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Chapter

Human Pluripotent Stem
Cell-Derived Mesenchymal Stem
Cells for Oncotherapy

Hao Yu, Xiaonan Yang, Shuang Chen, Xianghong Xu,
Zhihai Han, Hui Cai, Zheng Guan and Leisheng Zhang

Abstract

Mesenchymal stem/stromal cells (MSCs) with hematopoietic-supporting
and immunoregulatory properties have aroused great expectations in the field of
regenerative medicine and the concomitant pathogenesis. However, many obstacles
still remain before the large-scale preparation of homogeneous and standardized
MSCs with high cellular vitality for clinical purposes ascribe to elusive nature and
biofunction of MSCs derived from various adult and fetal sources. Current progress
in human pluripotent stem cells (hPSCs), including embryonic stem cells (ESCs)
and induced PSCs (iPSCs), have highlighted the feasibility of MSC development and
disease remodeling, together with robust MSC generation dispense from the inherent
disadvantages of the aforementioned MSCs including ethical and pathogenic risks,
donor heterogeneity and invasiveness. Herein, we review the state-of-the-art updates
of advances for MSC preparation from hPSCs and multiple tissues (perinatal tissue,
adult tissue) as well as tumor intervention with biomaterials, and thus propose a
framework for MSCs-based oncotherapy in regenerative medicine. Collectively, we
describe the landscape of in vitro generation and functional hierarchical organization
of hPSC-MSCs, which will supply overwhelming new references for further dissecting
MSC-based tissue engineering and disease remodeling.

Keywords: hPSCs, MSCs, drug delivery, oncotherapy, biomaterials

1. Introduction

Human pluripotent stem cells (hPSCs), including human induced PSCs (hiPSCs)
and human embryonic stem cells (hESCs), are cell population with unique self-
renewal and multi-lineage differentiation potential [1-3]. Attribute to the aforemen-
tioned properties, hPSCs have been considered as splendid alternatives for tissue
engineering and disease remodeling [3, 4]. For instance, we and other investigators
have been devoted to verifying the feasibility of high-efficient generation of MSCs
from hPSCs (hPSCS-MSCs) for diverse disease treatment, including osteoarthritis,
colitis, liver fibrosis [4-6]. Therewith, hPSCs have served as advantageous alternative
sources for MSC preparation for regenerative medicine [7].
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MSCs with unique immunoregulatory properties and tissue-repair capacity have
been considered as advantageous cytotherapy for various refractory and recurrent
disorders. For instance, preclinical studies and clinical practice have suggested the
safety and efficiency of MSCs against hematological diseases, articular diseases,
neurological diseases, digestive diseases, immune diseases and vascular diseases
[8-11]. Meanwhile, the unique characteristic of MSCs with a lower immunogenicity
as recommended by the International Society for Cellular Therapy (ISCT), which is
appropriate for cell-based cancer immunotherapy [4, 12].

Currently, a certain number of studies have been reported that the capability of
MSCs can migrate directionally to tumor sites and contribute to tumor microenviron-
ment formation. Moreover, MSCs exert therapeutic function through an immune
evasive mechanism, which will protect MSCs from immune detection and prolong
their persistence iz vivo [13, 14]. Numerous preclinical studies have indicated MSCs
as gene transfer systems and ideal drug carries for targeted tumor therapy by releas-
ing cytokines or suppressing tumor cells [15]. For examples, MSCs can load with
anti-tumor drugs (as PTX or GBA), enzyme prodrug (as 5-FC/CD, GCV/HSV-TK or
CPT-11) or oncolytic viruses, which thus provide antitumor effects with improved
safety profiles. In addition, MSCs genetically modified to express interleukin (e.g.,
IL-2,1L-10, IL-12, IL-15, IL-18, IL-21) and interferon (e.g., IFN-a, IFN-p) could elicit
antitumor immunity iz vivo and inhibit tumor growth in vitro. Although, a large
number of pre-clinical studies have been conducted to investigate engineering MSCs
and revealed that the effects of it on tumor progress, only a small number of regis-
tered and completed clinical trials of engineering MSCs for tumors treatments. In this
review, we briefly review the pre-clinical and clinical trials of engineered MSCs as
gene transfer systems or drug delivery vehicles for the treatment of solid tumors, as
well as summarize the therapeutic mechanism of cancers with engineered MSCs and
future prospects.

2. Cell sources for MSC preparation
2.1 Adult tissue-derived MSCs

Since the 1960s, MSCs have been isolated from various sources, including adult
tissues (e.g., bone marrow, adipose, dental pulp), perinatal tissues (e.g., umbilical
cord, amniotic membrane, placenta) and even derived from human pluripotent stem
cells (e.g., hESCs and hiPSCs) [16, 17]. Of them, MSCs were firstly isolated from bone
marrow in clinical practice, followed by relative tissues such as adipose tissue, dental
pulp and apical root papilla [18]. Bone marrow-derived MSCs (BM-MSCs) have been
considered with the widest range of clinical applications, whereas adipose tissue-
derive MSCs (AD-MSCs) have been recognized with superiority in adipogenesis over
the relative tissue-derived MSCs [4, 19, 20].

2.2 Perinatal tissue-derived MSCs

To date, diverse perinatal tissues have been applied for MSC preparation, includ-
ing umbilical cord, umbilical cord blood, amniotic membrane, amniotic fluid and
placenta. For instance, Zhao et al. reported the generation of MSCs from umbilical
cord (UC-MSCs) as well as the variations in biological and molecular properties at
series passages [12]. Instead, Wei et al. and Du et al. took advantage of the cytokine
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cocktail-based strategies for the high-efficient generation of VCAM-1* UC-MSCs with
preferable immunoregulatory and proangiogenic properties [21, 22]. Of note, we and
other investigators in the field verified the superiority of UC-MSCs over relative coun-
terpart in immunoregulatory properties [8, 23]. As to placenta tissue-derived MSCs
(P-MSCs), Hou et al. reported the spatio-temporal metabolokinetics as well as the
efficacy upon mice with refractory Crohn’s-like enterocutaneous fistula as well [24].

2.3 Human PSCs-derived MSCs

State-of-the-art literatures have reported the generation of MSCs from both hESCs
and hiPSCs. Generally, there are four typical procedures for high-efficient hPSC-MSC
preparation, including the monolayer model, the coculture model, the embryonic
body (EB) model, and the cell programming strategy. For instance, we took advantage
of a transcription factor, MSX2, for the initiation of MSC differentiation within 2
weeks [4]. Furthermore, we turned to small molecular cocktail-based strategies
for high-efficient hPSC-MSC generation [5]. Notably, the hPSC-MSCs revealed
considerable efficacy for the management of colitis, critical limb ischemia (CLI)
and osteoarthritis [4-6]. Meanwhile, Li et al. and Yan et al. reported the therapeutic
effect of hESC-MSCs for the treatment of autoimmune and inflammatory diseases
under serum-containing or serum-free condition, respectively [25, 26]. Additionally,
Wang and the colleagues generated hESC-MSCs with immune modulatory property
via a trophoblast-like intermediate stage, which would also help understand the early
mesengenesis in vitro [27].

3. Current strategies for MSC engineering
3.1 Nano-engineered mesenchymal stem cells

The therapeutic index of chemotherapeutic drugs can be improved by site-designed
administration by reducing the exposure of drugs in non-target tissues. Current meth-
ods of targeted drug delivery mainly rely on nano-drug carriers, which can be accumu-
lated in solid tumors. However, this passive accumulation is very inefficient, resulting
in less than 5% of the dosage is delivered to the tumor, and the distribution of nano-
drug carriers within the tumor is unevenly. More interestingly, MSCs can load with
anti-tumor drugs as chemotherapeutic drug paclitaxel (PTX), galbanic acid (GBA) and
doxorubicin (DOX), which can uniformly infiltrate into tumor tissue, and improve the
distribution of therapeutic drugs within the tumor as shown in Table 1. For examples,
Pessina et al. have demonstrated that MSCs-PTX could produce dramatic antitumor
effects in MOLT-4 cells in vitro through negatively regulated intercellular adhesion
molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1) expression
on microvascular endothelium in 2013 [48]. Moreover, PTX-loaded BM-MSCs and
AT-MSCs were respectively co-cultured with NCI-H28 cells and CGS5 cells in vitro, it
showed that both of them could intensely suppress these cancer cell line prolifera-
tion and significant improvement in these cell apoptosis [20, 49]. Dual drug loading
modalities including cell surface conjugation or endocytosis have been investigated
in order to overcome the limited drug loading of MSCs. MSCs have been engineered
with various types of organic or inorganic nanoparticles with aimed to improve their
drug loading and therapeutic efficacy [35, 50]. For examples, to investigate the efficacy
of adipose tissue-derived from MSCs as drug carriers for delivery of galbanic acid
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Source of
MSCs

Vector systems

Cancer type

Anti-
tumor
drug

Mainly results

Reference

BM-MSCs

PLGA
nanoparticles

Lung cancer

PTX

Incorporating PTX
induces upregulation of
CXCR4 expression and
improves tumor homing

(28]

WJ-MSCs

Exosomes

Cervical cancer

PTX

Incorporating PTX
induces apoptosis, and
suppressed epithelial-
mesenchymal transition
proteins in Hela cells

[29]

BM-MSCs

HA-PLGA
nanoparticles

Glioma

PTX

The survival of
orthotopic glioma-
bearing rats was
significantly extended

(30]

AD-MSCs

N/A

Ovarian
Cancer

PTX

Inhibited ovarian
cancer cells migration/
dissemination in 2D and
3D models

AD-MSCs

N/A

Glioblastoma

PTX

Inhibited the activity of
the human pancreatic
carcinoma (CFPAC-1)
and glioblastoma
(U87-MG) by PTX
loaded MSCs-TRAIL

Gingival-
MSCs

Exosomes

Pancreatic
cancer

PTX

Exerted a significant
anticancer effect on

both human pancreatic
carcinoma and squamous
carcinoma cells

BM-MSCs

Exosomes

Breast cancer

PTX

Decreased the viability
of MDA-MB-231 cells in
vitro and inhibited the
tumor growth in vivo

(34]

AD-MSCs

PLGA
nanoparticles

Colon cancer

GBA

Shown to be efficient in
killing C26 colon cancer
cells in vitro in a dose-
dependent manner

BM-MSCs

Exosomes

Osteosarcoma

DOX

Demonstrates excellent
antitumor properties
both in vive and in vitro

BM-MSCs

Exosomes

Osteosarcoma

DOX

Shown the low
cytotoxicity in
myocardial cells and
killed the osteosarcoma
cells more effectively

BM-MSCs

Exosomes

Neuroblastoma

DOX

Increased inhibitory
effect against NB tumor
progression in vivo

and promote NB cell
apoptosis in vitro
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Source of Vector systems Cancer type Anti- Mainly results Reference
MSCs tumor
drug
UC-MSCs Exosomes Hepatocellular DOX Cellular uptake and cell [39]
carcinoma cytotoxicity against
HepG2 cells in vitro and
in vivo
BM-MSCs Exosomes Osteosarcoma DOX Enhanced toxicity [40]
against osteosarcoma
and less toxicity in heart
tissue
UC-MSCs Exosomes Breast cancer DOX/ Reduced tumor burden [41]
CBD in MDA-MB-231
xenograft tumor model
BM-MSCs silica Hepatocellular DOX Inhibited the growth of [42]
nanoparticles carcinoma tumors and decreased
the side effects in HepG2
xenograft mice
BM-MSCs Fe;0,4 Osteosarcoma DOX/ Improved anticancer [43]
nanoparticle MLT efficacy in Saos-2 and
MG-63 cells and thus
reduced toxicity in
normal cells.
BM-MSCs Exosomes Colorectal DOX Suppressed C26-tumor [44]
cancer growth in vivo
BM-MSCs Superpara- Colon cancer DOX Enhanced tumor [45]
magnetic iron treatment efficacy of
oxide (SPIO) MC38 tumor-bearing
nanoparticles C57BL/6 mice
BM-MSCs Exosomes Breast cancer DOX Reduced the tumor [46]
growth rate of murine
breast cancer model
BM-MSCs N/A Breast/thyroid DOX Showed enhanced anti- [47]
cancer tumor effects in cancer
xenograft models
Table 1.

Pre-clinical experiments of nano-engineered MSCs for cancer therapy within 5 years (2018—2023).

(GBA)-loaded poly (lactic-co-glycolic acid) (PLGA) nanoparticles (nano-engineered
MSCs) against tumor cells, the results have performed the nano-engineered MSCs
could effectively induce cell death in C26 cells, which is considered to be as a valuable
platform for drug delivery in cancer therapy [35]. Remarkably, exosomes derived from
MSCs can delivery chemotherapeutic agents (DOX) in the treatment of various cancer.
For instance, Liu Y et al. have indicated doxorubicin-loaded MSCs encapsulated into
superparamagnetic iron oxide (SPIO) nanoparticles could mainly enhance anti-tumor
effects and reduce the immune system response in the treatment of colon cancer [45].

3.2 Genetically modified MSCs via non-viral and viral vector systems

During previous years, cytokine-mediated cancer therapy has the potential to
enhance immunotherapeutic approaches through the endowing of the immune
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Source of
MSCs

Vector
systems

Cancer type

Cytokine

Mainly results

Reference

UC-MSCs

Lentiviral

Lung cancer

IFN-p

Inhibited the growth
of tumor in A549 lung
cancer-bearing mice

(52]

G-MSCs

Lentiviral

Squamous cell
carcinoma
(scc)

IFN-p

Inhibited the
proliferation of
tongue squamous cell
carcinoma cells i vitro
and i vivo

AF-MSCs

Non-viral

Lung cancer

IFN-p/
IFN-y

IFN-primed AFMSCs
in suppressing tumor
progression in vivo

AD-MSCs

Non-viral

Hepatocellular
Carcinoma
Cells (HCCs)

IFN-p/
TRAIL

Suppressed
proliferation of HCCs
through activated
STAT1-mediated p53/
p21 by IFN-B, but not
TRAIL

[55]

BM-MSCs

Lentiviral

lymphoma

IFN-p/
TRAIL

Exhibited tumor size
reduction, growth
delay, or apparent
tumor clearance

AD-MSCs

Non-viral

Lung cancer

IFN-p/
TRAIL

reduced tumor weight
in H460-derived cancer
animal models

BM-MSCs

Non-viral

Breast Cancer

IFN-y

increased the apoptosis
of MCF-7 cells

AD-MSCs

Lentiviral

Breast Cancer

IL-2

induced apoptosis
in breast cancer
cells and stimulated
the proliferation of
immune cells

AD-MSCs

Lentiviral

Neuroblastoma

IL-2

Reduced SH-SY5Y
proliferation and
activate PBMCs iz vitro

BM-MSCs

Lipofectamine

Pancreatic
Cancer

IL-10

impeded the

pancreatic cancer cells
proliferation in vitro
and reduced the growth
of tumor xenograft

in vivo

BM-MSCs

Lentiviral

Glioblastoma

IL-12

showed a strong
inhibitory effect in
glioma-bearing nude
mice

BM-MSCs

Lentiviral

Lymphoma

IL-12/
TRAIL

reduced tumor volume
and increased survival
in mice

[63]

BM-MSCs

Adenovirus

Melanomas

IL-12

inhibition of tumor
growth and reduction
in the number of
metastases in mice
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Source of Vector Cancer type Cytokine Mainly results Reference
MSCs systems
BM-MSCs Lentiviral peritoneal IL-12/ reducing the risk for [65]
cancer IL-21 systemic immune-
mediated toxicities
UC-MSCs Adenovirus Glioblastoma IL-15 exerted stronger [66]

therapeutic effects and
promoted macrophage/
microglia infiltration in
a Vivo model.

GC-MSCs Non-viral Gastric cancer IL-15 promote tumor cell [67]
EMT and induce Tregs
ratio increase to affect
GC progression

UC-MSCs Lentiviral Breast cancer IL-18 inhibit the proliferation [68]
and metastasis of breast
cancer cells iz vivo

G-MSCs: gingiva-derived mesenchymal stromal cells; AF-MSCs: amniotic fluid-derived mesenchymal stem cells; and
GC-MSCs: gastric cancer-derived mesenchymal stem cells.

Table 2.
Pre-clinical experiments of genetically modified MSCs for cancer thevapy within 5 years (2018—2023).

system by providing improved anti-cancer immunity. Nevertheless, the influence

of interleukins originated therapeutics is still restricted by short half-life, systemic
dose-limiting toxicities, and side-effects. In order to overcome these defects, as

gene delivery platform, MSCs have been genetically modified by using viral and
non-viral vectors result in the secretion of proinflammatory cytokines to enhance
the host immune response to cancer cells, as well as to directly mediate tumor cell
death, which have already been reported in several preclinical and clinical trials [51].
Hererin, we have summarized several cytokines engineered MSCs as drug vehicles in
the treatment of cancers as seen in Table 2.

IFN- is known to exhibit the classic antitumor effect, which has been certified to
inhibit the proliferation of tumor cells and induce apoptosis in vitro, however, IFN-f
could not generate and maintain therapeutic dose in the tumor sites due to its short
half-life; Meanwhile, it leads to the toxicity of organ with serious side effects [52]. To
overcome this problem, mesenchymal stem cells (MSCs) have been utilized as drug
carriers for IFN-p gene delivery. This IFN-f expressing MSCs as therapeutic agents via
systemic administration have been demonstrated effective in attenuation of cancers as
melanoma [69], breast cancer [70], pancreatic cancer [71], lung cancer [52], squa-
mous cell carcinoma [53].

IFN-y can not only enhance the antigen presentation of dendritic cells, up-regulate
co-stimulatory molecules, and promote lymphocyte differentiation, and effectively
stimulate the activation of effector cells in immune system. Although IFN-y has many
advantages, the ability to induce apoptosis and inhibit angiogenesis will also influence
on the normal tissues of body, resulting in side effects. In clinical trials, large doses
of IFN-y have been found to cause the side effects of nervous, blood and liver system.
However, using MSCs as a drug carrier with chemotropism and precisely delivery
characters, which can not only improve the concentration of IFN-y in tumor tissues
and achieve better therapeutic effectiveness, but also significantly reduce the side
effects of IFN-y on normal tissues.
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IL-2 as an immunomodulatory agent was firstly approved by the U.S. Food and
Drug Administration (FDA) for the treatment of melanoma and carcinoma, which
is required by both effector T lymphocyte and regulatory T cell. However, the short
half-life and high-dose toxicity caused by IL-2 limit the clinical application [72, 73].
For instance, Joonbeom Bae and the colleagues reported that exogenous IL-2 gene
modified mesenchymal stem cells elicited antitumor immunity and rejuvenate CD8"
tumor-infiltrating lymphocytes (TILs) [74].

IL-10 is produced by innate and adaptive immune cells, and mainly functions as an
immune suppressor that inhibits the cancer immunity cycle. However, the half-life of
IL-10 in the body is very short. For example, Zhao et al. verified that IL-10 modified
MSCs could inhibit the growth of the transplanted tumor iz vivo and prolong survival
of bearing animals [61].

IL-12 is mainly produced by antigen-presenting cells (APCs) that regulate the
immune response and serves as an effective inducer for T lymphocytes and NK
cells to produce interferon-y (IFN-y), which is a promising therapeutic agent for
the treatment of cancers. However, a short half-life and dose-limited toxicity of
IL-12 limits its clinical application [75]. Numerous studies have reported that IL-12
gene modified MSCs could exhibit strengthen the anti-tumor effect in various
cancer. For examples, Wu et al. have demonstrated that IL-12 derived from lenti-
virus-mediated IL-12-modified BM-MSCs combined with Fuzheng Yiliu decoction
shows a strong inhibitory effect against tumor growth of glioma-nude mice, which
have shown promise as an excellent drug delivery vehicle for antitumor-targeted
therapy [62]. In another research, Ryu et al. took advantage of a delivery system
based on IL-12-expressing human umbilical cord blood-derived MSCs (UC-MSCs)
significantly inhibited tumor growth and prolonged the survival of glioma-bearing
mice, which thus induced long-term antitumor immunity against intracranial
gliomas [76].

IL-15 is mainly secreted by activated myeloid cells that are structurally and
functionally similar to IL-2. IL-15 supports the persistence of CD8" memory T cells,
while inhibits IL-2-induced T cell death that better maintains long-term anti-tumor
immunity [77]. For instance, Wei et al. have demonstrated that umbilical cord blood
derived MSCs (UCB-MSCs)-transduced with lentivirus vector coding IL-15 could sig-
nificantly inhibit tumor growth and prolong the survival of Pan02 pancreatic tumor
mice, which were associated with tumor cell apoptosis, natural killer (NK) cell—and
T-cell accumulation [78].

IL-18 as an interferon (IFN)-y-inducing factor, which has been reported to be
involved in Thl- and Th2- mediated immune responses, as well as in the activation of
NK cells and macrophages. IL-18 plays a pivotal role in linking inflammatory immune
responses, tumor progression and macrophage activation [79, 80]. For instance,
Liuet al. indicated that UC-MSCs genetically modified with IL-18 could inhibit the
proliferation and metastasis of breast cancer cells iz vivo by activating immunocytes
and immune cytokines, and inhibiting tumor angiogenesis [68].

IL-21 has been reported to induce a cell mediated immune responses, including
NK cells and T cells. Moreover, IL-21 as an immunotherapeutic agent has been exten-
sively applied for tumor administration. For examples, Kim et al. found that IL-21-
expressing MSCs could inhibit the development of disseminated B-cell lymphoma
and prolonged survival, which were associated with the infusion of IL-21/MSCs led to
induction of effector T and NK cells [81].
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4. Programmed MSCs for cytotherapy
4.1 Gene-directed enzyme prodrug therapy

Gene-directed enzyme prodrug therapy (GDEPT) is a novel approach to cancer
treatment. Genetically engineered MSCs expressing suicide genes (cytosine deami-
nase, thymidine kinase, and carboxylesterase) have been indicated to have significant
anti-tumor responses as shown in Table 3. To date, there are three common pro-drug
activating enzymes to modify MSCs (including herpes simplex virus-hymidine
kinase (HSV-TK), cytosine deaminase (CD), and rCE) to combine with ganciclovir
(GCV), 5-fluorocytosine (5-FC), or Irinotecan hydrochloride (CPT-11), which can
effectively inhibit DNA synthesis of tumor, as well as decrease systemic toxicity [86].
As to CD/5-FC, a certain number of researchers have reported MSCs with CD suicide
gene expression have been conformed to suppress the development of breast cancer,
glioma, melanoma, osteosarcoma and lung carcinoma via converting non-toxic
prodrug 5-FC into cytotoxic chemotherapeutic drug 5-FU [92-96]. For instance,
Daniela Klimova et al. have demonstrated that intravenous injection of adipose-
tissue and BM-MSCs-CD/5FC inhibited the progression of tumor in the transgenic
adenocarcinoma of the mouse prostate (TRAMP) model [97]. The authors have
proposed that MSC/CD combined with 5-FC and TMZ could increase cell cycle arrest
and DNA breakage, which could be used in patients with glioblastoma multiforme
(GBM) during the immediate postoperative period to sensitize tumors to subsequent
adjuvant chemo- and radiotherapy [98]. Moreover, it has been suggested that extra-
cellular vesicles derived from MSCs with CD gene delivery as cargo have an inhibitory
effect on the growth of tumor cell lines in vitro, as Daniela Klimova engineered the
MSCs-EV were cultivated with gemcitabine (GCB), which significantly inhibited
the cell growth of pancreatic carcinoma cell lines iz vitro via converting non-toxic
prodrug 5-fluorocytosine (5-FC) to highly cytotoxic prodrug 5-fluorouracil (5-FU),
and thereby provide a therapeutic option for tumors [82]. In addition, the transduced
iPSC-MSCs both limited growth of preformed tumors and decreased lung metastases
after administration of the prodrug (5-FC) [99]. As HSV-TK/GCYV, the thymidine
kinase (TK)/ganciclovir (GCV) system is a gene-directed enzyme prodrug therapy.
Therefore, the herpes simplex virus 1 thymidine kinase (HSV-TK) gene as a suicide
gene is introduced into cells phosphorylates a prodrug GCV, which inhibits DNA
synthesis and causes cell apoptosis. Although the group of HSV-TK/GCV as suicide
gene therapy method is safe and effective in pre-clinical experiments, yet it is not
effective in clinical trials due to the lower transfection rate of target cells [100]. In this
regard, using engineered MSCs as drug carriers to induce tumor regression in human
tumors mainly based on the strong migration ability to especially invasive tumors. For
examples, Wei et al. have reported that HSV-TK-expressing UC-MSCs combined with
prodrug GCV exerted a better effect in the treatment of subcutaneous tumor models
and brain intracranial tumor models [88]. Azra Kenarkoobhi et al. further investigated
the anti-tumor activity of MSCs transduced with the HSV/TK in a mouse cervical
cancer model via intratumoral injection, which performed significant reduction in
tumor size and improvement of NK and CTL activity [85]. As rCE/CPT-11, carbo-
xylesterases (CEs) are enzymes that can convert the prodrug CPT-11 (irinotecan) to
its active metabolite SN-38, which has significant cytotoxicity to tumor cells [101].
For example, Seung Ah Choi et al. reported that adipose tissue-derived from MSCs
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Source of
MSCs

Vector
systems

Cancer type

Pro-drug

Mainly results

Reference

DP-MSCs

Exosomes

Pancreatic
carcinoma

5-FC

Significantly
inhibited the cell
growth of pancreatic
carcinoma cell lines
n vitro

(82]

AD/UC/
DP-MSCs

Exosomes

Glioblastomas

GCV

inhibited the growth
of cerebral C6
glioblastomas i vivo.

AD-MSCs

Microparticles/
ECM

Prostate
cancer

GCV

inhibited tumor
growth of human
prostate cancer in
vivo

AD-MSCs

Lentiviral

Cervical
cancer

GCV

Significant reduction
in tumor size in vivo

AD/BM/
DP/UC/
BP-MSCs

Exosomes

Glioblastoma

GCV

Induce tumor cell
death

BM-MSCs

N/A

Glioblastoma

GCV

Provide a significant
growth inhibition
and increase survival
in a glioblastoma
model

UC-MSCs

N/A

Glioblastoma

GCV

exerts a strong
bystander effect on
tumor cells

P-MSCs

Lentiviral

colon cancer

GCV

inhibiting tumor
proliferation and
inducing tumor
apoptosis

BM-MSCs

PEI-PLL

Glioblastoma

GCV

reduced cell
proliferation and
angiogenesis in rat
C6 glioma

AD-MSCs

Plasmid

Ovarian
Cancer

CPT-11

overcoming drug
resistance in ovarian
cancer

DP-MSCs: dental pulp MSCs; AD: Adipose tissue; BM: bone marrow; DP: dental pulp; UC: umbilical covd; BP: blood
platelets; P-MSCs: placenta MSCs; and PEI-PLL: polylysine-modified polyethylenimine copolymer.

Table 3.

Pre-clinical experiments of MSCs-based enzyme prodrug for cancer therapy within 5 years (2018—2023).

expressing rCE as cellular vehicles could convert CPT-11 to SN-38, which revealed
cytotoxic effect on F98 cell in vitro and effectively inhibited the progression of tumor
in a rat brainstem glioma model. Therewith, the genetically modified MSCs-rCE as
drug delivery have showed therapeutic potential against brainstem gliomas [102].

4.2 Trail prodrug therapy

The death ligand tumor necrosis factor (TNF)-related apoptosis inducing ligand
(TRAIL), a member of the TNF cytokine superfamily, has long been recognized for its
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potential as a cancer therapeutic due to its capacity to induce apoptosis in many types
of cancer cells via the receptors DR4 (TRAIL-R1) and DR5 (TRAIL-R2/KILLER),

and Fas ligand (FasL) binding to the Fas receptor [103, 104]. Based on the previous
research, TRAIL-MSCs as delivery vehicles could induce strength cytotoxicity against
cancer cells, which furtherly inhibited tumor growth and prolonged survival in cancer

Source of
MSCs

Vector
systems

Cancer type

Pro-drug

Mainly results

Reference

AD-MSCs

Lentiviral

Breast cancer

TRAIL

induce TRAIL-mediated
apoptosis i vitro and in
vivo in breast cancer mouse
models

[105]

UC-MSCs

Lentiviral

B-ALL

TRAIL

inhibit B-ALL cells
proliferation in vitro and
in Vivo

[106]

UC-MSCs

Lentiviral

AML

TRAIL/IFN-y

induce apoptosis in both
primary AML patient-
derived leukemic cells and
AML cell lines

[107]

AD-MSCs

Plasmid

Lung cancer

TRAIL

inhibitory effects on H460
tumor growth both in vitro
and in vivo

[108]

BM-MSCs

Adenoviral

Glioblastoma

TRAIL/VPA

increases the therapeutic
effects of MSCs-TRAIL
against glioma in vitro and
in vivo

[109]

AD-MSCs

AAV

Hepatocellular
carcinoma

TRAIL

inhibit tumor growth and
the metastasis of implanted
HCC tumors

[110]

BM-MSCs

Exosomes

Hepatocellular
carcinoma

TRAIL

enhanced the apoptotic
effect of HCC cells in vitro
and i vivo

[111]

BM-MSCs

Plasmid

Melanoma

TRAIL/PEI

induce cell death in B16F0
cells in vitro and efficiently
reduce tumor weights

[112]

AD-MSCs

N/A

Lung cancer

TRAIL

Protect A549 cancer cells
from undergoing apoptosis
and increase the survival of
cancer cells.

[113]

UC-MSCs

Plasmid

Glioblastoma

TRAIL

significantly higher
inhibitory effect and tumor

killing effect of gliomas cells

in vitro and in vivo

[114]

AD-MSCs

Plasmid

Glioblastoma

TRAIL/
Panobinostat

induced decreases in tumor
volume and prolonged
survival

[115]

BM-MSCs

Adenoviral

Intracranial
glioma

TRAIL/VPA

increased migratory capacity

toward tumor sites

[109]

B-All: B-cell acute lymphocytic leukemia; AML: acute myeloid leukemia; VPA: valproic acid; AAV: adeno-associated

virus; PEI: polyethylenimine; and VPA: valproic acid.

Table 4.

Pre-clinical experiments of TRAIL-MSCs for cancer therapy within 5 years (2018—2023).
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models as shown in Tables 2 and 4. For instance, Young Un Choi et al. constructed the
genetically engineered AD-MSCs with TRAIL expression and verified the suppressive
effects upon tumor growth in an H460 xenograft model [108]. Chen et al. found that
TRAIL-MSCs could significantly inhibit the proliferation and promote the apop-

tosis of B-cell acute lymphocytic leukemia (B-ALL) cells in vitro and in vivo [106].
Moreover, iPSC-MSCs overexpressing TRAIL are also considered an effective option
for the treatment of cancer. For example, Wang and the colleagues have reported that
genetically modified iPSCs-MSCs with TRAIL could significantly induce apoptosis in
various tumor cell lines iz vitro, as well as inhibit tumor growth in tumor-bearing mice
models via the activation of apoptosis-associated signaling pathways [116].

5. Clinical application of engineering MSCs in tumor

Although numerous preclinical trials have been published, only a small number
of clinical trials were registered and completed for the treatment of solid tumors
with engineering MSCs. For example, Hanno Niess et al. conducted a single-arm
phase I/II study for the treatment of gastrointestinal tumors by genetically modi-
fied autologous BM-MSCs. According to another clinical trial in the stage of
phase I, the safety of the investigational medicinal product (IMP) is evaluated in
six patients by 3 times injection of MSCs at diverse concentrations followed by
administration of the prodrug Ganciclovir. In the stage of phase II, 16 patients
will be enrolled receiving IMP treatment [117]. One completed clinical trial is an
investigational study for INF-p modified MSCs in the treatment of ovarian cancer
with the aim to evaluated the safety of MSCs/INF-f in the stage of Phase I (without
published results). For the treatment of lung cancer, TRAIL engineered alloge-
neic MSCs as therapeutic agent to treat the metastatic non-small cell lung cancer
(NSCLC) patients in a Phase I/II clinical trial. Furthermore, an exploratory trial
reported four children with metastatic neuroblastoma to received autologous MSCs
infected with ICOVIR-5, and the results exhibited a well-tolerance and safety of
MSCs delivered with oncolytic adenoviruses in the treatment of metastatic neuro-
blastoma [118].

In summary, according to preclinical investigations and clinical trials, we sup-
pose that engineered MSCs as drug delivery is a multifaceted player in oncotherapy
development and the clinical transformation of MSCs is urgently needed to accelerate
tumor therapy.

6. Prospective and challenges

Longitudinal studies have indicated hPSCs as advantageous cell sources for
functional cell generation and the concomitant therapeutic strategy for regenerative
medicine and oncotherapy. As mentioned above, the unique property, including
self-renewal and multipotent differentiation, have endowed hPSCs with first-rate
potential for disease remodeling and alternative cell source preparation. Even though,
the significant disadvantages such as teratoma formation and the low differentiation
efficiency should not be neglected [3]. Distinguish from the other counterparts,
hPSC-MSCs revealed more robust cellular viability and considerable therapeutic
effect upon diverse diseases, which thus hold promising prospects for serving as
alternative sources of adult tissue- or perinatal tissue-derived MSCs [4].
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Notably, considering the rapid progress in gene-editing and MSC-based cyto-
therapy, it would be of great interesting to further explore the feasibility of generating
hESC-MSCs or hiPSC-MSCs with specific targets for the next-generation of onco-
therapy in preclinical and clinical practice.
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Appendices and nomenclature

MSCs mesenchymal stem/stromal cells

hPSCs human pluripotent stem cells

hESCs human embryonic stem cells

hiPSCs human induced pluripotent stem cells
UCB-MSCs umbilical cord blood-derived MSCs
UC-MSCs umbilical cord-derived MSCs

ISCT International Society for Cellular Therapy
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APCs
TILs
IFN-y
GDEPT
TRAMP
CLI
ICAM-1
VCAM-1
SPIO
HSV-TK
TRAIL
NSCLC
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antigen-presenting cells
tumor-infiltrating lymphocytes
interferon-y

gene-directed enzyme prodrug therapy
transgenic adenocarcinoma of the mouse prostate
critical limb ischemia

intercellular adhesion molecule-1
vascular cell adhesion molecule-1
superparamagnetic iron oxide

herpes simplex virus-hymidine kinase
TNF-related apoptosis inducing ligand
non-small cell lung cancer
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