.

NPs is keeping the encapsulated drug from efflux vehicles existing on the
MSCs that increase absorption and payload capacity. Several groups
have demonstrated that using MSCs as delivery vehicles for cytotoxic
drugs is limited by their overexpression of drug efflux transporters like
P-glycoprotein (Pgp), which leads to poor intracellular drug accumula-
tion. Hence, the uptake of NPs inside MSCs is dependent on size, con-
centration, and time [52,53]. Moreover, Dai et al. [52] demonstrated
that the migration of MSCs was weakened by loading of NPs [52].
Nonetheless, this problem was solved by an effective tumor-targeting
strategy based on engineering MSCs with paclitaxel-loaded PLGA NPs
[53]. In the study, the nanoengineering strategy did not affect the dif-
ferentiation or migration of MSCs in vivo and in vitro. Nanoengineered
MSCs demonstrated very little effect on cell viability through concen-
tration and time-dependent uptake of NPs. Furthermore, MSCs with the
property of dose-dependent cytotoxicity were used against MA148
human epithelial ovarian carcinoma cells and A549 human lung
adenocarcinoma cells in vitro [53,54].

Although intravenous injection of nano-engineered MSCs led to se-
lective tumor maintenance and accumulation in an orthotopic lung
tumor model, free NPs were mainly circulated in the spleen and liver
[53]. Layek et al. [54], in their study using the A549 orthotopic lung
tumor model, demonstrated that nano-engineered MSCs could home to
tumor sites and store cellular drugs that released a drug payload over a
long period. It was determined that nano-engineered MSCs had more
effective tumor growth inhibition and superior survival than
NP-encapsulated forms of paclitaxel. Based on pharmacokinetic studies,
the drug exposure of paclitaxel led to ameliorating the antitumor effi-
cacy of nano-engineered MSCs in the tumor tissue. Moreover, the usual
side effects of paclitaxel, such as leukopenia, were decreased via this
strategy compared to paclitaxel solution and paclitaxel-loaded PLGA

NPs; meanwhile, nano-engineered MSCs require a much lower dose to
improve anticancer efficacy [54]. In a similar study, Wang et al. [55]
compared nano-engineered MSCs with paclitaxel-loaded PLGA NPs;
they found that free paclitaxel-primed MSCs can increase and sustain the
release of paclitaxel. Thus, the nanoengineering process has little effect
on the cell cycle, migration, and differentiation of MSCs [55]. One of the
problems with internalizing NPs is that the rate of exocytosis results in
low drug loading and maintenance. In this regard, Moku et al. [56]
assessed PLGA NPs surface-functionalized with transactivator of tran-
scription (TAT) peptides for increasing drug loading in MSCs. They re-
ported that applying TAT can increase the intracellular drug
accumulation of NPs and enhance their maintenance. As well,
nano-engineered MSCs resulted in significant inhibition of tumor
growth (p < 0.05) and ameliorated survival of orthotopic mouse models
with lung cancer compared to paclitaxel-encapsulated NPs or free NPs
[56]. All the studies mentioned above demonstrate that MSCs can
directly internalize the therapeutic agent-loaded NPs or drugs.
Nano-engineered MSCs usually display more efficient potency for drug
loading than polymeric NPs and liposomal NPs. However, a positive NP
charge increases the cell loading efficiency. Receptor-mediated endo-
cytosis is also a possible strategy to elevate the cell loading yield.
Furthermore, decorating NPs with antibodies against MSCs surface an-
tigen CD90 could ameliorate the kinetics of NP internalization [51,57].

4.2.2. Nanoengineering via surface anchoring

The drug loading capacity of nano-engineered MSCs limits their use
in small-molecule drug delivery. To overcome this restriction, cell-
surface conjugation or dual drug-loading strategies containing mem-
brane conjugation and endocytosis have been evaluated. Covalent
conjugation or physical association by electrostatic and hydrophobic
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interactions are used to attach NPs to the surface of MSCs. When NPs
interact with the MSC membrane surface, the cargos are carried and
anchored on the cell. Therefore, a synthetic "receptor" could be devel-
oped on the cell surface. For instance, a novel nano-engineering process
was provided by promoting endocytosis of doxorubicin conjugates
associated with cell surface anchoring of the drug conjugates through
avidin-biotin complex formation. Modified MSCs mainly migrated into
foci of metastatic tumors in the lung. These drug-carrying MSCs could
prolong the survival of tumor-bearing mice and inhibit tumor growth
compared to free doxorubicin and doxorubicin conjugates. Hence, this
approach leads to higher drug loading than each of the other modes
[58]. Another interesting strategy that can anchor drug-loaded NPs on
the MSCs membrane is glycol-engineering of MSCs to express synthetic
functional groups like azides. Layek et al. [59] showed that culturing
MSCs in N-azidoacetylmannosamine-tetraacylated (Ac4ManNAz) sup-
plemented media significantly expressed azide-bearing sialic acid on the
cell surface without modifying their differentiation potential, viability,
and migration [59]. In another study, Layek et al. [60] used azide groups
on the surface to conjugate dibenzyl cyclooctyne (DBCO)-functional-
ized, paclitaxel-loaded NPs to MSCs, which provided for remarkably
enhanced NP loading in MSCs [60]. This study used a novel two-step
tumor-targeting  strategy via  glycol-engineered MSCs for
tumor-localized anchors. A highly dense artificial receptor (azide
groups) pool in tumor tissues is developed by systemic administration of
azide-expressing MSCs that can enhance the tumor-targeting ability of
DBCO-functionalized NPs through copper-free click chemistry. Layek
et al. [60] demonstrated the incorporation of DBCO-functionalized NPs
on azide-labeled MSCs along with paclitaxel compared with
paclitaxel-loaded NPs in an orthotopic metastatic ovarian tumor model
led to enhanced survival, migration, and tumor growth inhibition [60].
Kim et al. [61] also showed the co-destruction of lung tumor cells by
MSCs loaded with nano-drug conjugations. They reported that secreting
CXCL12 and IL-8 by lung cancer cells leads to attracting BM-derived
MSCs with high affinity. MSCs were nano-engineered by combination
with carbon nanotube (CNT)-doxorubicin either via surface engineering
with CD90, CD73, or through intracellular uptake. The membrane of
engineered MSCs demonstrated 9-fold more drug uptake and higher
cytotoxicity in H1975 lung cancer cells in vitro. Also, it emphasized a
remarkable diminution in tumor growth in A549 lung tumors in vivo.
Moreover, it was reported that the destruction of engineered MSCs
membranes via secreted chemokines from the dead tumor cells led to
improved tumor growth inhibition compared to common chemothera-
peutic approaches [61].

4.3. MSCs as a vehicle for targeting suicide genes

One of the promising alternatives to conventional chemotherapy is
gene-directed enzyme prodrug therapy (GDEPT), also known as suicide
gene therapy. In 1986, for the first time, using suicide genes against
cancer was reported by Moolten et al. [62]. This strategy refers to the
expression of a suicide gene in tumor cells for the in situ transformation
of a prodrug into cytotoxic metabolites and thus promises decreased
systemic toxicities compared to conventional chemotherapy drugs [62].
There are two steps in the GDEPT concept: (1) delivery of an encoding
gene of a prodrug-activating enzyme, (2) applying an inactive prodrug
that is topically activated by this enzyme into cytotoxic metabolites.
Common combinations used for suicide genes with anticancer properties
include herpes simplex virus thymidine kinase (HSV-TK) along with
ganciclovir (GCV), carboxylesterase (CE) with irinotecan (CPT-11),
E. coli cytosine deaminase (CD) with 5-fluorocytosine (5-FC), and cy-
tochrome P450 (CYP) with cyclophosphamide (CPA). These compounds
have been examined successfully in preclinical animal models with
malignant tumors such as brain tumors, ovarian carcinomas, hepato-
cellular carcinomas, and prostate cancers [33]. Utilization of the GDEPT
process by MSCs in the treatment of solid tumors has significantly
increased. It has been shown that integrating viruses, such as
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retroviruses or lentiviruses, permanently express the suicide gene in
MSCs. However, the application of viral vectors for targeting suicide
genes is associated with several limitations, such as high
immunogenicity.

Furthermore, GDEPT has limitations due to its systemic toxicity and
low specificity for tumor cells. Hence, using genetically-modified MSCs
in the GDEPT strategy may overcome restrictions related to viral vec-
tors, systemic administration of some cytokines, and anti-neoplastic
agents with a short half-life and high toxicity [63]. According to the
GDEPT theory, MSC-targeted gene therapy involves a two-step
approach. First, the gene of a foreign enzyme (bacterial, viral, or
yeast) can be transduced by MSCs into the tumor site and second,
transcription of the gene encoding the prodrug-drug transforming
enzyme develops a fatal substance at the tumor site [64]. For example,
HSV-TK/ GCV is the combination that has been most studied in
MSC-based tumor therapy. GCV is phosphorylated by thymidine kinase
from HSV-1 to a monophosphate (GCV-MP).

Human MSCs express both the mitochondrial and the cytosolic TK
enzymes, while these endogenous enzymes have a lower ability to
modify GCV compared to HSV-1. These kinases augment the alteration
to the active triphosphate GCV-TP, which inhibits DNA synthesis,
leading to cell death through apoptosis. Zhang et al. [21] reported that
the delivery of MSC-TK/GCV to tumor cells led to more efficient in-
duction of cytotoxic effect. It was determined that the cytotoxic
metabolite of GCV (GCV-TP) needs gap junctions to penetrate the
membranes of tumor cells [21]. In order to increase the antitumor effects
of MSC-TK/GCV, some preclinical studies suggested the combination of
HSV-TK/GCV with other drugs, such as histone deacetylase inhibitor
4-phenylbutyrate (4-PB) and valproic acid (VPA), enhanced the
bystander effect of suicide gene therapy. VPA upregulates gap junction
proteins, like connexin (Cx) 43 and 26, in glioma cells, thereby
increasing the bystander effect and the number of gap-junctional con-
nections between glioma cells and therapeutic BM-MSCs. This kind of
MSC modification is an attractive solution for cancer treatment because
there were no adverse side effects for tumor neighboring normal cells
and HSV-TK-engineered BM-MSCs [65]. Therefore, improving the anti-
tumor effects of MSC-TK/GCV and HSV-TK modified MSC is the most
suitable approach that could be effectively transferred to the cancer
area. Generally, HSV-TK-engineered MSCs function via the "bystander
effect”, which is not only toxic in the cells where it is produced but also
maintains this attribute after transfer to the neighboring target cells
[66]. HSV-TK-engineered MSCs have been utilized in different types of
tumors such as hepatocellular carcinoma (HCC), pulmonary melanoma
metastasis, pancreatic carcinoma, prostate tumor, and gliomas [67].

For instance, HSV-TK engineering of BM-MSCs improved the
tumoricidal effect by cotransfection of the TRAIL gene despite some
drawbacks such as antagonistic antitumor activity [68]. In order to in-
crease the therapeutic effects of modified cells, HSV-TK engineering
might be applied with additional modifications. In this regard, the
overexpression of HSV-TK accompanied by cytosine deaminase expres-
sion was used in lung metastases treated with engineered ATMSCs [69].
CD has been claimed to be the most effective prodrug system and thus
may be a good candidate for prodrug anticancer strategies. Moreover,
CD is considered safe for the essential biologic properties of ATMSCs and
BM-MSCs. Therefore, CD-overexpressing MSCs were successfully
applied in glioblastoma, glioma, osteosarcoma, gastric cancer, mela-
noma, and medullary thyroid carcinoma [67]. Significant tumor growth
inhibition was noticed in the prostate cancer and colon cancer mice
models after the administration of CD-engineered AT-MSC [67,70].

4.4. MSC-derived exosomes for cancer therapy

MSCs release several extracellular vehicles (EVs), including micro-
vesicles (MVs; between 0.1 and 2 mm in diameter) and exosomes (be-
tween 30 and 150 nm in diameter), which participate in intercellular
communication between MSCs and target cells [71,72]. Exosomes made
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by MSCs have important physiological properties and are released by
MVs, which are the inner buds of the late endosome membrane. Exo-
somes are released into the extracellular environment when MVs fuse
with the cell membrane. Target cells nearby or biological fluids can
transport them far away [73]. These nanoscale particles carry complex
cargo, including lipids, proteins, and nucleic acids (Fig. 2C). They
exhibit a strong compatibility with biologically active molecules, such as
RNAs and proteins. Therefore, these particles protect homeostasis
within the tissue and respond to external stimulation [74]. These exo-
somes show the common surface markers of exosomes, like CD81 and
CD9, and some adhesion molecules, like CD73, CD44, and CD29, that
are found on the membrane of MSCs [75]. Other studies have demon-
strated that MSC-derived exosomes are able to recapitulate the biolog-
ical function of MSCs, and can serve as a substitute agent for whole-cell
therapy [73,76]. Moreover, exosomes can spontaneously attach to the
tumor microenvironment [77]. Exosomes produced by MSCs
(MSCs-Exo) start dynamic interactions that can significantly change the
phenotypes of receiving tumor or stromal cells (Fig. 3). Additionally, via
transporting chemicals, MSCs-Exo can perform pro-tumor [78] and
anti-tumor[79] actions in recipient cells (Fig. 1). It is noteworthy that
MSCs-Exo generated from various tissue sources have distinct (pro-
moting or inhibitory) impacts on malignancies. It is possible for exo-
somes to carry messenger RNAs (mRNAs), and microRNAs (miRNAs).
Short, non-coding RNAs known as miRNAs are linked to antitumor ac-
tivity and frequently show altered gene expression in a range of cancers.
By releasing a variety of therapeutic compounds—most notably, miR-
NAs—exosomes produced from MSCs can assist in tissue repair [80]. Bio
fluids can carry them long distances, or target cells close by. When
exosomal miRNA is absorbed by a neighboring or distant cell, it takes a
role in post-transcriptional regulation of genes. Through partial
sequence complementarity, exosomal miRNAs bind to the mRNA of the
target gene once they reach the target cells. For mRNA identification,
the seed region at the 5' end is essential, and MiRISC regulates trans-
lation by guiding the attachment of miRNA [81]. Exosomes produced
from MSCs have the potential to stimulate tumor development in many
ways. When Valadi et al. discovered that exosomes include microRNA
and mRNA, they suggested naming this type of RNA “exosomal RNA”
[82,83]. MicroRNA-containing exosomes are hypothesized to control
cancer stem cell and cell communication [84]. Exosomal miRNAs
released by stem cells have been demonstrated in a number of recent
studies to impact the biological activity of cancer cells [85]. Figueroa

MSCs-Exo in stimulating tumor
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et al. examined the exosomal composition in order to assess the impact
of MSC-derived exosomal microRNAs on cancer cells. They found that
miR-1587 functions as a mediator of the exosomal-promoted effects of
glioma-associated human MSCs (hMSCs) on glioma cells [86]. By
transmitting miRNA-21 and miR-34a, exosomes produced by
serum-derived hMSCs have been shown by Vallabhaneni et al. to stim-
ulate breast cell proliferation [87]. MiR-221 was shown to be a highly
specific microRNA in exosomes from MSCs produced from gastric cancer
tissue in research by Wang et al. [88]. The exosomes facilitated the
transfer of functional miR-221 to gastric cancer cells and encouraged
their migration and proliferation. Roccaro et al. discovered that normal
and multiple myeloma (MM) bone marrow-derived MSCs (BM-MSCs)
had different exosomal microRNA contents. MM BM-MSC exosomes
promoted the growth of MM tumors due to their comparatively high
content of the tumor suppressor miR-15a, whereas normal BM-MSC
exosomes inhibited the growth of MM cells. Long noncoding RNAs
(IncRNAs) defined as non-coding transcripts of more than 200 nucleo-
tides have been implicated in the control of MM development in recent
years [89]. In research by Deng et al. LINC0O0461 was delivered to
multiple myeloma cells via MSC-derived exosomes, which increased cell
proliferation and inhibited apoptosis by modifying the expression of
microRNA/BCL-2 [90,91]. Due to their activities as oncogenes (onco--
miRs) or tumor suppressors (TS-miRNAs), dysregulation of miRNAs
occurs in the majority of malignancies not only as a result of cancer
progression but also directly during tumor initiation and development.
The typical methods for achieving miRNA restoration involve either
downregulating oncomiRs via the use of anti-miRNAs or overexpressing
TS-miRNAs through generation of synthetic miRNA mimics and viral
vectors [92]. For example, by transporting various microRNAs, exo-
somes released by bone marrow MSCs encourage the growth of osteo-
sarcoma and lung cancer cells [93,94]. In contrast, human umbilical
cord MSC-derived exosomes that carried microRNA-375 inhibited ENAH
to halt the progression of esophageal squamous cell carcinoma [94], and
adipose-derived MSC-derived exosomes encouraged the differentiation
of Th17 and Treg from naive CD4-+ T cells to exert anti-tumor ability by
carrying miR-10a [95]. However, practically all research on exosomes
produced by TA-MSCs indicates that they can aid in the growth of tu-
mors [96]. Only 26 % and 46 % of research, respectively, demonstrated
an oncosuppressive impact for BM-MSCs and AT-MSCs, according to a
meta-analysis, whereas 88 % of studies verified a tumor-suppressive
function for hUC-MSCs [97]. A crucial step in the development of

MSCs-Exo in suppressing tumor

Pr'omote ' miRNA-30b miRNA-16,100
Angiogenesis o } MSCs ,—l <. Suppress Angiogenesis
Growth factors
2, @ Tumor cells
ML [ » ( miRNA-379 Inhibi ° g
7 nhibit Proliferation
Cancer development miRNA-21-5p | = () o - Migrati
Invasion l d lgration
¢ M2 1 Invasion
aeronhi miRNA-10, 223p,199a
Macrophage Reduce Growth and Tumor
Promote drug =4 miRNA2 MSCs-Exo miRNA-122,146b o format".):.l .
. ‘ ) ot B, gof emosensitivi
resistance e S 48osE 4858 4% ty
TCell MiRNA-222/223 et Sty A0 miRNA-182
I 4 NK Cell
. < % Exosomes Increase Proliferation
Stimulate ‘CAFs ) S, cargo miRNA-182 o
formation A [ o

CAFs

-

galectin-9 siRNA
T Cell

Fig. 3. Role of exosomes secreted by MSCs (MSCs-Exo) in stimulating and suppressing inhibiting tumors.

10



F. Shams et al.

tumors is immune escape. Immune cells, which are significant TME
constituents, cooperate to keep the TME in balance. The activation
status of regulatory T cells (Tregs) and anti-inflammatory cytokines can
both be affected by MSCs-Exo-carried cargo, according to studies, which
also demonstrate that neutrophil mobilization and macrophage polari-
zation can be affected [98-100]. For instance, MSCs-Exo influence im-
mune effector cell function, such as T and B lymphocytes and NK cells, to
increase immunosuppression and tumor spread. MSCs-Exo increase the
mRNA expression levels of anti-inflammatory factors IL-10 and TGFB1
and decrease the levels of pro-inflammatory molecules IL-1B, IL-6,
TNFA, and IL-12P40. They do this by encouraging the expression of
polymyxin-resistant, MYD88-dependent secretory embryonic alkaline
phosphatase (SEAP). In a similar way, exosomes that are made when
IFNG is stimulated increase the production of immunosuppressive
molecules while decreasing the production of pro-inflammatory mole-
cules [101]. By releasing paracrine factors, MSCs-Exo can also stop
T-cell activation. When CD4+ T cells are exposed to MSCs-Exo, the
growth of Th2 cells is favored over the growth of Thl and Th17 cells
[102]. It is possible that MSCs-Exo can restrict immune function by
downregulating T-cell activation in order to prevent an excessive in-
flammatory response and protect tissue cells from immune-damaged
cells activating them. Macrophages are crucial immune system ele-
ments that inhibit inflammation and promote the growth of tumors.
MSCs-Exo-carried miR-21-5p cause M2 macrophage polarization under
the impact of a hypoxic environment in vivo via mediating PTEN
downregulation, consequently promoting lung cancer development and
invasion [103]. These immunosuppressive effects, therefore, could
actually create an environment that is conducive to tumor development
and metastasis when the microenvironmental balance is upset. There
was a theory in this direction that exosomes may reprogram tumor
behavior by transmitting molecular contents [104]. Angiogenesis can
hasten the evolution of tumors, but MSCs can slow it down by control-
ling the production of vascular endothelial growth factor (VEGF) in an
exosome-dependent way. In order to test this theory, exosomes were
characterized and breast tumor cells internalized microvesicles because
they had different protein and RNA profiles from their parents [105].
Angiogenesis in breast cancer cells was suppressed by murine MSCs-Exo,
whose impact was partly mediated by miRNA-16 produced from
MSCs-Exo, according to recent research [106]. This effect was consid-
erable and dose-dependent. According to Rosenberger et al. [107],
paracrine mediators produced by MSCs-Exo may mediate the down-
regulation of VEGF and inhibit the formation of oral squamous cell
cancer. By reducing VEGF release, NF-kB activity, and increasing the
production of reactive oxygen species (ROS), exosomes from menstrual
blood-derived MSCs also prevented angiogenesis in prostate cancer
(PC3) cells [108]. AKT phosphorylation may be decreased and the
production of cleaved caspase-3 may be increased by hUC-MSCs-Exo,
which has also been found to slow the proliferation of bladder cancer
cells [109]. The results revealed that exosomes considerably
down-regulated VEGF expression in cancer cells, which led to in vitro
and in vivo inhibition of tumor angiogenesis. In addition, MSCs-Exo
could facilitate VEGF suppression and inhibit the growth of oral squa-
mous cell carcinoma [110] and prostate cancer cells by preventing VEGF
production and NF-kB signaling [111]. Pakravan et al. demonstrated
that miRNA-100 transferred by MSCs-Exo could inhibit angiogenesis
and breast cancer development, through the mTOR/HIF1A/VEGF
signaling pathway [112]. The roles of MSCs-Exo in angiogenesis look to
be conflicting, maybe due to the type of MSCs-Exo cargo that results in
different tumor regulatory properties. In this way, MSC-derived exo-
somes may act as an important cell-to-cell communication mediator
inside the tumor microenvironment and, through the transfer of
anti-angiogenic molecules, suppress angiogenesis. One of the intrinsic
properties of the MSC-derived exosomes is that they serve as ideal ve-
hicles to transport and deliver molecules such as therapeutic genes,
enzymes, drugs, or RNA to targeted cells. These exosomes can protect
their contents against enzymatic degradation and promote their
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intracellular uptake through endocytosis. These biocompatible particles
can be used to carry different types of therapeutic drugs for the treat-
ment of cancer cells [113].

Poor tumor treatment results are mostly due to the resistance of
tumor cells to chemotherapy agents. Tumor heterogeneity may be
brought on by MSCs-Exo-induced drug resistance. MSCs-Exo may
include proteins and RNAs that contribute to tumor treatment resis-
tance. For instance, Xu et al. proposed that activation of the PSMA3-
AS1/PSMA3 pathway by BM-MSCs-Exo is specifically responsible for
MM cells’ resistance to proteasome inhibitors [114]. Similar to this,
miR-23b generated from BM-MSCs-Exo was demonstrated to cause
resistance to the frequently used chemotherapeutic drug docetaxel, a
proteasome inhibitor, in breast cancer [105]. BM-MSCs-Exo proteins
were found to lessen the chemosensitivity of breast cancer cells in the
latter investigation by preventing the cleavage of cystathionin-9, cys-
tathionin-3, and PARP. Through their impact on signal transduction
pathways, MSCs-Exo may potentially aid in the promotion of chemo-
resistance. In a rat model of pheochromocytoma, BM-MSCs-Exo may
reduce glutamate toxicity by activating the PI3BK/AKT pathway, indi-
cating that glutamate excitotoxicity may be connected to this system
[115]. According to a study on gastric cancer, MSCs-Exo increased the
expression of proteins linked to multidrug resistance, such as MDR,
MRP, and LRP, by activating calcium/calmodulin-dependent protein
kinases (CaM-Ks) and the Raf/MEK/ERK cascade, increasing cancer
cells’ resistance to fluorouracil [116]. Crosstalk between MSCs-Exo and
TME cells also creates an environment that is resistant to chemothera-
peutic drugs. The resistance of tumor cells to chemotherapy-induced
apoptosis is influenced by interactions between MSCs-Exo-secreted
CXCR4 and cells in the TME [104]. MSCs-Exo-carried miRNAs, such as
mir-222 and mir-223, can confer drug resistance in breast cancer cells
[117]. Chemotherapeutic agents such as paclitaxel, hydrophobic phy-
topolylphenolcurcumin, and doxorubicin can be effectively encapsu-
lated into exosomes [118]. Encapsulation of exosomes can improve the
solubility, efficacy, and uptake of loaded cargo [119,120]. For instance,
Kim et al.[121] showed that to overcome multi-drug resistance (MDR) in
breast cancer tumors, PTX was encapsulated into RAW 264.7 macro-
phages and their cytotoxic effects were investigated [121]. Furthermore,
in order to treat malignant glioma, Katakowski et al. transfected
miR-146b into MSCs, demonstrating the transport of microRNA in
exosomes. In a rat model, intra-tumoral injection of collected exosomes
from MSCs reduced the formation of glioma xenograft tumors. Also,
MiR-199a overexpression suppressed glioma development and higher
sensitivity to temozolomide by inhibiting AGAP2 expression in vitro and
in vivo [122].

miRNA-182 can be delivered by umbilical cord-MSCs-Exo in tumor
cells which results in the enhancement of cancer cell death by increasing
the proliferation of T and NK cells and by managing the sensitivity of
cancer cells to immune cells [123]. Zhou et al. [124] presented an
engineered bone marrow that secreted MSCs-Exo with galectin-9 siRNA
and oxaliplatin. Results demonstrated that these exosomes induced
antitumor immunity by repressing cytotoxic T lymphocyte enrollment,
Treg down-regulation, and macrophage polarization. MiR-379 was
transfected into MSC-derived exosomes by O’Brien et al. [112] which
showed increased miR-379 expression. Additionally, no negative con-
sequences were noticed after transfer to tumor-bearing animals.
MiR-379 reportedly prevents tumor cells from proliferating, migrating,
and invading healthy tissue. It was hypothesized that by boosting
miR-379, malignancies would be suppressed since their expression de-
clines in malignant cells [112]. The mTOR pathway is used by
AT-MSCs-Exo to transfer miRNA-199a and increase the chemosensitivity
of hepatocellular carcinoma cells, according to recent research [4].
According to the authors, miRNA-199a, which is carried by
AT-MSCs-Exo, may provide new opportunities for enhancing hepato-
cellular carcinoma cell chemosensitivity. By altering the expression of
genes that are susceptible to chemotherapeutic drug interactions in
hepatocellular carcinoma cells, Lou et al. demonstrated in a related
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investigation that miRNA-122 from AT-MSCs-Exo expressly increased
the antitumor efficacy of sorafenib in vivo [125]. These findings show
that hepatocellular carcinoma can become more chemosensitive when
treated with AT-MSCs-Exo. Therefore, they showed that treatment with
the engineered exosomes considerably reduced the growth rate of tu-
mors in the breast cancer-bearing mice [77,112].

In another study on melanoma, MSC-derived exosomes were used
with radiotherapy, and it was found that the radiation was more effec-
tive at stopping melanoma cells from spreading to other parts of the
body. Thus, exosomes may have a systemic influence in combination
with radiotherapy in the treatment of tumor growth and metastasis
[126]. The size, complexity, and immunogenicity of exosomes in com-
parison to MSCs are lower [73,125]. Therefore, exosome-based cancer
therapy might be a fantastic substitute due to its advantages over using
MSCs (Fig. 1B). Moreover, exosome production and storage are avail-
able and can be a favorable therapeutic selection for cancer treatment.
In Table 2, a comprehensive list of MSC-derived exosomes for cancer
therapy is summarized. Collectively, the results of these studies suggest
that successful treatment strategies will likely need to concomitantly
overcome TEM-dependent and immunomodulatory factor-driven resis-
tance mechanisms and signaling pathway-mediated tumor drug
resistance.

5. Conclusions

Due to the remarkable immunosuppressive, self-renewal, and mul-
tipotent potency of MSCs, they are promising candidates for the design
of novel cancer therapy. Expressing exogenous genes, combining ther-
apeutic cargos, or presenting targeting moieties for improved homing,
survival, and therapeutic efficacy are characteristic of engineered MSCs.
Genetically modified MSCs can carry and deliver anticancer agents into
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tumor cells and mediate cell death. However, recent studies have re-
ported that the effects of MSCs engineered to express different genes or
serve as therapeutic cargos for cancer tumors may depend on the con-
dition of tumors and interactions with other cell types in the tumor
microenvironment. Furthermore, MSC-derived exosomes can act as an
alternative for MSCs-based therapy. These outcomes are sometimes
inconsistent, and MSC-derived exosomes and factors released from
modified MSCs have a role in metastases and the growth of cancerous
cells. Ultimately, these findings show great hope for engineering MSCs
and MSC-derived exosomes to treat cancers.
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Table 2
MSCs-derived exosomes (MSCs-Exo) for cancer therapy.

Source of Cargo Target cancer Exosomal cargo/pathway  Study Outcome Ref.

exosome type model

BM-MSC miR Breast cancer miR-100 In vitro Suppressed angiogenesis [184]

MSCs antagomiR-222/223 In vivo Stimulated cycling quiescence and early cancer dormancy [117]

BM-MSC miR-23b In vivo Promoted dormancy [105]

BM-MSC miR-16 In vivo Suppressed angiogenesis [106]
Suppressed angiogenesis by transferring anti-angiogenic
molecules

BM-MSC Glioma miR-124 and miR-145 In vitro Decreased glioma stem cells migration and self-renewal [185]

BM-MSC miR-146b In vivo Inhibited tumor growth [186]

BM-MSC miR-124a In vivo Reduced the viability of cancer stem cells [187]
Prolonged survival of mice with glioblastoma

BM-MSC miR-133b In vivo Inhibited proliferation, invasion, and migration [188]

BM-MSC Osteosarcoma miR-143 In vitro Suppressed tumor cell migration [189]

ADSCs HCC miR-122 In vivo Increased the antitumor efficacy of sorafenib in mouse model ~ [190]
Enhanced growth inhibition

ADSCs Prostate cancer miR-145 In vivo Suppressed cancer progression [191]
Induced apoptosis

BM-MSC miR-143 In vivo Inhibited cell migration and invasion [192]
Promoted apoptosis

BM-MSCs Multiple myeloma miR-15a In vivo Inhibited the growth of cancer stem cells [78]

(MM)

BM-MSC GBM* anti-miR-9 In vitro Reversed chemoresistance [193]

BM-MSC Pancreatic cancer miRNA-1231 In vivo Inhibited cancer activity [194]

BM-MSC siRNA Pancreatic cancer siKrasG12D-1 In vivo Induced apoptosis [71]
Increased survival
Reduced metastasis

BM-MSC HCC siGRP78 In vivo Inhibited the growth and metastasis of tumor cells in mouse [195]
model

MSC Bladder cancer cell PLK-1 siRNA In vitro Inhibited proliferation [196]

lines Induced apoptosis and necrosis
hUC-MSC Pathway Human leukemia cells Activated caspase In vitro Enhanced apoptosis [197]
pathway

BM-MSC Drug Breast cancer cells PTX In vivo Reduced viability [198]
Inhibited tumor growth

MSC HelLa cells Iron oxide In vitro Ablated cancer cells [199]

2 Glioblastoma multiforme.
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