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Abstract

In the past decade, induced pluripotent stem cells (iPSCs) technology has significantly progressed in studying malignant
solid tumors. This technically feasible reprogramming techniques can reawaken sequestered dormant regions that regulate
the fate of differentiated cells. Despite the evolving therapeutic modalities for malignant solid tumors, treatment outcomes
have not been satisfactory. Recently, scientists attempted to apply induced pluripotent stem cell technology to cancer research,
from modeling to treatment. Induced pluripotent stem cells derived from somatic cells, cancer cell lines, primary tumors,
and individuals with an inherited propensity to develop cancer have shown great potential in cancer modeling, cell therapy,
immunotherapy, and understanding tumor progression. This review summarizes the evolution of induced pluripotent stem
cells technology and its applications in malignant solid tumor. Additionally, we discuss potential obstacles to induced pluri-

potent stem cell technology.

Keywords Induced pluripotent stem cells - Cancer cell reprogramming - Malignant solid tumors - Cancer stem cell -

Immunotherapy

Background

Malignant solid tumors are difficult to treat thoroughly
with conventional treatments due to incomplete local resec-
tion, metastasis, invasion, drug resistance, and recurrence.
Additionally, therapies, including drugs, radiotherapy, and
chemotherapy have unpleasant side effects that exacerbate
patients' discomfort [1]. Researchers have spent many years
studying the development and pathogenesis of malignant
solid tumors to improve treatments. Traditional models

Rong He is the first author.

> Bo Li
libo.scu @foxmail.com

> Longjiang Li
muzili63@163.com

State Key Laboratory of Oral Diseases, National Clinical
Research Center for Oral Diseases, Department of Head
and Neck Oncology, West China Hospital of Stomatology,
Sichuan University, Chengdu, China

State Key Laboratory of Oral Diseases, National
Clinical Research Center for Oral Diseases, Department
of Orthodontics, West China Hospital of Stomatology,
Sichuan University, Chengdu, China

have been an essential tool in cancer research; however,
they have limitations, including a lack of heterogeneity, low
efficiency, and difficulty simulating cancer progression. The
iPSCs technology developed in recent years is anticipated to
enhance traditional models. Recent human embryonic stem
cells (ESCs) applications have introduced a novel approach
to cancer research [2]. However, ethical and safety concerns
regarding ESCs have long impeded their applications, and
the development of iPSCs technology appears to address
these concerns. iPSCs have several advantages due to their
human origin, ability to expand in culture, accessibility, and
ability to differentiate into virtually any desired cell type.
Additionally, the use of patient-specific iPSCs offers the pos-
sibility of personalized medicine. Therefore, iPSCs technol-
ogy is advantageous for disease modeling and advancing the
development of cancer treatment modalities [3].

The Development and Applications of iPSCs
Technology

In 1958, Gurdon successfully produced healthy tadpoles

by transferring the nuclei from intestinal epithelial cells
to enucleated Xenopus laevis cells [4]. This breakthrough
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experiment established the basis for the field of cell repro-
gramming. In 2006, Shinya Yamanaka et al. [5] success-
fully transferred four specific genes (OCT4, SOX2, KLF4,
and c-Myc; OSKM) into differentiated cells in mice that
could reverse their differentiation process and produce
cells with functional similarity to ESCs and were named
iPSCs. Using the same technique, Yamanaka's group gen-
erated iPSCs from human fibroblasts a year later [6]. Since
then, scientists have developed numerous techniques for
generating iPSCs, including retroviral transduction [7],

Table 1 Overview of the methods for generating iPSCs

lentiviral transduction [8, 9], elastin-like polypeptide
(ELP) based gene delivery [10], episomal plasmid [11,
12], Sendai virus [13, 14], modified mRNA [15, 16],
transposons [17], and small-molecule compounds [18].
The methods used to generate iPSCs are summarized in
Table 1. Small molecule compound-mediated reprogram-
ming is the most promising of these methods due to its
simplicity, safety, and effectiveness [19-22]. The ectopic
expression of OSKM and the mechanism for generating
iPSCs are described in Fig. 1, 2.

Methods Cell type Media Safety Efficiency References
(approximate)
Integrating methods ~ Retrovirus Human fibroblasts OSKM (+) 0.01% [6]
Lentivirus Human fibroblasts OSLN (++) 0.001%~0.02%  [9]
Non Sendai virus Human fibroblasts OSKM +++) 1% [14]
integrating methods  Modified mRNAs Human fibroblasts OSKM +++) 4.40% [16]
Episomal plasmid Mouse fibroblasts OSKM +++) 0.003% [12]
Elastin-like polypeptide Mouse fibroblasts OSKM (+++) 0.004% -0.007%  [10]
Transposon Rhesus macaque fibroblasts OSKMLN (+++) 0.08-0.12% [17]
Adenovirus Mouse fibroblasts OSKM +++) <0.0001% [12]
Recombinant proteins Mouse fibroblasts OSKM +++) 0.006% [163]
Single polycistronic vector  Mouse fibroblasts OSKM +++) 0.0001% [164]
Chemical induction Mouse fibroblasts Small ++++) >50% [21]
molecule
compounds

OSKM: OCT4, SOX2, KLF4, c-Myc; OSLN: OCT4, SOX2, Lin28, NANOG; OSKMLN: OCT4, SOX2, KLF4, c-Myc, Lin28, NANOG.

Fig.1 The classic process of
ectopic expression of OSKM
transcription factors. Retrovi-
ruses initiate cellular repro-
gramming by introducing RNA
encoding OCT4, SOX2, KLF4,
and c-Myc transcription factors
into the cell. Subsequently,
after reverse transcription, this
genetic material binds to the
cell's nuclear DNA
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Fig.2 The mechanism of gener-
ating induced pluripotent stem
cells. The OSKM transcription
factors promote cell reprogram-
ming via various methods,
including binding to promot-
ers, regulating epigenetics, and
interacting with microRNAs.
The epigenetic modifications
include DNA methylation and
histone modification. Micro- y
RNAsS can also promote cell
reprogramming via epigenetic &
regulation. Small molecule
compounds can improve repro-
gramming efficiency or repro-
gram cells independently

Small molecules

| ‘0’: Small molecules

Nucleus

The applications of iPSCs technology to model disease,
screen drugs, reverse the malignant phenotype of cancer
cells, and develop new therapeutic modalities have produced
significant results in the study of malignant solid tumors.
Additionally, iPSCs technology has been extensively used in
the study of neurodegenerative disorders [23-25], leukemia
[26, 27], liver fibrosis [28], cardiovascular diseases [29, 30].

Application of iPSCs in malignant solid
tumor modeling

Identifying the underlying pathological mechanisms of
tumors is crucial for developing novel therapeutic strategies.
The use of cell lines for tumor modeling is limited due to
their lack of heterogeneity. Tumor models based on patient-
derived cells, such as patient-derived xenograft (PDX) and
patient-derived organoid (PDO) models, are highly valuable
in studying the etiology of tumors. However, the lack of
expandable sources of primary cells, particularly for diffi-
cult-to-access cells such as brain and heart cells, limits their
application. iPSCs derived from readily available cells can
self-renew indefinitely and differentiate into all cell lineages
of an organism, providing a powerful and unlimited source
for generating differentiated cells (Fig. 3e). Additionally,
iPSCs derived from individuals with an inherited predis-
position to develop cancer may mimic the early stage of
tumor development and help in understanding the progres-
sion of tumors. The potential of iPSCs in cancer modeling
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can help researchers better understand cancer development
and progression.

Application of iPSCs in PDXs

Patient-derived xenografts (PDXs) have emerged as a promi-
nent model system that can accurately capture primary and
metastatic malignancies' cellular, molecular, and physiologi-
cal features [31]. In addition, PDXs are gaining attraction in
fields including biomarker identification, drug development,
and assessment of drug responses [32, 33]. However, estab-
lishing PDX models for primary tumors of some patients
can be challenging, as many cannot be directly transplanted
into immunodeficient mice. In these cases, reprogramming
primary tumor cells into iPSCs can be beneficial [34]. This
junction permits genetic manipulation of the cells in vitro
before transplantation and can facilitates the tracking and
study of their effects on tumor growth in vivo. Transplanting
iPSCs or their derivatives into suitable animal models can
increase their experimental value by creating a more physi-
ological, three-dimensional, in vivo environment.
Pancreatic ductal adenocarcinoma (PDAC) was believed
to have a dismal prognosis. Before the study by Zaret et al.
[35], no dynamic, live human cellular models that underwent
early developmental stages. Subcutaneous injection of iPSCs
into immune-compromised animals is used to test the pluri-
potency of iPSCs by developing teratomas. Injected PDAC-
iPSCs showed that growing teratomas produced ductal
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Fig.3 The applications of
cancer cell and somatic cell
reprogramming. There are two
main outcomes of cancer cell
reprogramming: PSC-like cells
or CSC-like cells. PSC-like
cells can be used to construct
PDX (a). Re-differentiated
PSC-like cells can become
normal cells to further reduce
tumorigenicity (b). CSC-like
cells can be used to construct
CSCs models and further study
the characteristics of CSCs (c,
d). Somatic cell reprogram-
ming and redifferentiation can
generate various cell types

(e). Reprogrammed somatic
cells from patients with family
diseases can help to understand
the malignant transformation of
normal cells (f)
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structures with a more pronounced architectural organization
that resembled PanIN-stage-like structures compared to con-
trols. Cellular and molecular analysis confirmed that these
formations eventually advanced to the aggressive PDAC
stage. The protocol for reprogramming PDAC cells into
pluripotent stem cell-like lines was published in 2019 [36].
In 2013, a piggyBac transposon vector was used to repro-
gram glioblastoma-derived neural stem cells (GNS) using
only two factors, OCT4 and KLF4 [37]. GNS-derived iPSCs
show extensive resetting of cancer-specific methylation, and
after neural differentiation, iPSCs are highly tumorigenic
when injected into immunodeficient mice. The PDXs estab-
lished for glioblastoma can be used to further investigate the
characteristics of this tumor. Figure 3a, c partly described
the applications of iPSCs in PDXs.

Application of iPSCs in PDO

Organoids are three-dimensional cultures derived from pri-
mary cells that are structurally, functionally, and genetically
similar to in vivo organs, and they can be used to bridge the
gap between two-dimensional cultures and in vivo animal
models [38]. Patient-derived tumor organoids can be grown
directly from tumor tissues or through genetic modification
of normal tissues, including CRISPR gene editing [39].
Even after prolonged culture, organoids retain their parental
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tumors' histological structure, genomic structure, and gene
expression profile [40]. In 2009, Hans et al. [41] were able
to cultivate small intestinal organoids from LGRS + small
intestinal stem cells. Since then, scientists have conducted
multiple experiments and established many organoids
derived from healthy tissues and long-term organoid cul-
tures derived from the primary colon, esophagus, pancreas,
stomach, liver, endometrium, and breast cancer tissues [42].
These organoids are extensively used in cancer research,
including drug screening, toxicity testing, and basic cancer
research.

Traditional organoid models are generated from pri-
mary tissue biopsies, so most expanded cells are adult stem
cells (ASCs), even though they offer significant advantages
over two-dimensional culturing [43]. Initially, ASCs were
believed to have limited in vitro proliferative potential [44].
In contrast, iPSC-derived organoids have the advantage of
not relying on primary tissue resection. Once a patient has
established an iPSCs cell line, these cells can be replicated
indefinitely to generate multiple cell types [45]. Liver [46,
47], lung [48], stomach [49], cardiomyocytes [49], pan-
creatic duct [50, 51], fallopian tube [52], intestine [53],
and other organoids have been established by using iPSCs
(iPSCs-derived organoids). iPSCs-derived organoids can
generate more complex structures and vascularized models
than conventional organoids, which lack the native micro-
environment of stromal cells, muscle, blood vessels, and
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immune cells. One study successfully integrated stromal
components, such as the vascular system, fibroblasts, and
immune cells, using iPSC-induced mesodermal progeni-
tors [43]. Additionally, Hideki Taniguchi et al. [54] have
generated functional, three-dimensional sheet-like human
hepatocellular carcinoma (HCC) organoids in vitro, using
luciferase-expressing Huh7 cells, human iPSC-derived
endothelial cells iPSC-EC) and human iPSC-derived mes-
enchymal cells(iPSC-MC). A mouse model of HCC was suc-
cessfully generated by transplanting hepatocellular carcinoid
organoids derived from iPSCs into mice to mimic the tumor
microenvironment of clinical patients. In vitro gene manipu-
lation of iPSCs, followed by differentiation of the modified
iPSCs, resulted in the generation of organoids capable of
identifying the role of specific genes in the development
of tumors. In 2021, human iPSCs were engineered to carry
an inducible H3.3-K27M allele in the endogenous locus,
and iPSCs-derived cerebral organoids were established
using redifferentiated iPSCs to investigate the effects of the
mutation in various diffuse intrinsic pontine glioma (DIPG)-
relevant neural cell types [55]. Additionally, organoids pro-
duced by iPSCs derived from patients with familial cancer
susceptibility syndromes can help researchers comprehend
the significance of specific gene mutations in tumor pro-
gression. Fibroblasts from familial adenomatous polyposis
(FAP) patients were infected with lentiviruses expressing
OSKM to generate FAP-iPSCs and FAP-iPSCs, which were
then differentiated into colonic organoids (COs) [56]. This
method enabled the researchers to investigate the role of
genetic factors to the development of colorectal cancer and
to screen drugs using COs.

Application of iPSCs in the study of familial
diseases

Pathologically, tumors originate in normal cells that accu-
mulate genetic and epigenetic alterations [57, 58]. However,
conventional tumor models usually mimic the advanced
stage of tumors and are ineffective at shedding light on the
malignant transformation of normal cells. iPSCs derived
from somatic cells with germline mutations can help to
understand the significance of additional genetic alterations
in tumor progression [3] (described in Fig. 3f). Here, we
discuss the applications of iPSC technology in understand-
ing hereditary breast and ovarian cancer syndrome (HBOC),
Li-Fraumeni syndrome (LFS), and FAP.

In 2013, 24 iPSCs cell lines were derived from fibroblasts
of eight individuals from a BRCA1 5382insC mutant family
and characterized [59]. Although there was no difference
in differentiation ability between BRCA1 wild-type and
mutant iPSCs, BRCA 1 mutant iPSCs expressed significantly
higher protein kinase C-theta (PKC-theta), establishing a

correlation between BRCA1 mutation and PKC-theta
expression. In 2021, scientists used patient-specific iPSCs
to generate induced mesenchymal stem cells (iMSCs) and
reported a major effect of BRCA1 haploinsufficiency on the
tumor-associated stroma in the context of BRCA1-associated
cancers, opening new avenues for personalized treatment
and prevention of BRCA1-associated hereditary breast can-
cer [60].

LFS, caused by germline mutations in the tumor suppres-
sor gene TP53, is associated with the familial occurrence of
various cancers [61, 62]. To understand its role in the patho-
genesis of osteosarcoma (OS), scientists generated iPSCs
from a family of LFS patients [61]. LFS patient-derived
iPSCs were then used to establish a human familial cancer
model, revealing the role of mutant TP53 in regulating the
imprinted gene network, the abnormal regulation of which
leads to defective osteoblast differentiation and tumori-
genesis. The feasibility of using iPSCs to study hereditary
human cancer syndromes was demonstrated. In 2018, LFS
patient-derived iPSCs were used to investigate the oncogenic
role of secreted frizzled-related protein 2 (SFRP2) in p53
mutation-associated OS development [63].

Using iPSCs derived from normal individuals or FAP
patients, Mostoslavsky et al. [64] established a new platform.
They provided compelling evidence that APC heterozygosity
causes distinct phenotypic and molecular abnormalities that
impact basic cellular function and integrity, opening up new
perspectives on the earliest stages of APC-mediated tumori-
genesis. In 2022, peripheral blood mononuclear cells from a
FAP patient carrying a heterozygous one bp deletion in Exon
17 of the APC gene generated iPSCs [65]. The established
iPSCs line will facilitate disease modelling of FAP in vitro.

Although iPSCs technology has made some progress
studying familial cancers, the cells used for reprogramming
are non-tumorigenic normal cells. To fully understand the
mechanism, developing iPSCs from different tissues may be
necessary to understand why certain tumors are primarily
found in specific locations.

Application of iPSCs in cancer cells
reprogramming

In recent years, considerable emphasis has been placed on
exploiting the plasticity of cancer cells to reprogram and
alter their phenotype. Recent studies have revealed that
cancer cell heterogeneity and phenotypic plasticity, which
were once considered contributors to invasion and metas-
tasis, can now be exploited to reprogram cancer cells and
alter their phenotype. In cell reprogramming, pre-existing
chromatin states, DNA methylation, and histone modifica-
tion must be reset to reactivate the epigenetically silenced
regions [66]. Since the successful induction of pluripotent
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stem cells from mouse somatic cells in 2006, scientists have
been experimenting with the applications of transcription
factor-mediated reprogramming of cancer cells to reverse the
malignant phenotype. Other techniques, including nuclear
reprogramming of somatic cells by injection of tumor
cell-embryonic carcinomas into normal blastocysts [67],
in vitro hybridization of cancer cells with ESCs [68], and
somatic cell nuclear transfer (SCNT) technique [69], which
implants an enucleated oocyte with a cancer cell nucleus
have been used to suppress the tumorigenic phenotype. The
reprogramming of tumor cells into a pluripotent state opens
new opportunities to explore the potential of normalizing
the malignant phenotype of tumor cells in vivo, resulting
in PSC-like cells that hold promise as an alternative to con-
ventional cancer treatment. Additionally, this cutting-edge
technique may also provide an opportunity to establish larger
populations of cancer stem cells (CSCs-like cells), thereby
significantly enhancing our ability to investigate the complex
biological properties of CSCs. Such research is essential for
understanding drug-resistant tumors and laying a solid foun-
dation for developing strategies to reduce cancer recurrence.
Various malignant solid tumor cell types reprogrammed into
a pluripotent state are summarized in Table 2.

Reprogramming cancer cells into benign
cells

Reprogramming cancer cells into iPSCs has emerged as a
promising method for resetting the identity of malignant
cells without altering the genome sequence of the cell. This
technology has prompted researchers to investigate various
methods to induce solid tumors into iPSCs and normal-
ize their phenotypes. (described in Fig. 3a, b). Utikal et al.
[70] successfully converted mouse melanoma cell lines to a
benign phenotype using doxycycline-dependent lentiviruses
expressing OCT4, KLF4, and c-Myc. The generated iPSCs
exhibited endogenous OCT4, KLF4, and c-Myc expression,
demethylation of OCT4 and Nanog promoters, and loss of
tumorigenicity in vivo. At five months of age, mouse chime-
ras derived from the reprogrammed melanoma cells main-
tained benignity and did not develop visible tumors after
the doxycycline-inducible lentiviral expression of Yamanaka
factors was terminated. This suggests that the reprogrammed
cells underwent a normal differentiation process to produce
benign cells in vivo. A detailed protocol for reprogramming
human melanoma cell lines A375 and MDA-MB-435 into
iPSCs was published in 2019 [71].

Similarly, Yamanaka factors generated iPSCs from gas-
trointestinal cancer cells, including colorectal, esophageal,
gastric, pancreatic, liver, and bile duct cancers [72]. The
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cancer-derived iPSCs expressed ESCs markers, were more
sensitive to differentiation-inducing treatment, exhibited
reduced tumorigenicity, and were more sensitive to 5-fluoro-
deoxyuridine (5-FU) than parental cells. The effects of
hypoxia and p53 mutations on reprogramming efficiency
were determined in 2012. In hypoxia, wild-type HCT116
cells generated iPSCs at approximately four times higher
rates than in normoxia, and TP53 deficiency significantly
increased the transformation efficiency of HCT116 cells in
normoxia [73].

In 2019, scientists tested three somatic cell repro-
gramming methods on PDAC primary cancer cultures
(PDAC-247). They found that induction with episomal
vectors (OCT4, SOX2, KLF4, c-Myc, and LIN28A,
combined with P53 knockdown(shP53)) was the most
efficient method compared to lentivirus-mediated induc-
tion [74]. Reprogrammed cells showed reduced tumori-
genicity in vitro and in vitro. Additionally, researchers
reprogrammed recessive dystrophic epidermolysis bul-
losa (RDEB)-derived cutaneous squamous cell carcinoma
(cSCC) into RDEB-cSCC-iPSCs by OSKM and then
redifferentiated them into keratinocytes (RDEB-cSCC-
iKC) [75]. The resultant cells exhibited reduced tumo-
rigenic potential than the parental cells. Furthermore,
researchers have successfully induced the transforma-
tion of malignant solid tumor cells, including lung can-
cer [76], prostate cancer [77], sarcoma [78], low-grade
gliomas [79], and human germ cell tumors [80], into a
pluripotent state using targeted transcription factors.
This innovative technique has demonstrated the ability
to significantly reduce the tumorigenicity of the original
parental cancer cells.

The preceding experiments demonstrate that solid
tumor cells are malleable and can be reprogrammed using
iPSCs technology to reverse the malignant phenotype of
tumors. This discovery has sparked new ideas for treat-
ing malignant tumors and encouraged more scientists to
use iPSCs technology to develop innovative protocols
for cancer treatment. What’s more, iPSCs derived from
normal cells have therapeutic effects in addition to repro-
gramming cancer cells into a pluripotent state to reduce
tumorigenicity. In 2019, iPSCs derived from human skin
fibroblasts were transplanted into the submandibular
gland of rats with salivary gland squamous cell carci-
noma [81]. The presence of regenerative tissue in salivary
glands treated with iPSCs suggests that iPSCs may be
useful in treating salivary gland cancer. The antitumor
effect of iPSCs in rat submandibular gland carcinoma
was achieved by regulating the apoptotic response and
the expression of Sirt 1, TGF B, and MALAT 1 in cancer
cells [82].



2563

Stem Cell Reviews and Reports (2023) 19:2557-2575

65086dd +ISO
sprwserd (€S9L ‘T€LT)
[s91] eu eu eu eu eu eu paseaIouy /p'u [BIIAONY  S[[90 INFD 9SNOJN
(€2-SIWNO
Nnd-s o3 IWASO ‘OAOT) SI[D 192
[68] eu JUR)SISAI QIOJA] pu paseaouy ON eu paseaIou] /pu SNIIA TBPUSS  -UBD UO[0D UBWINH
s1oe| (coLd‘TO0LD)
l6L] wIag a1y, eu ON Pasea1da(q SOx eu pasearou] /pu JADISO SNIANUS SOOT uewny
(L-30W)
S[[99 J90URD JSeaIq
[88] eu eu I10)SBJ PUB QIO paseaIouy ON eu paseaIou] /pu  JAMISO SNIIAONIY  OYI[-[eurun] UBWNH
o3eaur| dvdp jo
[eanau pareAyeurradAy
Aurew ‘uone[Ayiow S0
[L€] nq ‘eSeaurmn eu pu paseardaq SOX VN JO Sumosoy poseaIou]/pasedlou]  Wo)sAs uosodsuel],  S[[90 SNO UBWINH
(NJueq) eisejdoau
e (1jowoxd3oueN) WSO
[c¢]l -1deenur oneeroueq eu NIUued paseaIouy SOX uone[Aylewaq paseaouf /pu SNIATIU] SOVAd uewny
uon
S[[92 -e[Ay1owep YNA
Poo[q pa1 pue 1eqo[3 ‘(10j0woxd (dANIS ‘TL8MS
ANSSI} QATIOAUUOD IKN-0) payIpowt ‘CODIN “TSOVS
QINJEW ‘UWISPO}OI (ST[92 "pa1) ON -SNINLTIEH pasearou NTAMSO ‘SOH) SI[90
[8.] pue wLRpopuyg eu  (s[eo ‘dor) 1omo[S paseardoq ON pue QNI EH /Paseard_dq SNITATIU BWOJIBS UBWNE
(09%H
SdINV NSO snt ‘8SEH) S[[90
[92]  sioke[ wiiag 921y, eu eu eu eu  Jo uoneAyrewodAy P U/paseaIou]  -IAIUS[/SNIIAONSY DTOSN uewnyg
(Imu [mu
[enuajod (IMu ¢Gd.L) 19A9] €6d.L) pesearou] £Sd.L/erxodAy
uone Toy31y (erxodAH) (erxodAy) NSO snatan (9T 1.LOH)
[eL] ~NURIIIP-NNA eu [9AS] JoMOT Ppasea1dsq ON pu P u/pasearou] -UQ[/SNITAONY S[[90 DOH
(xjowoxd (6¥SV) ST
siown) +1D0) pare[k (4dIH) erxodAy BUWOUIOIBO0UIPE
[28] eu eu QAISSQIZ3Y pasearou] ON -ypowrun A[renieq P u/pasearou] NISO SnIranua Suny uewnyg
uonedyIpow
(Dd1s10d) QuoIsIy ‘(130w
ng-s (s1192 Ddnsod) -o1d 3oueN) ADISO snx
[zL]  sioke] wiag a1y, 0] OATJISUSS QIOJA]  JO[[BUWIS PUB IISSI| Pasea1ddq ON uone[Ayrowaq P°U /pOsBaIdu]  -IATIUS[ /SNITAONY S[[99 DOH
(sx9y0wroxd
7XO0d jJo dussqe SoueN pue $300) (SHSA)s1a0
[oL] eu eu dY} Ul SIown} oN paseardsq SOX uone[Ayowaq pasearouy /pu JADIO SIUIAIIUOT  BUWIOUR[W JSNOJA
syonpoid UuoneULIOJ uoned  uoIssaIdxa siorew spoyjow
Jou UOTIRT)URIJI(] Ayanisuas Sniqg UOTJRWIO) JOWN], Ayomaduown], sewojela],  -YIPOJN dneuadidyg Kouayodrnig/Sq SurwrwreaSordoy ad£) [90 100UBD

9e)s Juayodunid e ojur S[[9d Jown) prjos jueuijew Jurwwesso1dar Jo MIIAIAQ g d|qel

pringer

a's



Stem Cell Reviews and Reports (2023) 19:2557-2575

2564

“QuIpLINAX09poIoNny-¢ :NJ-¢ ‘eisejdoau reroyrdoenur onearoued :NJUeJ ‘PAIBIUSISHIPAI :pal ‘pawwrerSordar :*dax ‘parjdde j0u e U {pAUTWINAP JOU :P'U STSTTO ‘AT ‘TXOS
‘P10 OISO FATH ‘TXOS VL0 SO PA T ‘Y10 SO0 DONVN ‘8TUI'T AN-0 ‘b T “TXOS ‘P10 NTAMSO “DONVN ‘8UIT ‘TXOS YLDO0 NTSO AW-2 ‘b T ‘TXOS ‘Y100

TADISO SOKN-0 ‘AT “PLD0 SO (DDS9) BWoudIed [[99 snowenbs snosueind paALop-(gay) esonq sisjourioprds orqdonsAp 9AISSa09y :$))SO-GHY SWIOFN[NW BWOISL[OI[D) [NFD
‘Sewor[3 opeIS Mo[ :SHOT S[[90 WS [BINAU PIALIOP-BWIOISL[ON[S (SN ‘BWOUIOIBLOOUIPE [BIONP INBAIDUR] DV 1eoued Suny [[9o [[ews-uou ;) THSN 1eoued [eunsajuronses uewny :DOH

a3eour| sIown)
OTUOAIQUIQBI)X pasearou] [[99 WIS3 PIALIIP

[o8] pue osruokiquig U pu paseardaq SOX eu /pu wnipaw HSH -$DSH 2SnoN
[oxe} pue une[dsio DISO/NSO (FOAd) SII199 190

[06]  s1oke wireS ooy, 0} JUB}SISAI QIOI eu eu eu eu paseaIou] /p'u SOSNITAOIOY -UBD UBLIPAO UBWINE]

Co)'L

-00$°>-9dad) NSO $208°

[sL] so)Koouneray] B'U  IQ[[EWS PUEB JOMO[S paseardoq eu eu pasearou] /pu  pruseld fewosidg -gaqy vewny
(TAITO)sIIP2
ST10Ke] NSO Iooued J)e)

(L] wirag 9oy, eu eu eu eu eu P u /pasearou] SNJIA Tepuas -soxd uewny
sqyoid anou SO (L¥z-Ovad)

L] e'u eu 19SS Paseard’q eu  -o3ido oy Sumesay pasealou] /p'u 5103994 [ewosidg  S[[90 DY (d UBWINH
(Ser-AIN-VAN
NDISO ‘SLEV) S92

[12]  sioke] wira3 Qo eu eu eu e'u eu pasearou] /p'u SNJIA [EPUSS  BUWIOUR[OW UBWUNY

syonpoid UOoneULIOJ uoned  uorssaidxo sioyrew spoyiowt
Jou UOTIRT)USIJI( Ayanisuas Iniq UOTJRWIO) JOwn], Ayomaduown], sewojela],  -YIPoJN dneuaSidyg Kouayodrnig/Sq SurwrreaSordoy ad4y [190 100UBD

(Ponunuod) z3jqer

pringer

Qs



Stem Cell Reviews and Reports (2023) 19:2557-2575

2565

Reprogramming cancer cells into CSCs

CSCs, a subset of cells characterized by slow cycling, self-
renewal, high tumorigenic potential, and treatment resist-
ance, play a crucial role in the initiation and maintenance
of cancer [83]. The presence of CSCs significantly affects
the efficacy of treating malignant solid tumors. Patients
with acute myeloid leukemia, which can cause hemato-
logical malignancies in obese diabetic/severe combined
immunodeficient mice, provided the first compelling evi-
dence for the existence of CSCs [84]. Since then, CSCs
have been identified in numerous human cancers, and
their biological characteristics and significance have been
the subject of extensive study [85, 86]. However, little is
known about them due to their scarcity, difficulty in iso-
lation, and long-term in vitro culture. Fortunately, iPSCs
technology can sever as a platform to investigate CSCs-
associated characteristics.

Reprogramming malignant solid tumor cells with iPSCs
technology does not always reverse the malignant pheno-
type; reprogrammed cells may exhibit CSCs-like character-
istics. (described in Fig. 3c, d). Reprogramming tumor cells
into CSCs and using reprogrammed cells in cancer research
will advance our understanding of oncogenic characteriza-
tion. Transcription factor-mediated iPSCs technology has
made significant advancements in CSCs research, includ-
ing establishing in vitro models of the CSCs-like state and
identifying transcriptional regulators associated with CSCs.
Hypoxia promotes pluripotency gene expression in various
cancer cells, and that reprogrammed lung adenocarcinomas
exhibit high tumorigenicity [87]. Reprogramming experi-
ments on MCF-7 human breast cancer using iPSCs technol-
ogy to establish an in vitro model of the CSCs-like state
revealed that transcriptional repression of mTOR blockers
is an intrinsic process that occurs during the acquisition of
CSCs-like properties in differentiated breast cancer cell
populations [88]. This method produced CSCs from colon
cancer cell lines LoVo and OUMS-23 [89]. Bindhya et al.
[90] reprogrammed the ovarian cancer cell line PEO4 into
iPSCs using lentiviral transduction of the Yamanaka fac-
tors. Using GLIS1 instead of the c-Myc oncogene and suc-
cessfully transformed PEO4 cells into iPSCs and demon-
strated that PEO4-iPSCs significantly overexpressed CSCs
markers, including CD133, EphA1l, ALDH1A1, and LGRS,
and were more resistant to chemotherapeutic agents. This
in vitro model will help to understand the characteristics
of CSCs in ovarian carcinogenesis. The iPSCs technology
has proven to significantly aid in producing CSCs, thereby
significantly advancing our understanding of these cells.
However, it is crucial to recognize that not all cancer cells
possess the required plasticity to be reprogrammed into a
CSCs-like state. Only a small proportion of cancer cell genes

can be fully activated to initiate reprogramming. Therefore,
it is imperative to focus on generating CSCs from a wider
variety of tumors and improving the efficiency of the induc-
tion process.

The direct generation of CSCs from cancer cells still
faces efficiency challenges, prompting scientists to investi-
gate the potential of utilizing the tumor microenvironment
to convert iPSCs into CSCs. Masaharu Seno et al. [91-97]
successfully transformed mouse iPSCs into CSCs using a
conditioned medium (CM) derived from cancer cells. The
transformed cells exhibited stemness, sphere formation abil-
ity, differentiation ability, malignant tumorigenicity, and the
expression of CSCs markers. In a subsequent study, Masa-
haru Seno et al. [98] injected a mixture of mouse iPSCs
and human pancreatic cancer cells into immunodeficient
mice, and the mouse iPSCs were characterized as tumo-
rigenic and self-renewing CSCs. In conclusion, Masaharu
Seno's laboratory established a method to transform iPSCs
or ESCs into CSCs in the microenvironment. This method
employs a CM enriched with growth factors, chemokines,
and tissue-specific factors that mimic the microenvironment
in which cancer is initiated. This method transformed iPSCs
into CSCs with high malignant tumorigenic and metastatic
potential. Several additional experiments have shown that
iPSCs can be converted into CSCs [99]. The redifferentiation
of iPSCs derived from mouse fibroblasts into CSCs lacks
specificity, and the replacement of iPSCs derived from can-
cer cells with those derived from normal cells may result in
the generation of CSCs that are more similar to those found
in human cancers.

Application of iPSCs in cancer
immunotherapy

Adoptive cell therapy (ACT), a major form of immuno-
therapy, involves infusing tumor-infiltrating lymphocytes or
peripheral blood-derived immune cells into patients and has
shown efficacy in treating malignant tumors [100]. However,
clinical trials using these primary immune cells have shown
their limitations, including cytokine release syndrome, cyto-
penias, neurologic events, and febrile neutropenia, accom-
panied by cytotoxicity against B cell malignancies when
infusing autologous peripheral blood (PB)-derived CAR-T
cells into patients [101]. Although ESCs are pluripotent cells
capable of differentiating into most immune system cells and
can be used to produce cancer vaccines [102—104], the clini-
cal applications of ESCs are restricted due to their limited
source and the associated ethical concerns. iPSCs technol-
ogy may resolve these issues by developing cancer vaccines
for specialized cancer treatment and specialized immune
cells with anti-cancer potential [105]. The applications of
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Fig.4 The applications of iPSCs technology in cancer immunother-
apy. Off-the-shelf iPSCs can be differentiated into various immune
cells after modification, and iPSC-immune cells can reduce the size
of tumors (a). Modified iPSCs can stimulate anti-tumor responses as

iPSCs technology in cancer immunotherapy are described
in Fig. 4.

iPSCs-derived T cells

Most immunotherapies aim to stimulate cytotoxic T cells
(CTLs) that target tumors to cure patients [106]. How-
ever, the short lifespan of activated CTLs often limits
the efficacy of such regimens due to antigen-induced
cell death. The applications of iPSCs technology to clone
and expand tumor antigen-specific T cells may be able
to address this issue. Using Yamanaka factors, scientists
established iPSCs from mature cytotoxic T cells specific
for the melanoma epitope MART-1 in 2013. They redif-
ferentiated them into T cells, resulting in the expansion of
antigen-specific T cells [107]. However, the potential of
these cells to treat tumors was not demonstrated. In 2018,
scientists reported that CD8ab T cells derived from anti-
gen-specific T cells (T-iPSCs) derived from human iPSCs
lose their antigen specificity [108]. CRISPR knockout of
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Cancer-stricken mice

cancer vaccines because they share cellular and molecular character-
istics with some cancer cells (b). T cells from vaccinated mice can
also stimulate anti-tumor responses (c)

a recombinase gene in the T-iPSCs prevented this addi-
tional T cell receptor (TCR) rearrangement, resulting in
the generation of antigen-specific T cell receptor-stabi-
lized CD8ADb T cells that effectively inhibited the growth
of ovarian cancer KOC7C cell line and hepatocellular
carcinoma HepG?2 cell line in xenograft tumor models. In
2022, researchers developed developmentally mature chi-
meric antigen receptor (CAR) T cells from iPSCs by com-
bining a stroma-free differentiation system with EZH1-
repression-mediated epigenetic reprogramming [109].
These CAR T cells demonstrated enhanced anti-tumor
activities and suppressed tumor growth in vitro and in an
immunodeficient non-obese diabetic-SCID IL2Rgamman-
ull (NSG) mice model with lymphoma cells. Additionally,
scientists established a universal iPSCs source for allo-
geneic T-cell therapy by knocking out HLA-I- and HLA-
II-related genes and a NK cell-activating ligand gene and
transducing the NK-inhibitory ligand-scHLA-E in an
iPSCs clone [110]. The hypoimmunogenic T cells derived
from iPSCs may contribute to developing off-the-shelf
T cell immunotherapies for cancers. Several additional
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studies have reported the enhanced anti-tumor activity of
modified iPSCs-T cells [111-115].

iPSCs-derived NK cell

Natural killer (NK) cells are a type of intrinsic lymphoid-
like cells that can kill tumor target cells by upregulating
regulatory receptors, antibody-dependent cell-mediated
cytotoxicity (ADCC) effects, and expressing cytokine
receptors [116]. However, the large-scale isolation of NK
cells from donors is difficult. Recent efforts have been
made to generate NK cells through targeted differentia-
tion of iPSCs, which paves the way for the application of
cell reprogramming in immunotherapy [117]. In contrast
to primary NK cells, those derived from iPSCs can be
prepared with homogeneous quality and modified easily
to exert a desired response against tumor cells [118].
In 2018, NK cells were generated from human iPSCs
that express a particular CAR called NK-CAR-iPSC-
NK cells, which exhibited improved anti-tumor activ-
ity [119]. In 2020, Cichocki et al. [120] induced iPSCs
into NKs (iNKs) using a cocktail of small molecules and
cytokines, which can produce inflammatory cytokines
and exert potent cytotoxicity against various hemato-
logical and solid tumors. Cichocki et al. triple-modified
iPSC-derived NK cells (iDuo NK cells) to express a
CD109 targeting CAR for antigen specificity, a high affin-
ity, non-cleavable CD16 (hnCD16) to enhance innate
ADCC, and a membrane-bound IL-15/IL-15R fusion
protein (IL-15RF) for enhanced persistence. In multi-
ple in vitro and xenogeneic adoptive transfer models,
iDuo NK cells demonstrated robust anti-lymphoma activ-
ity [121]. Several comparable studies have reported the
feasibility of redifferentiating iPSCs into NK cells with
anti-tumor effects [122-125].

iPSCs-derived other immune cells

Additionally, macrophages [126—128], mucosal-associ-
ated invariant T (MAIT) cells [129], invariant natural
killer T (iNKT) cells [130, 131], myelomonocytic cells
[132], cytotoxic yd natural killer T (NKT) cells [133], and
dendritic cells (DC) [134] can also be derived from iPSCs
for the treatment of malignant solid tumors. The original
anti-cancer function of immune cells was maintained. The
use of iPSCs technology has facilitated the generation
of numerous immune cells, offering a partial solution to
the challenge of isolating and expanding immune cells
from autologous sources. In addition, anti-tumor clini-
cal trials with iPSCs-derived platelets [135, 136] and

iPSCs-derived NK cells have been conducted [125, 137,
138]. These cells provide standardized, targeted “off the
shelf” lymphocytes for immunotherapy against cancer.

iPSCs meet cancer vaccine

Cancer cells and embryonic tissues share cellular and
molecular characteristics, suggesting that iPSCs could be
used as cancer vaccines to stimulate anti-tumor responses.
Schone first proposed vaccinating animals with fetal tissue
to prevent the growth of transplantable tumors over a cen-
tury ago [139]. Subsequent studies revealed a significant
gene expression and antigens overlap of the human iPSCs-
and human ESCs-derivatives with various cancers [140,
141]. Based on these findings, researchers hypothesized
that ESCs and iPSCs could be used to stimulate antitumor
responses. In 2009, scientists discovered that mice immu-
nized with hESCs line H9 generated consistent cellular
and humoral immune responses against CT26 colon carci-
noma [103]. Later, scientists evaluated a similar approach
using xenogeneic human ESCs as a preventive cancer vac-
cine in a rat ovarian cancer model and observed a tumor-
prevention effect [142]. Although hESC-based vaccination
is a promising immunotherapy modality for ovarian can-
cer, ethical issues and limited sources pose challenges for
ESCs-related research. Embryonic/fetal material or ESCs
are often derived from unrelated donors and may express
mismatched MHCs, stimulating an immune response.
Additionally, the tumorigenicity of ESCs has been a sig-
nificant obstacle to their clinical use as cancer vaccines
[143]. Studies have shown that radiation can significantly
reduce the tumorigenicity of iPSCs [144], and it has been
hypothesized that undifferentiated iPSCs are immunogenic
and could be used as cancer vaccines [145].

In a transplantable mouse colon cancer model, scientists
evaluated the efficacy of human iPSCs line TZ 1 as an
anticancer vaccine [103]. These iPSCs induced high IFNy
and IL-4 production in splenocytes against mouse colon
cancer cells. In 2018, researchers improved the iPSCs
vaccine by adding the immunostimulatory adjuvant CpG
oligodeoxynucleotide (C +1 Vaccination) and irradiating
iPSCs to prevent teratoma formation in mice [146]. Mice
that received the iPSCs-based cancer vaccine could reject
transplanted breast cancer, melanoma, and mesothelioma
cells. In addition, it was shown that the C + I vaccine pro-
vides breast cancer and melanoma immunity by enhancing
antigen presentation and T-helper/cytotoxic T-cell activity
(described in Fig. 4b, c¢). In 2021, the C+1 vaccine was
proven to stimulate cytotoxic anti-tumor CD8 T cell effec-
tor and memory responses, induce cancer-specific humoral
immune responses, reduce immunosuppressive CD4 T
regulatory cells, and prevent tumor formation in 75% of
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PDAC mice [147]. Using iPSCs, gene editing, and tumor-
targeted replicating oncolytic viruses, scientists developed
a novel individualized prophylactic and therapeutic vac-
cination regimen for pancreatic cancer [148]. In addition,
several other studies have also utilized iPSCs technology
to develop vaccines against tumor growth and metastasis
[102, 149, 150]. However, the vaccines mentioned earlier
are primarily prophylactic, and their significance for pre-
existing tumors is limited. The use of iPSCs technology to
develop therapeutic vaccine development has the potential
to facilitate the treatment of existing cancers.

Challenges and future directions

Reprogramming somatic and cancer cells to iPSCs is no
longer a technical challenge. However, limited data are
available on the applications of iPSCs technology to malig-
nant solid tumors and are accompanied by low efficiency,
tumorigenicity, immunogenicity, and genetic abnormalities.
Utikal et al. [70] reported an efficiency of only 0.05%-0.1%
in reprogramming malignant melanoma. Using autologous
cells is costly and time-consuming, and some patients cannot
wait too long for treatment, or other treatments may alter the
characteristics of the tumor.

While infinite proliferation is advantageous for regenera-
tive purposes, it can become a double-edged sword if cells
continue to proliferate uncontrollably even after transplanta-
tion, resulting in tumor formation. Additionally, reprogram-
ming factors used in producing iPSCs have been found to
exhibit tumorigenic capabilities, resulting in the activation
of some oncogenes during the induction of pluripotency
[151-158]. In some cases, deleting specific oncogenes may
improve reprogramming efficiency while increasing tumori-
genicity. The epigenetic reactivation of pluripotent genes can
contribute to the activation of oncogenes, making it difficult
to ensure the safety of iPSCs-based therapies.

The use of allogeneic-derived iPSCs raises immunogenic-
ity concerns. Although allogeneic-derived iPSCs were ini-
tially believed to be immunotolerant, Zhao et al. [159] first
reported immune rejection in autologously transplanted
mouse iPSCs. Scientists have investigated numerous meth-
ods for reducing the immunogenicity of iPSCs [160]. Addi-
tionally, the generation of iPSCs can result in unpredictable
genetic changes and such aneuploidy may limit the differen-
tiation capacity, raise safety concerns for therapeutic appli-
cations, and increase the risk of tumorigenicity [161, 162].

In the realm of iPSCs technology, multiple issues still
require attention. Numerous efforts have been made to
improve the efficiency and security of iPSCs technology.
Recent advancements in single-cell RNA sequencing have
provided researchers with a more comprehensive under-
standing of various cancer cells. Many transcription factor
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candidates also show great promise for enhancing cancer cell
reprogramming efficiency.

Additionally, direct reprogramming offers the enticing
possibility of bypassing the pluripotent stem cell stage,
thereby reducing the risk of inducing malignant transfor-
mation in pluripotent cancer cells and partially addressing
concerns about efficacy and safety. The successful applica-
tion of small molecule cocktails in somatic cell reprogram-
ming possesses significant potential as a chemical induction
method for reprogramming malignant solid tumor cells. The
development of iPSCs banks has highly facilitated the appli-
cations of iPSCs by offering readily available off-the-shelf
products.

Conclusion

The iPSCs technology has emerged as a valuable tool for
disease modeling and treating malignant solid tumors.
While certain challenges remain, ongoing advancements
in cell manufacturing and genome editing technologies are
anticipated to pave the way for further exploration of iPSCs
applications in treating malignant solid tumors. As these
obstacles are gradually eliminated, the potential for more
patients to benefit from clinical cancer treatments utilizing
iPSCs technology becomes increasingly promising.
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