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Six decades have passed since the foundational recognition of the primary properties of the stem cells. Research on stem cells has
since remained at the forefront of efforts to combat a spectrum of diseases, most notably cancer. Despite remarkable progress in
medical science, a definitive cure for cancer has remained elusive, spurring the pursuit of diverse therapeutic strategies, among
which stem cell therapy is a particularly promising avenue. Moreover, the utilization of cancer stem cells as a therapeutic source
holds immense potential for addressing intractable diseases. The strategy of targeting cancer stem cells is beset with challenges,
including immune rejection and disease relapse. Additionally, the capacity to inadvertently generate cancer stem cells upon
transplantation underscores the critical need to eliminate these cells to ensure the efficacy of cell-based therapies. This paper
underscores the pivotal role of cancer stem cells in onco-therapeutics and their potential to aid in early cancer diagnosis. With the
proliferation of tissue banks and their collection of malignant tissue types, a renewable source of medications to combat cancer is
on the horizon. While cancer stem cell-based therapy presents sophisticated and significant challenges, it offers unprecedented
opportunities to extend human life. Continued technological advancements in stem cell therapy promise to provide new insights
and refine approaches for cancer treatment, ushering in a new era of hope and innovation in the fight against this formidable
disease.

1. Introduction

Cancer stem cells (CSCs), also known as tumor-initiating
cells, represent a small subset of cells within a tumor with
distinct properties. Unlike the bulk of cancer cells, CSCs
possess stem cell-like characteristics, including the ability
to self-renew and differentiate into various cell types found
within the tumor [1]. Tumors lacking stem cells exhibit vary-
ing degrees of cell population differentiation but still display
a high-proliferation rate [2]. CSCs are believed to be at the
root of tumor initiation, progression, and therapy resistance.
Their capacity to evade current cancer treatments makes
them a focus of intense research as the potential to develop
into cancer has raised concerns regarding their therapeutic
applications [3]. Various factors are considered to be crucial
in the “transformation” of stem cells, resulting in CSCs, and
are believed to include a combination of stochastic and hier-
archical factors [4, 5]. Owing to their ability to self-renew

and differentiate into various cell types, stem cells tend to
accumulate mutations and epigenetic influences over time.
They can spread and become more dangerous regardless of
their location because they have been shaped by the natural
selection to do well in harsh environments [4].

The intricate molecular mechanisms governing the reg-
ulation of CSCs self-renewal and differentiation in diverse
cancer types entail a comprehensive network of transcription
factors and signaling pathways. Transcription factors, includ-
ing OCT4, Sox2, Nanog, and KLF4, serve as orchestrators of
this regulatory paradigm by modulating gene expression and
sustaining the pluripotent state of CSCs [6]. Simultaneously,
signaling pathways, such asWnt, Notch, Hedgehog, JAK-STAT,
PI3K/AKT/mTOR, TGF/SMAD, and PPAR, play indispensable
roles in the intricate orchestration of CSC behavior [7]. The
Wnt pathway, for example, reinforces stemness by stabiliz-
ing β-catenin, thus augmenting self-renewal capacity [8]. In
parallel, Notch and Hedgehog pathways maintain stemness
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and curtail differentiation [9]. The JAK–STAT pathway
governs the delicate equilibrium between survival and pro-
liferation of CSCs, while the PI3K/AKT/mTOR pathway
wields influence over their metabolic processes and self-
renewal potential [10]. The context-dependent duality of
TGF/SMAD signaling manifests either as a promoter or
an inhibitor of CSC self-renewal [11]. In addition, the activa-
tion of peroxisome proliferator-activated receptors (PPARs)
steers CSCs toward differentiation [12]. These intricate
molecular components collectively form a dynamic and com-
plex regulatory network dictating the multifaceted develop-
ment and functionalities of CSCs within the context of cancer.
The equilibrium between self-renewal and differentiation,
meticulously regulated by these mechanisms, is pivotal for
tumor growth and progression. A profound comprehension
of this intricate molecular interplay is imperative for the
development of targeted therapeutic modalities aimed at
selectively eradicating CSCs, thereby mitigating the risk of
cancer relapse.

Cancers originating from malignant stem cells are par-
ticularly concerning due to their resistance to the conven-
tional anticancer medications, as even a single surviving CSC
can lead to tumor recurrence [13]. Furthermore, it has been
postulated that these tumor cells may be protected by altered
microenvironmental habitats compared to the normal stem
cell niche [14]. Targeting CSCs has the potential to revolu-
tionize cancer treatment and significantly enhance patient
outcomes. By eradicating the cells responsible for therapy
resistance, recurrence, and metastasis, the chances of achiev-
ing long-term remission and improving overall survival rates
are greatly enhanced. The development of therapies that spe-
cifically target CSCs has the potential to transform cancer treat-
ment and provide new hope for patients facing this formidable
disease. In order to establish novel treatment strategies that stop
the growth of cancer, Zarrintaj et al. [15] conducted a review to
identify the biological distinctions between healthy and CSCs,
as well as to comprehend the mechanisms that govern these
distinctivemechanisms. Experimentally, the frequency of CSCs
is typically considered to be modest—less than 1% in unfrac-
tionated cancer cell populations [16].

Despite reported advancements, researchers must exer-
cise prudence when pursuing a treatment strategy. The biol-
ogy of stem cells is still in its infancy, and fresh information
refuting or confirming existing understanding emerges daily.
As research progresses from the laboratory to the clinic, it is
crucial to give significant consideration to the social, ethical,
and political implications surrounding it. While it may not
be possible to address all the concerns raised, it is vital to engage
in ongoing discussions and work in parallel. Researchers can
only achieve a more controlled balance between self-renewal
and cell differentiation, stimulating tissue regeneration, by
understanding the molecular processes that regulate cell divi-
sion. Furthermore, clearer recommendations for the optimal
use of cell (and gene) therapy are necessary to enhance the
quality of life for individuals [17]. It is anticipated that novel
stem cell therapies will replace current, more expensive,
and often ineffective treatments. Additionally, stem cells are
considered crucial experimental models for studying cell

differentiation, embryonic development, cancer mechanisms,
and other areas. This growing understanding of fundamental
biology may lead to improvements in the existing treatment
methods for human and animal disorders in the near future
[18–20]. Hence, this review underscores the significance of
CSCs in disease therapy.

2. Difference between Cancer and CSCs

In the 1950s and 1960s, Till Thompson and McCulloch [21]
and Sornberger [22] of Toronto performed pioneering work
in the field of CSCs. John Dick’s research team discovered
that acute myeloid leukemia (AML) has a leukemia stem cell
fraction with the same surface markers as normal hemato-
poietic stem cells. Only these CSCs could induce AML in
immunocompromised mice [21, 22]. Rossi et al. [23] con-
ducted a detailed analysis of the distinctions between cancer
epithelium and CSCs (Table 1). CSCs were first discovered in
leukemia and breast cancer tissues. They have the ability for
allografting, resistance to therapy and metastasis [35, 36].

In breast cancer, transplanting a few hundred CSCs can
produce a tumor, whereas transplanting a few hundred thou-
sand “normal” cancer cells does not [37]. Biopsies of human
carcinomas from brain tumors [38], colon carcinomas [39],
and head and neck cancer [40] yielded similar findings. In
each of these experiments, the transplanted CSC fraction was
able to grow tumors in immunocompromised animals with
the original histology. CSCs have also been detected in lung
carcinoma [41], pancreatic carcinoma [42], and malignant
melanoma [43]. Due to their resistance to apoptosis, neither
chemotherapy nor radiation can effectively destroy the
majority of CSCs [44]. Chemotherapy and radiation can
reduce the size of a tumor, but only the aggressive cells
survive [37]. This is why it is common for a particularly
aggressive recurrence to occur following remission. There-
fore, to effectively treat cancer, the therapy would have to
target tumor stem cells. Further investigations have demon-
strated the presence of CSCs in CML patients treated with
imatinib [45, 46]. Stem cells can enter a latent state that is
resistant to cytostatics, utilize detoxifying transport channels,
and activate antiapoptotic signaling pathways to protect
themselves from cell death.

3. The Persistence of Cancers and CSCs

Tumorigenesis involves the accumulation of numerous
mutations, which, influenced by natural selection, result in
the proliferation of more aggressive cell subpopulations and
contribute to tumor progression [25]. Although this notion is
well-established, the experimental identification of cells capable
of generating tumors has just recently begun. When implanted
into immunocompromised mice, a small number of cancer
mass cells can multiply and form new tumors, as observed in
breast cancer, prostate cancer, and leukemia [2, 47]. These cells
are referred to as CSCs, and they share several traits with normal
stem cells. Both cell types are capable of self-renewal, sustaining
the stem cell population indefinitely, and producing cells capa-
ble of differentiating into at least one lineage. As differentiation
progresses, the proliferative rate decreases, rendering terminally
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differentiated cells unable to multiply and prone to activating
the apoptotic program after a specific period. Consequently, the
majority of the cells in the tumor mass are not tumorigenic.
Thus, tumors consist of varied cells at different stages of growth,
making them different from one another [48].

Given that stem cells rely on a specific microenvironment
to maintain their capacity for self-renewal and that peritu-
moral tissues influence the maintenance of the tumor state,
detailed studies on the influence of microenvironments on
the maintenance of CSCs are essential for comprehending
the biology of cancers. Two fundamental stem cell character-
istics that influence tumor growth are a low-proliferative rate
and high expression of multidrug resistance proteins. These
traits indicate that traditional chemotherapy, which mainly
targets proliferating cells, would be ineffective in eliminating
these cells. Therefore, the identification of CSCs with distinct
molecular pathways and a better understanding of the tumor
microenvironment could lead to the development of targeted
therapies that are less aggressive and more effective in elimi-
nating the cells responsible for tumor growth [47, 49]. Such
advancements would decrease the likelihood of cancer relapse.

4. Diapause and Hibernation
Mechanism in CSCs

When cancer cells are exposed to chemotherapy, they undergo
hibernation or senescence [50]. Researchers have tested ATR
protein inhibitors on AML organoids and mouse models, suc-
cessfully preventing cancer cells from entering hibernation
when administered before chemotherapy. This approach
shows promise in improving the effectiveness of chemother-
apy for breast cancer, prostate cancer, GI cancer, and other
types [51]. Furthermore, studies have revealed that certain
cancer cell subtypes capable of entering hibernation can con-
tribute to the cancer recurrence. This highlights the impor-
tance of targeting these hibernating cancer cells to prevent
disease relapse and improve treatment outcomes. Cancer
cell subtypes that comprehend “hibernation” can induce

cancer recurrence [52]. Although further research is needed
to unravel the intricate mechanisms of diapause and its impli-
cations in cancer biology, the exploration of this biological
phenomenon opens new avenues for improving the cancer
therapies. By deciphering themolecular mechanisms that reg-
ulate diapause and developing strategies to selectively target
hibernating cancer cells, researchers strive to overcome treat-
ment resistance, prevent tumor recurrence, and ultimately
improve patient outcomes in the fight against cancer [53].

5. Filling Knowledge Gaps on CSCs
through Research

Recently, the understanding that stem cells exist in all tissues
has been extended to cancer. The roles of stem cells in nor-
mal tissues have now been linked to oncogenesis, highlight-
ing the significance of targeting and altering CSCs as a crucial
treatment strategy [54]. In recent years, the identification of
stem-like cells in tumors has become a major aspect of cancer
cell biology research. As with any new field, there is currently
no consensus on how to identify tumor stem cells in a popu-
lation of diverse tumor cells. Various methods such as
marker presence detected through flow cytometry, immuno-
detection, or RT-PCR, as well as functional characteristics
like sphere formation or growth in animals, are being utilized
[55, 56]. This concept of CSC attempts to suggest that not all
forms of growth within tumors are responsible for sustaining
tumor growth or initiating new growth. Rather, there is a
distinct fraction of malignant cells known as CSCs that pos-
sess stem-like characteristics, including self-renewal and dif-
ferentiation abilities. These malignant cells play a crucial role
in tumor progression and metastasis. In the case of AML,
evidence supporting the existence of leukemic stem cells
(LSCs), a type of CSC, was initially discovered in 1997
[57]. Since then, most investigations have focused on three
key aspects: (a) the ability of CSCs to engraft and initiate
tumor growth; (b) their capacity for serial transplant growth
and the ability to regenerate tumors following transplantation

TABLE 1: Differences between cancer epithelial cells and CSCs.

Cancer epithelial cells CSCs

Noninvasive with limited self-renewal potential and usually
divide with a finite replicative capacity [24]

Invasive, migratory properties. CSCs exhibit self-renewal
capabilities, allowing them to give rise to both identical CSCs and
differentiated cancer cells, contributing to tumor perpetuation [25]

Typically more differentiated and closely resemble mature cell
types [26]. They often form the bulk of the tumor

Less differentiated and exhibit properties akin to stem cells. They
can differentiate into various cell types found within the tumor [25]

Cell polarity often responsible for initiating the tumor. They are
derived from CSCs or non-CSC tumor cells [27].

CSCs have the unique ability to initiate tumor growth when
transplanted into animal models, and they are considered the
“seeds” of the tumor [28]

High expression of cell adhesion molecules [29] Low (focal point) adhesion [30]

They usually display limited heterogeneity and represent the
dominant, mature cell population within the tumor [31]

CSCs contribute to intratumoral heterogeneity by giving rise to
both CSCs and differentiated cancer cells, resulting in a diverse cell
population [32]

Nonmotile [33] Highly mobile with stem cell-like behavior [25]

TGFβ can lead to epithelial mesenchymal transition, promote
metastasis and invasion [27]. Hence it can count as biomarker

CSCs express distinctive stem cell markers, including CD44,
CD133, and specific transcription factors (e.g., OCT4, SOX2,
NANOG), associated with pluripotency and self-renewal [34]
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into immunocompromised mice; and (c) their heterogeneity
and ability to give rise to non-CSC offspring. Many diseases
exhibit phenotypic and functional similarities between malig-
nant tissues and CSCs [57, 58]. The expression patterns of
markers in AML-LSCs resemble those observed in normal
hematopoietic stem cells or the parent tissues from which
malignancies arise. Similarly, colorectal CSC populations
exhibit gene expression profiles similar to those of normal
adult intestinal tissue stem cells, and this similarity has been
successfully replicated in an immunocompromised mice [59].
The presence of a CSC-like signature in breast and colorectal
cancers indicates the aggressive nature of these diseases.
Recent studies have also explored the integration of gene
expression and epigenetic features in various human malig-
nancies. CD47, a protein present in both cancerous and non-
cancerous tissues, has been identified as a potential target for
CSCs [60]. High expression of CD47 in AML–LSCs has been
associated with shorter overall survival in AML patients. In
allograft transplant experiments, the use of anti-CD47 anti-
bodies reduced the growth of human AML in immune-
deficient mice, demonstrating the significant role of CD47
in LSC-driven proliferation [61]. Furthermore, treatment
with anti-CD47 antibodies in mice with human AML led to
a significant reduction in circulating AML–LSCs and a sub-
stantial decrease in LSCs within the bonemarrow. Subsequent
transplantation of cells from anti-CD47-treated mice did not
result in leukemia engraftment, indicating successful eradica-
tion of AML–LSCs [62].

The mechanism that allows CSCs to evade the immune
system and produce tumors in other organs, known as
metastases, was uncovered in a study released by researchers
at Princeton University in the United States. CSCs acquire
new characteristics through genetic pathways that are typical
of normal stem cells. This enables them to adapt and become
more aggressive, ultimately playing a role in tumor instiga-
tion, metastasis, and treatment resistance [63]. Scientists at
Cornell University developed nanoparticles that circulate in
the bloodstream and selectively destroy cancer cells upon
contact, specifically cancer cells that have spread from the
primary tumor and formed metastases [64]. Furthermore,
research has focused on the role of microRNAs in the differ-
entiation of prostate CSCs. This investigation has allowed for
the analysis of their sensitivity to conventional and natural
medications, as well as the identification of pathways
involved in differentiation. Additionally, it has provided
insights into the potential for cancer metastasis and the iden-
tification of microRNAs that undergo changes during the
differentiation process [65, 66].

6. CSC Models

CSC models are experimental systems that aim to mimic the
behavior and characteristics of CSCs in a controlled labora-
tory environment. These models are essential for studying
the biology of CSCs, investigating their role in tumor initia-
tion, progression, and therapy resistance, as well as develop-
ing novel therapeutic strategies. These include:

(1) Cell line-derived models: cancer cell lines derived
from tumor samples or established cell lines can be
used to generate CSC models. These models involve
isolating and enriching cells with stem-like proper-
ties, such as self-renewal and differentiation poten-
tial. By studying these cell populations, researchers
can gain insights into CSC biology, identify CSC-
specific markers, and investigate their response to
the various treatments [67, 68]. Cell line-derived
models offer numerous advantages for scientific
research. The ease of maintenance, coupled with
their cost-effectiveness, makes them accessible to a
wide range of research laboratories. Many cell lines
exhibit rapid growth, facilitating high-throughput
studies, and some are amenable to genetic manipula-
tion, enabling the investigation of specific gene func-
tions. Additionally, the use of cell lines avoids ethical
concerns associated with animal or human research,
making them a practical choice for various experi-
mental settings [69]. Despite their advantages, cell
line-derived models come with limitations. They do
not fully capture the complex in vivomicroenvironment
and interactions present within a whole organism,
which can lead to discrepancies between experimental
outcomes and physiological reality. Many cell lines are
derived from a limited range of tissue types, limiting
their representativeness.Moreover, cell lines can undergo
phenotypic and genetic drift, potentially deviating
from the original tissue or tumor characteristics.
They lack interactions with the extracellular matrix
and lack physiological relevance, residing in artificial
conditions. Finally, their responses to drugs may not
accurately reflect in vivo responses, which can lead to
misleading conclusions in drug development and test-
ing [70].

(2) Patient-derived xenografts (PDX): PDX models
involve implanting patient-derived tumor tissues or
CSC populations into immunodeficient mice [71].
These models better recapitulate the tumor microen-
vironment and allow the study of tumor growth,
metastasis, and therapeutic response in vivo. PDX
models retain the heterogeneity and genetic charac-
teristics of the original tumor, making them valuable
tools for preclinical drug testing and personalized
medicine approaches [72–74]. PDX models offer sig-
nificant advantages in mimicking human tumors and
assessing drug responses. However, they require sub-
stantial resources, lack a human immune system, and
may not be feasible for all tumor types [75]. Research-
ers should carefully consider these pros and cons
when choosing PDXmodels for their specific research
objectives.

(3) 3D culture systems: 3D culture systems, such as
tumor spheroids or organoids, aim to mimic the
three-dimensional architecture and cellular interac-
tions within tumors. In 1907, Wilson [76] conducted
a groundbreaking experiment demonstrating the
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remarkable regenerative potential of sponge cells.
This was the start of organoid development technol-
ogy and since then, stem cell researchers have made
significant progress in generating organoids from
stem cells to study various types of cancer, including
breast [77], lung [78], colon [79], and pancreatic
ductal adenocarcinoma [80]. Translational models
of stem cells and induced pluripotent stem cell orga-
noids for gastric cancer are already in place to study
gastric cancer [81]. These models provide a more
physiologically relevant environment for studying
CSC behavior, including self-renewal, differentiation,
and response to therapies. Organoids derived from
precancerous lesions serve as valuable models for
understanding tumor development and analyzing
tumor-related changes while tumor organoids exhibit
characteristics similar to the original tissue and retain
the heterogeneity observed in individual cancers [82].
This featuremakes them promising tools for precision
medicine and translational research, offering a pow-
erful platform to study cancer biology and explore
personalized treatment options. 3D culture systems
can be derived from patient samples or established
cancer cell lines [83–85]. For instance, patient-derived
organoids in high-grade serous ovarian carcinoma
have been successfully used to study different muta-
tional processes driving chromosomal instability,
such as homologous recombination deficiency, chro-
mothripsis, tandem-duplicator phenotype, and whole
genome duplication [86]. They can be used for testing
compound sensitivity, and guide the development of
precision therapeutics. In colorectal carcinoma orga-
noids, differential responses to various agents, includ-
ing oxaliplatin and palbociclib have been studied [87].
Combined with other techniques like RNA-seq and
mass-spectrometry, colorectal carcinoma organoids
have the potential to predict treatment response and
aid personalized cancer therapy development.

However, despite their potential, there are several limita-
tions associated with organoid research in the context of
cancer. The success rates of generating organoid models
vary greatly, and the conditions for organoid culture require
optimization to enhance reproducibility [88]. The absence of
certain cell types, such as stromal cells, in organoids hinders
their ability to accurately predict clinical outcomes and evalu-
ate the efficacy of immunomodulatory treatments [82]. More-
over, current organoid models lack vascularization and the
ability to model interactions between different tissues and
organs, limiting their ability to fully recapitulate the complex-
ity of in vivo environments [89]. Standardization of protocols
and cost-effective productionmethods are also essential for the
broader adoption of organoid technology in the healthcare
systems [88, 90]. Therefore, organoids have significant poten-
tial in cancer research but addressing these limitations and
advancing organoid technology will be crucial to unlock their
full potential as reliable preclinical and clinical models for drug
screening and personalized medicine.

(4) Genetically engineered mouse models (GEMMs):
GEMMs involve manipulating the genetic makeup
of mice to develop specific cancer types or target
specific genes associated with CSCs. These models
allow researchers to study the role of specific genetic
alterations in CSC formation, tumor initiation, and
progression. GEMMs can also be used to evaluate the
efficacy of targeted therapies against CSCs in a more
complex and dynamic system [91]. They offer precise
genetic control and closely mimic human diseases,
making them invaluable for many research applica-
tions [92]. However, they are resource-intensive, may
not be suitable for all diseases, and raise ethical
considerations.

(5) Organotypic models: organotypic models aim to rec-
reate the complexity of the tumor microenvironment
by combining multiple cell types and extracellular
matrix components [93]. These models can include
cocultures of CSCs with other cell types, such as
stromal cells, brain cells [94], or immune cells, to
investigate their interactions and their influence on
CSC behavior. Organotypic models provide a plat-
form to study CSC-mediated tumor-stroma interac-
tions, immune evasion mechanisms, and potential
therapeutic interventions [95]. Organotypic models
offer a highly relevant platform for studying tissue-
specific diseases and drug responses with the reduced
ethical concerns. However, they can be resource-
intensive, may lack long-term viability, and exhibit
variability when using patient-derived samples [96].

(6) Organ-on-a-chip technology: organ-on-a-chip is a
rapidly evolving field that involves the development
of microscale devices that mimic the structure and
function of human organs [97]. These devices typi-
cally consist of microfluidic channels lined with liv-
ing cells that replicate the physiological environment
of a specific organ or tissue. In the context of CSC
research, organ-on-a-chip platforms can be used to
recreate the microenvironment of tumors and study
the behavior of CSCs as researchers can create a
microfluidic chip that mimics the blood vessels and
surrounding tissues of a specific organ affected by
cancer [98]. By introducing CSCs into this system,
researchers can observe how the cells interact with
their environment, migrate, invade surrounding tis-
sues, and respond to different treatment modalities
[99]. Organ-on-a-chip technology can create more
realistic and physiologically relevant cancer models
compared to traditional 2D cell culture systems. It
allows for the integration of multiple cell types,
dynamic fluid flow, and the application of mechanical
forces, providing a more comprehensive understand-
ing of CSC behavior [100]. Overall, organ-on-a-chip
technology offers highly detailed and physiologically
relevantmodels for studying organs and tissues. How-
ever, it can be complex and costly, and achieving
standardization can be challenging [101].
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(7) Spheroids: spheroids are 3D-cell culture models that
closely resemble the structure and behavior of tumors
in vivo. They are typically formed by growing cancer
cells in suspension or embedding them in an extracel-
lular matrix, allowing the cells to aggregate and form
compact, spherical structures. Spheroids can be derived
fromCSCs or bulk cancer cell populations.When using
CSCs, spheroids can help to maintain the stemness and
heterogeneity of the cell population, allowing research-
ers to study the characteristics and behavior of CSCs
in a more physiologically relevant setting. Spheroids
derived from bulk cancer cell populations can also
provide insights into the interactions between CSCs
and other tumor cells within a 3D microenvironment
and investigate self-renewal, differentiation, invasion,
metastasis, and drug response behavior [98]. Various
types of spheroids have been established for different
cancer types, such as glioma-derived spheroids or
neurospheres, mammalian cancer spheroids (mam-
mospheres), and colorectal cancer spheroids (colon-
spheres) [93, 102–104]. Neurosphere CSCs closely
resemble the genotype, gene-expression profile, and
biology of the parental tumors [93]. Lee et al. [102]
have demonstrated the ability to generate different
types of mature neural cells and exhibited multiline-
age differentiation when transplanted in vivo. Mam-
mospheres have also been derived from metastatic
cells and ductal carcinoma in situ, and they have
been utilized to investigate intertumoral heterogene-
ity, signaling pathways, and the effects of chemical
compounds on CSCs [93, 103]. Colonospheres have
reproduced the histopathological features of the orig-
inal tumor when transplanted into mice and have
been extensively used to study CSC-related character-
istics such as chemoresistance, metastatic capacity,
and tumorigenicity at the single-cell level [93, 104].

Scientists have demonstrated that ex vivo drug sensitivity
testing in 3D spheroidal cultures accurately replicates clinical
responses to chemotherapy and immunotherapy, particu-
larly in cisplatin-based chemotherapy and anti-PD-1 therapy
in lung cancer [105]. This indicates the promising potential
of using these culture models to predict patient outcomes,
facilitating the selection of individualized therapies. By asses-
sing the drug sensitivity of patient-derived tumor spheroids,
researchers have obtained consistent correlations with the
patient’s actual clinical response to these treatments. Spher-
oids capture important aspects of tumor biology, including
cell–cell interactions, nutrient and oxygen gradients, as well
as resistance to therapies [106, 107]. Spheroids can be ana-
lyzed using techniques like microscopy, gene expression pro-
filing, and drug screening assays to assess the effects of
different treatments on CSCs.

Each CSC model has its advantages and limitations, and
the choice of model depends on the specific research ques-
tion and experimental design. By utilizing these models,
researchers can gain insights into the biology and behavior

of CSCs, identify novel therapeutic targets, and develop more
effective treatment strategies to combat cancer.

7. Role of CSCs in Clinical Findings

CSCs can serve as biomarkers for the early detection, diag-
nosis, and prognosis of various types of cancer. CSCs can
also aid in drug radiation resistance and tumor initiation
(Figure 1) [109].

Their presence and characteristics can provide valuable
insights into tumor aggressiveness, treatment response, and
likelihood of recurrence. Identifying and targeting CSC-
specific biomarkers can aid in personalized treatment strate-
gies and monitoring disease progression. SCs can be utilized
for drug screening and testing novel therapeutic agents. By
culturing CSCs in vitro or developing animal models with
CSC populations, researchers can assess the efficacy of dif-
ferent drugs and identify potential candidates for the further
clinical development. This approach enables the identifica-
tion of drugs that specifically target CSCs, ultimately leading
to more effective treatment options.

Researchers have discovered new biomarkers in CSCs
that govern the survival and spread of cancer, and hope is
rising that drug discovery to kill CSCs can follow suit
(Table 2) [110–113]. Biomarkers can help clinicians detect
that an abnormal process may be underway and can appear
as an array of aberrant proteins, such as hormones, enzymes,
or signaling molecules, and may vary from patient to patient.

Studying CSCs can provide insights into the mechanisms
underlying tumor heterogeneity and clonal evolution, which
can guide the development of more effective treatment strat-
egies. By targeting CSCs, it may be possible to disrupt tumor
growth, inhibit metastasis, and prevent the development of
therapy-resistant cell populations. It is important to note that
while the clinical uses of CSCs show significant potential,
further research is needed to fully understand their biology,
behavior, and therapeutic implications. Ongoing studies and
clinical trials are focused on unraveling the complexities of
CSCs and translating this knowledge into improved patient
care and outcomes in the fight against cancer. Clinicians can
make informed decisions through these methods regarding
treatment options, expectations as well as monitoring.

8. Treatment and Side Effects Associated with
Stem Cell Therapy

One of the promising approaches in cancer treatment is
targeting CSCs specifically [114]. Conventional cancer ther-
apies such as chemotherapy and radiation primarily target
rapidly dividing cells, but they may not effectively eliminate
CSCs, which are often more resistant to these treatments
[115]. CSCs can survive the initial therapy and contribute
to tumor recurrence and metastasis. It is crucial that the
accurate separation and recognition of malignant tissues
be programed and designed, which entails understanding
mechanisms that regulate the expansion of cancer stem cell
colonies and the development of drug resistance in order to
design effective tailored therapies. The immunomodulation,
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immune evasion, and impact resistance brought about by
CSCs significantly alter the ability of the natural immune
system to work in harmony [116, 117]. In tumor progression,
signaling via mTOR (mammalian target of rapamycin), SHH
(sonic hedgehog), notch receptor, and Wnt/β-catenin can be
harnessed for modulating tumor progression [118]. Addi-
tionally, CSC-based therapies include the development of
drugs that selectively target CSCs or disrupt the supportive
microenvironment that promotes their survival [25, 119].
These therapies aim to inhibit the self-renewal capabilities
of CSCs, induce their differentiation into noncancerous cell
types, or sensitize them to conventional treatments. Another
emerging area of research is the use of immunotherapy in
targeting CSCs. Immunotherapies harness the body’s immune
system to recognize and eliminate CSCs. Strategies such as
immune checkpoint inhibitors, chimeric antigen receptor
(CAR) T-cell therapy, and cancer vaccines are being explored
to stimulate the immune response against CSCs and improve
treatment outcomes [120].

Treatment using CSCs holds promise for improving out-
comes in cancer therapy. However, like other medical inter-
ventions, there are potential side effects and risks associated
with this approach [121]. It is important to note that the risk
of these side effects and complications is generally low but
some of the reported side effects of CSC treatment include
throat and mouth pain, vomiting, nausea, and the need for
transfusions due to blood-related complications. Addition-
ally, there is a risk of bleeding and infection, which are com-
mon concerns in any invasive medical procedure. Other

potential risks specific to CSC treatment include hepatic
hyperplasia [122, 123], and hepatic veno-occlusive disease
[124]. However, precautionary measures should be taken to
minimize the potential risks associated with the treatment.
For instance, avoiding medications that suppress the immune
system during the treatment period can positively impact
the chances of successful cancerous tissue growth in the trea-
ted environment. To ensure the safety and effectiveness of
CSC treatment, close monitoring, and careful management
of potential side effects are necessary. Medical professionals
and researchers continually work to improve the understand-
ing of these risks and develop strategies to minimize them. By
addressing and managing the side effects and risks associated
with CSC treatment, the goal is to provide patients with safer
and more effective therapeutic options for cancer management.

9. Role of CSCs for Immunization
against Oncogenesis

CSCs play a crucial role in boosting the body’s immune
system to fight against cancer and are being extensively
explored for their potential as vaccines. Recent research
has revealed that introducing CSCs into the body can help
combat growth-promoting proteins and stimulate the
immune system to target various types of cancer [125]. In
the human body, there are specialized cancer cells known as
T-cancer cells that constantly survey the surface of cancerous
tissues, examining them for any abnormality or potential
threat to the body. Changes in the patterns of cancer cells,

Normal tissue

Stem cell

Multipotent
progenitor

Initial tumor
Tumor initiating cells

Advanced tumor

Target tumor
initating cells

Target bulk of tumor cells
Tumor progenitors and

diferentiated tumor cells

Progenitor

Diferentiated cells

Mutations Mutations

Mutations?
EMT?

FIGURE 1: Tumor initiation cells known for their ability to initiate tumor formation due to mutations, serve as the “seeds” of malignancy.
These cells allow cancer to take root and propagate. Tumor initiation cells are often associated with the process of epithelial–mesenchymal
transition (EMT), a critical event in cancer progression. This figure is adapted from the study of Zhou et al. [108].
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such as mutations or altered expression, can indicate the
presence of viruses or bacteria. However, growing tumors
have developed mechanisms to evade detection, making it
challenging to identify and treat them at early stages [126].
This evasion weakens the body’s immune response, allowing
cancer to persist. Surgery is often considered the most effec-
tive method of removing tumors but it does not guarantee
the complete eradication of all cancer cells. Residual cells can
regenerate and contribute to disease recurrence. This emphasizes
the need for complementary approaches that can strengthen the
immune system and enhance its ability to recognize and elimi-
nate cancer cells. CSC-based immunization strategies hold great
promise in achieving this goal.

By harnessing the unique characteristics of CSCs, research-
ers aim to develop innovative therapies that target and activate
the immune system against cancer. These efforts seek to over-
come the challenges posed by tumor evasion mechanisms and
improve the effectiveness of treatment by stimulating a robust
immune response against cancerous cells. The use of CSC-
based immunization approaches represents an exciting avenue
in the ongoing battle against cancer, offering new opportu-
nities for more effective and targeted treatments.

10. Clinical Trials of CSCs

It is well-understood that to eradicate diseased (malignant)
cells, there must be a means to treat them with minimal
adverse effects on normal cells. As a result, it is critical to
strive to eradicate any malignant cancerous tissues that fuel
the advancement of growth in the body in some way. The
first medications have shown promising results in eliminat-
ing harmful malignant tissues. The issues being addressed
include but are not limited to, antibody-mediated monother-
apy that primarily targets CD47, as well as an antibody that
targets ROR1. The Institute for Regenerative Medicine in
California is conducting both of these trials (CIRM). It is
carrying out the trial project by collaborating with other
organizations to produce a unique type of stem cancerous
tissue-based treatments that include therapy aimed at the
elimination of malignant cancerous tissues [127]. Hundreds
of studies have been listed on the clinical trials website of the
US government (clinicaltrials.gov). Clinicians are attempting
to increase the efficacy of treating children with aggressive
neuroblastoma with high-dose chemotherapy and stem cell
transplantation by combining chemotherapy, radiation, reti-
noids, immunotherapy, and other therapies [128]. Recent
studies have indicated that doing two stem cell transplants
(tandem transplants) in children with high-risk neuroblas-
toma is more successful than performing a single stem cell
transplant [129–133]. They are testing if new chemotherapy
medication combinations, such as busulfan and melphalan,
are more successful than the ones typically used before a
stem cell transplant. Other research is looking into whether
utilizing stem cells supplied by someone else (allogeneic stem
cell transplantation) rather than stem cells donated by the
patient (autologous stem cell transplantation) may be more
beneficial for children with difficult-to-treat cancers [134, 135].

Several studies are recruiting patients for adenocarcinoma
treatment through CSCs (Table 3).

11. Current and Future Developments in CSCs

Current and future developments in CSC research are paving
the way for significant advancements in our understanding
of cancer biology and the development of innovative thera-
peutic approaches. One notable area of progress is the char-
acterization of CSC markers, which involves identifying
specific molecular signatures and genetic profiles associated
with CSCs in various cancer types [134, 136]. This charac-
terization enables researchers to isolate and study CSC popu-
lations, leading to a deeper understanding of their biology
and behavior, and providing potential targets for therapeutic
interventions. Another important aspect of CSC research is
the exploration of CSC heterogeneity within tumors [135]. It
is now recognized that CSC populations exhibit significant
diversity, with distinct subpopulations displaying different
characteristics and behaviors. Scientists are actively investi-
gating the mechanisms underlying this heterogeneity and its
implications for tumor growth, metastasis, and therapy resis-
tance. Understanding CSC heterogeneity holds the key to
developing targeted treatment strategies that address specific
CSC subpopulations, thereby enhancing the effectiveness of
therapies and reducing the likelihood of tumor recurrence.

Significant efforts are also being made to target CSC-
specific signaling pathways [137, 138]. These pathways reg-
ulate key processes such as self-renewal, differentiation, and
survival of CSCs. By targeting these pathways, researchers
aim to disrupt CSC maintenance and inhibit tumor growth.
Pathways such as notch, Wnt, and hedgehog have been iden-
tified as potential targets for therapeutic intervention [139].
Combination therapies that combine conventional treat-
ments like chemotherapy and radiation with CSC-targeted
therapies are being explored to enhance treatment efficacy.
The goal is to simultaneously target both the bulk tumor cells
and the CSC subpopulations, leading to better tumor regres-
sion, prevention of recurrence, and overcoming therapy
resistance. Immunotherapies are also showing promise in
the field of CSC research [140]. The immune system plays
a crucial role in recognizing and eliminating cancer cells,
including CSCs. Scientists are developing immunotherapeu-
tic approaches, such as immune checkpoint inhibitors and
adoptive cell therapies, to enhance the immune response
against CSCs and improve patient outcomes.

Additionally, researchers are focusing on modulating the
tumor microenvironment to disrupt CSC niches and their
supportive interactions [141, 142]. The tumor microenviron-
ment, including stromal cells, extracellular matrix components,
and immune cells, plays a critical role in CSC regulation and
tumor progression. Targeting the microenvironment holds
potential as a therapeutic strategy to inhibit CSC growth and
metastasis. Efforts are also underway to develop drugs specifi-
cally targeting CSCs, such as nanoparticle-mediated CSC
destruction [119]. Specifically targeting drugs aim to selectively
eliminate CSCs while sparing normal stem cells, reducing off-
target effects, and improving treatment outcomes. Various

Stem Cells International 11



T
A
B
LE

3:
O
ng
oi
ng

cl
in
ic
al
tr
ia
ls
re
cr
ui
ti
ng

ad
en
oc
ar
ci
no

m
a
pa
ti
en
ts
fo
r
C
SC

-b
as
ed

tr
ia
ls
(s
ou

rc
e:
cl
in
ic
al
tr
ia
ls
.g
ov
;r
et
ri
ev
ed

20
M
ay

20
23
).

Se
ri
al
no

.
C
on

di
ti
on

s
In
te
rv
en
ti
on

s
T
ri
al
nu

m
be
r

1
G
as
tr
ic
an
d
ca
rd
ia
ad
en
oc
ar
ci
no

m
as

P
ro
ce
du

re
:b

io
ps
y

N
C
T
02
49
18
40

2
P
an
cr
ea
s
ca
nc
er

D
ru
g:
be
th
an
ec
ho

l
N
C
T
03
57
22
83

3
R
es
ec
ta
bl
e
pa
nc
re
at
ic
ad
en
oc
ar
ci
no

m
a

D
ru
g:
H
IP
E
C
-g
em

ci
ta
bi
ne

N
C
T
03
25
13
65

4
A
de
no

ca
rc
in
om

a
of

lu
ng

G
en
et
ic
:M

SC
T
R
A
IL
|D
ru
g:
pl
ac
eb
o

N
C
T
03
29
87
63

5

P
an
cr
ea
ti
c
ad
en
oc
ar
ci
no

m
a
m
et
as
ta
ti
c|
B
R
C
A
1
m
ut
at
io
n|
B
R
C
A
2
m
ut
at
io
n|
P
an
cr
ea
ti
c
ac
in
ar

ce
ll

ca
rc
in
om

a|
P
an
cr
ea
ti
c
du

ct
al
ad
en
oc
ar
ci
no

m
a|
P
an
cr
ea
ti
c
ca
nc
er
|M

et
as
ta
ti
c
pa
nc
re
at
ic
ca
nc
er
|

M
et
as
ta
ti
c
pa
nc
re
at
ic
du

ct
al
ad
en
oc
ar
ci
no

m
a|
B
re
as
t
ca
nc
er

m
et
as
ta
ti
c|
B
re
as
t
ca
nc
er

st
ag
e
IV

|
P
an
cr
ea
ti
c
ca
nc
er

st
ag
e
IV

|H
E
R
2-
ne
ga
ti
ve

br
ea
st
ca
nc
er
|H

E
R
2
ne
ga
ti
ve

br
ea
st
ca
rc
in
om

a|
A
de
no

ca
rc
in
om

a
of

th
e
br
ea
st
|P
A
LB

2
ge
ne

m
ut
at
io
n

D
ru
g:
m
el
ph

al
an
|D
ru
g:
B
C
N
U
|D
ru
g:
vi
ta
m
in

B
12
B
|D
ru
g:
vi
ta
m
in

C
|D
ru
g:
et
ha
no

l|D
ev
ic
e:
au
to
lo
go
us

he
m
at
op

oi
et
ic
st
em

ce
lls

N
C
T
04
15
00
42

6

Fa
llo
pi
an

tu
be

cl
ea
r
ce
ll
ad
en
oc
ar
ci
no

m
a|
Fa
llo
pi
an

tu
be

en
do

m
et
ri
oi
d
ad
en
oc
ar
ci
no

m
a|
Fa
llo
pi
an

tu
be

m
uc
in
ou

s
ad
en
oc
ar
ci
no

m
a|
Fa
llo
pi
an

tu
be

se
ro
us

ad
en
oc
ar
ci
no

m
a|
Fa
llo
pi
an

tu
be

tr
an
si
ti
on

al
ce
ll

ca
rc
in
om

a|
Fa
llo
pi
an

tu
be

un
di
ff
er
en
ti
at
ed

ca
rc
in
om

a|
M
al
ig
na
nt

ov
ar
ia
n
br
en
ne
r
tu
m
or
|O
va
ri
an

cl
ea
r

ce
ll
ad
en
oc
ar
ci
no

m
a|
O
va
ri
an

en
do

m
et
ri
oi
d
ad
en
oc
ar
ci
no

m
a|
O
va
ri
an

m
uc
in
ou

s
ad
en
oc
ar
ci
no

m
a|

O
va
ri
an

se
ro
m
uc
in
ou

s
ca
rc
in
om

a|
O
va
ri
an

se
ro
us

ad
en
oc
ar
ci
no

m
a|
O
va
ri
an

tr
an
si
ti
on

al
ce
ll

ca
rc
in
om

a|
O
va
ri
an

un
di
ff
er
en
ti
at
ed

ca
rc
in
om

a|
P
ri
m
ar
y
pe
ri
to
ne
al
se
ro
us

ad
en
oc
ar
ci
no

m
a|
R
ec
ur
re
nt

fa
llo
pi
an

tu
be

ca
rc
in
om

a|
R
ec
ur
re
nt

ov
ar
ia
n
ca
rc
in
om

a|
R
ec
ur
re
nt

pr
im

ar
y
pe
ri
to
ne
al
ca
rc
in
om

a

O
th
er
:l
ab
or
at
or
y
bi
om

ar
ke
r
an
al
ys
is
|P
ro
ce
du

re
:m

es
en
ch
ym

al
st
em

ce
ll
tr
an
sp
la
nt
at
io
n|
B
io
lo
gi
ca
l:
on

co
ly
ti
c
m
ea
sl
es

vi
ru
s
en
co
di
ng

th
yr
oi
da
ls
od

iu
m

io
di
de

sy
m
po

rt
er

N
C
T
02
06
87
94

7
P
an
cr
ea
ti
c
du

ct
al
ad
en
oc
ar
ci
no

m
a|
M
et
as
ta
ti
c
pa
nc
re
at
ic
ca
nc
er
|C
ir
cu
la
ti
ng

tu
m
or

ce
ll

O
th
er
:d
et
ec
ti
on

of
ci
rc
ul
at
in
g
tu
m
or

ce
lls

ex
pr
es
si
ng

A
xl
:C

T
C
-A

X
L

(+
)

N
C
T
05
34
65
36

8
P
an
cr
ea
ti
c
ca
nc
er
|M

et
as
ta
ti
c
pa
nc
re
at
ic
ca
nc
er
|M

et
as
ta
ti
c
pa
nc
re
at
ic
ad
en
oc
ar
ci
no

m
a

D
ru
g:
zo
lb
et
ux
im

ab
|D
ru
g:
na
b-
pa
cl
it
ax
el
|D
ru
g:
ge
m
ci
ta
bi
ne

N
C
T
03
81
61
63

9
C
ol
or
ec
ta
lc
an
ce
r
m
et
as
ta
se
s
an
d
he
pa
to
ce
llu

la
r
ca
rc
in
om

as
P
ro
ce
du

re
:t
um

or
/m

et
as
ta
se
s
re
m
ov
al

N
C
T
05
38
41
84

10
R
ec
tu
m

ad
en
oc
ar
ci
no

m
a

O
th
er
:b

io
ps
y

N
C
T
02
84
91
58

11
C
en
tr
al
ne
rv
ou

s
sy
st
em

no
ng
er
m
in
om

at
ou

s
ge
rm

ce
ll
tu
m
or
|C
ho

ri
oc
ar
ci
no

m
a|
E
m
br
yo
na
lc
ar
ci
no

m
a|

Im
m
at
ur
e
te
ra
to
m
a|
M
al
ig
na
nt

te
ra
to
m
a|
M
ix
ed

ge
rm

ce
ll
tu
m
or
|P
in
ea
lr
eg
io
n
ge
rm

ce
ll
tu
m
or
|P
in
ea
l

re
gi
on

im
m
at
ur
e
te
ra
to
m
a|
P
in
ea
lr
eg
io
n
yo
lk

sa
c
tu
m
or
|S
up

ra
se
lla
r
ge
rm

ce
ll
tu
m
or

D
ru
g:
ca
rb
op

la
ti
n|
D
ru
g:
et
op

os
id
e|
B
io
lo
gi
ca
l:
fi
lg
ra
st
im

|D
ru
g:

ifo
sf
am

id
e|
D
ru
g:
m
es
na
|B
io
lo
gi
ca
l:
pe
gfi
lg
ra
st
im

|P
ro
ce
du

re
:

pe
ri
ph

er
al
bl
oo
d
st
em

ce
ll
tr
an
sp
la
nt
at
io
n|
O
th
er
:q

ue
st
io
nn

ai
re

ad
m
in
is
tr
at
io
n|
R
ad
ia
ti
on

:r
ad
ia
ti
on

th
er
ap
y|
P
ro
ce
du

re
:s
ec
on

d-
lo
ok

su
rg
er
y|
D
ru
g:
th
io
te
pa

N
C
T
04
68
43
68

12
H
ep
at
oc
el
lu
la
r
ca
rc
in
om

a
D
ru
g:
pe
gi
nt
er
fe
ro
n
α
-2
b
(p
eg
ab
in
)
w
it
h
en
te
ca
vi
r
or

te
no

fo
vi
r

fu
m
ar
at
e
or

pr
op

of
ol
te
no

fo
vi
r
fu
m
ar
at
e
|P

ro
ce
du

re
:r
ad
ic
al
su
rg
er
y

N
C
T
05
46
65
65

12 Stem Cells International



approaches, such as small molecule inhibitors [143], and anti-
bodies [144], apart from nanomedicine, are being explored for
their potential to target CSC-specific pathways or markers.
Advances in genomics and single-cell sequencing technologies
are enabling the profiling of CSCs at a molecular level, leading
to personalized medicine approaches. By understanding the
genetic and epigenetic alterations specific to CSCs within an
individual’s tumor, tailored therapies can be designed to tar-
get the unique characteristics of their CSC populations,
improving treatment outcomes and patient survival rates.
The field of cancer stem cell research is rapidly evolving,
with ongoing developments in CSC biology and therapeutic
strategies. These advancements hold great promise for advanc-
ing our understanding of CSCs, improving cancer treatment
outcomes, and ultimately offering more personalized and
effective therapies for cancer patients. Continued research
and collaboration in this area are vital to realizing the full
potential of CSC-based approaches in cancer treatment.

12. Conclusion

Stem cell treatment has shown significant progress in the
field of malignant tissue research, with continuous advance-
ments being made through years of testing. Despite the existing
challenges, each new experiment expands our understanding of
the capabilities of stem cells in regenerative medicine and
transplantology. The potential of cancer stem cell-based ther-
apy to treat previously incurable diseases is remarkable. The
ability to utilize cancerous tissues from patients, thanks to the
development of pluripotency, has led to the establishment of
tissue banks, which serve as a valuable resource for regenera-
tive therapy in the fight against various diseases. The impact
of cancer stem cell therapy on extending human life is unprec-
edented, offering promising prospects for the future. Treat-
ments based on cancer stem cells represent one of the most
exciting and promising areas of cancer research today.
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