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Abstract \

Stem-cell therapy is a revolutionary frontier in modern medicine, offering enormous capacity to transform the treatment landscape of
numerous debilitating ilnesses and injuries. This review examines the revolutionary frontier of treatments utilizing stem cells, highlighting
the distinctive abilities of stem cells to undergo regeneration and specialized cell differentiation into a wide variety of phenotypes. This
paper aims to guide researchers, physicians, and stakeholders through the intricate terrain of stem-cell therapy, examining the pro-
cesses, applications, and challenges inherent in utilizing stem cells across diverse medical disciplines. The historical journey from
foundational contributions in the late 19th and early 20th centuries to recent breakthroughs, including ESC isolation and iPSC discovery,
has set the stage for monumental leaps in medical science. Stem cells’ regenerative potential spans embryonic, adult, induced plur-
ipotent, and perinatal stages, offering unprecedented therapeutic opportunities in cancer, neurodegenerative disorders, cardiovascular
ailments, spinal cord injuries, diabetes, and tissue damage. However, difficulties, such as immunological rejection, tumorigenesis, and
precise manipulation of stem-cell behavior, necessitate comprehensive exploration and innovative solutions. This manuscript sum-
marizes recent biotechnological advancements, critical trial evaluations, and emerging technologies, providing a nuanced understanding
of the triumphs, difficulties, and future trajectories in stem cell-based regenerative medicine. Future directions, including precision
medicine integration, immune modulation strategies, advancements in gene-editing technologies, and bioengineering synergy, offer a
roadmap in stem cell treatment. The focus on stem-cell therapy’s potential highlights its significant influence on contemporary medicine

and points to a future in which individualized regenerative therapies will alleviate various medical disorders.
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Overview

Stem-cell therapy signifies a pioneering frontier in modern med-
icine that uses the extraordinary power of stem cells and their

aDepartment of Biomedical Sciences, Cihan University-Erbil, *Department of Clinical
Analysis, College of Pharmacy, Hawler Medical University, Erbil, Kurdistan Region,
Iraq, CInstitute of Human Genetics, Jena University Hospital, Jena, Germany,
9General Directorate of Scientific Research Center, Salahaddin University-Erbil,
°Medical Research Center, Hawler Medical University, 'Department of Medical
Laboratory Science, College of Health sciences, Lebanese French University, Erbil,
Kurdistan Region, Erbil, Iraq, “Medical Laboratory Science Department, College of
Science, University of Raparin, Rania, Sulaymaniyah, Iraq and "Department of
Mediical Analysis, Faculty of Applied Science, Tishk International University, Erbil, Iraq
Sponsorships or competing interests that may be relevant to content are disclosed at
the end of this article.

*Corresponding author. Address: General Directorate of Scientific Research Center,
Salahaddin University-Erbil, Kurdistan Region, Erbil, Iraq. Tel.: +964 750 783 55 66.
E-mail: suhad.mustafa@su.edu.krd (S.A. Mustafa).

Copyright © 2024 The Author(s). Published by Wolters Kluwer Health, Inc. This is an
open access article distributed under the terms of the Creative Commons
Attribution-Non Commercial-No Derivatives License 4.0 (CCBY-NC-ND), where it is
permissible to download and share the work provided it is properly cited. The work
cannot be changed in any way or used commercially without permission from the
Journal.

International Journal of Surgery (2024) 110:8002-8024

Received 4 April 2024; Accepted 27 September 2024

Published online 5 November 2024

http://dx.doi.org/10.1097/JS9.00000000000027109

revolutionary potential to treat diverse illnesses. Stem cells play a
crucial role in regenerative medicine and exhibit the extra-
ordinary ability to differentiate into various cell types and to
renew themselves. Their intrinsic capacity to repair and regen-
erate tissues holds immense promise for revolutionizing ther-
apeutic interventions!™?. The historical journey of stem-cell
investigation can be traced to pivotal contributions from vision-
aries such as Boveri, Hicker, Maximow, and Cohnheim during
the late 19th and early 20th centuries!. Their foundational work
placed the groundwork for comprehension of the fundamental
principles of stem cells and for shedding light on their roles
in developmental processes and tissue repair. These early
insights have laid the foundation for contemporary stem-cell
investigations, fueling a deeper exploration of their biological
significance®*. Important turning points in the history of this
field include the identification of ESCs in 1981 by Kaufman and
Evans®~!and Thomson’s discovery of iPSCs in 2007!]. Although
stem-cell therapies have vast and promising potential, several
challenges and complexities loom in their clinical translation!!.
Issues like immunological rejection, tumorigenesis, and precise
manipulation of stem-cell behavior for optimal therapeutic out-
comes are critical hurdles that necessitate comprehensive
exploration and innovative solutions'*'2], Advances in bio-
technology, especially the revolution in exosome-based ther-
apeutics, single-cell RNA sequencing (scRNA-Seq), and CRISPR
technology!™>'%1, one of the major developments in genetic
engineering, has made precise and effective genome editing pos-
sible, which opens new avenues for modified genetic material,
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leading to advances in a variety of fields such as biotechnology
and medicine"®"”]. Regenerative medicine represents a novel and
promising therapeutic approach for individuals with exhausted
or nonexistent options for managing their medical condition.
Research studies, such as identification, clinical trials, and ther-
apeutic applications on stem-cell have been extensive in recent
years because of promising results from preclinical research
(Fig. 1). The process of bringing these novel medicinal items from
laboratories to the market is governed by strict guidelines and
directives issued by qualified regulatory bodies!*®!. Stem cells can
be obtained for tissue engineering and cell treatments from four
primary sources. The stem cells primary sources are embryonic
and fetal tissues, comprising the placenta (including the chorion
and amnion), umbilical cord (Wharton jelly), and particular tis-
sues inside the adult, such as blood, skin, skeletal muscle, fat, and
bone marrow, and somatic cells that have undergone genetic
reprogramming to become distinct from their original state, such
as iPSCs!'l.

Through an extensive synthesis of recent biotechnological
advancements, critical evaluations, and emerging technologies,
this review offers a nuanced comprehension of the advantages,
difficulties, and future trajectories of stem cell-based regenerative
therapy. By examining the historical foundations, current land-
scape, and prospects, this study endeavors to serve as a guide for
researchers, clinicians, and stakeholders in navigating the intri-
cate terrain of stem-cell therapy.

Search strategy

An extensive examination of existing literature was performed
using the Embase, Web of Science, PubMed, and Scopus data-
bases. The terms ‘stem cell therapy’, ‘medical revolution’, ‘bio-
technology advancements’, and ‘clinical trial” were used in the
search. Only articles published in English were included in the
search. We assessed the abstracts of each article to determine the
relevance of the retrieved papers to the topic. Subsequently, every
relevant paper (in vivo, in vitro, and human-based research) was
selected as part of the study.

Stem-cell types
Embryonic stem cells (ESCs)

ESCs exhibit characteristics that distinguish them from each
other in stem cell biology. Notably, their pluripotency, which is
defined by distinct features to differentiate into any human body
cell, makes them highly adaptable and has great therapeutic
promise?”!, Additionally, ESCs have a notably high self-renewal
capacity, which contributes to their sustained presence and
functionality over extended periods?!!. Potential ESC sources
include mice, nonhuman primates, and humans. They are isolated
from the blastocysts’ inner cell mass before implantation®?3],
Because they are pluripotent cells, they can produce various kinds
of cells from fetuses and adults i vivo and in vitro**2%!, Two
methods were employed to separate ESCs from blastocysts’ inner
cell masses. Microsurgery is the most commonly used surgical
approach. Mechanical dissection in the microscopic direction is
used to isolate cells of the trophoblastic lineage from the rest of
the cell mass. The second approach entails employing an anti-
body to target trophoblast lineage cells?”-%],

Regarding potential applications, the pluripotent nature of

HIGHLIGHTS

e Stem cell therapy represents a groundbreaking frontier in
modern medicine, offering unprecedented potential to
address a wide range of debilitating diseases and injuries.

e Stem cells possess unique properties, including self-
renewal and differentiation into specialized cell types,
making them indispensable for regenerative medicine
applications.

e The historical journey of stem cell research, from founda-
tional contributions in the late 19th and early 20th
centuries to recent breakthroughs like the isolation of
embryonic stem cells and induced pluripotent stem cells,
highlights the monumental progress in medical science.

e Stem cell therapy holds promise for treating various
conditions, including cancer, neurodegenerative disorders,
cardiovascular diseases, spinal cord injuries, diabetes, and
tissue damage.

e Despite the immense potential, stem cell therapy faces
challenges such as immune rejection, tumorigenesis, and
the precise manipulation of stem cell behaviors, necessitat-
ing innovative solutions for clinical translation.

e Recent biotechnological advancements, such as exosome-
based therapeutics, single-cell RNA sequencing, and
CRISPR technology, have revolutionized stem cell
research, offering new opportunities for precise genome
editing and therapeutic interventions.

e Regulatory considerations are paramount in the clinical
translation of stem cell therapies, requiring adherence to
strict guidelines and directives to ensure safety and efficacy.

e The future of stem cell therapy lies in precision medicine
integration, immune modulation strategies, advancements
in gene editing technologies, and synergies with bioengi-
neering, paving the way for continued evolution and
personalized regenerative therapies.

ESCs opens avenues for significant contributions to tissue
regeneration and repair. Their capacity to undergo differ-
entiation into many cell lineages holds promise for treating
degenerative conditions and injuries, making them pivotal
players in regenerative medicine. Furthermore, ESCs serve as
invaluable tools in disease modeling for research purposes??’.
By replicating specific cellular environments, researchers can
discover more about the workings of various disorders, providing
a framework for cellular disease research and aiding in the
creation of focused therapies. The unique properties of ESCs are
relevant to drug testing and development!®®l. Because of their
pluripotency, a variety of cell populations can be created to
provide a more complete picture of human cellular responses.
This capability is particularly valuable for evaluating drug effi-
cacy and safety and provides a sophisticated model for preclinical
testing. Consequently, the multifaceted potential of ESCs dra-
matically enhances our comprehension of biology, fostering
medical research and shaping the landscape of therapeutic
innovation!31321,

Adult stem cells (ASCs)

ASCs stand out in the realm of regenerative biology because of
their distinctive properties and vital roles in maintaining tissue
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Timeline of MSCs: from establishment to application, clinical trial and
therapeutic target

Identification MSCs identified by Friedenstein

Nomenclature O—@kLlY Stromal stem cells

0—@Mesenchymal progenitor cell
Multipotent mesenchymal #lll8—O)
stromal cells
O—@MSCS termed medicinal signal cells

MSCs immunosuppressive

Clinical trial properties

O—@ 1st clinical trail on MSCs

MSCs immunosuppressive properties
were reported by Bartholomew et al.

First clinical trials neurodegenerative
............................................................................................................... disorder

Immunoregulation Pro and anti-inflammatory of MSCs [/
properties 4

MSCs showed immunoregulation
roperties
MScs was used for cardiomyopathy
patients
« MSCs used for cartilage regeneration
in osteoarthritis patients
+ MSCs- derived EVs used for
neurodegenerative disorder
0—@ Inflammatory bowl disease
Auto-immune disease @—O

mmunomodulatory properties of MSCs
was suggested in clinical trials by the
international society for cellular therapy

Disease treatment

MSCs- derived exosome as novel vehicle
for delivery of miRNAs in cancer therapy

e Type 1and 2 diabetes (human and
animal studies, MSCs
transplantation for diabetic patients)

« COVID-19 patients, MSCs phase 1
and 2 clinical trial used for
pneumonia

Figure 1. A timeline depicting the introduction of mesenchymal stem cells (MSCs), their early research, and their substantial application in clinical trials, immu-

noregulation, and disease treatment.

homeostasis™®3. Multipotency is the ability of cells to possess
various potential fates or abilities to develop into a restricted,
diverse array of cellular phenotypes®*. ASCs are endogenous
stem cells that are crucial for preserving the tissues’ structural
integrity, like bone, skin, and blood. They are located in specific
niches or tissue sections!3’l. ASCs have been discovered in several
tissues, including blood, stomach, muscle, skin, brain, and
heart®®!. They are less potent than ESCs; however, they have
demonstrated efficacy in disease treatment. They can be extracted
and harvested from individuals and used for tissue regeneration
through autologous or allogeneic transplantation!®”l. ASCs have
a more specialized differentiation capability than pluripotent
cells, such as ESCs, and can help generate particular cell lineages
within their original tissuel**.,

Stem cells’ function in repairing damaged tissues and main-
tenance is essential throughout an individual’s lifespan!®®!. The
unique ability of ASCs to maintain tissue and exhibit

multipotency lends itself to a variety of possible uses within the
regenerative medicine field””!. Tissue-specific regeneration and
repair are among the most promising approaches. ASCs can be
utilized to regenerate damaged or deteriorated tissues due to their
presence in diverse tissues, including the bone marrow, skin, and
muscle™). Their capacity to undergo cell type-specific differ-
entiation that is relevant to their native tissues places them at the
forefront of tailored regeneration techniques, offering potential
treatment options for ailments ranging from degenerative ill-
nesses unique to certain organs to musculoskeletal injuries*!l.
ASCs are an appealing therapeutic choice for degenerative
diseases. Because of their functions in tissue repair and regen-
eration, they are desirable targets for therapies aimed at slowing
the advancement of illnesses marked by cellular degeneration!*?!.
Through the utilization of the regenerative capacity of these cells,
scientists and medical professionals have investigated ways to
create novel treatments that target the root causes of degenerative
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illnesses with the aim of enhancing patient outcomes and quality
of life*3, Within the class of ASCs, hematopoietic stem cells are a
specific subset essential for bone marrow transplantation*!. The
immune system and blood regeneration rely on hematopoietic
stem cells (HSCs), which are essential due to their versatility in
cell differentiation into various blood cell types!*’. The utilization
of these cells in bone marrow transplants represents a cornerstone
in hematological therapies, offering a curative approach for
conditions like leukemia and other disorders affecting the blood
and immune systems!*®*”!, Transplantation of hematopoietic
stem cells is a life-saving intervention that reinstates functional
blood and immune cell populations in individuals with hemato-
poietic disorders!*l.

Perinatal stem cells

Embryonic stem cells are derived from the amniotic fluid, pla-
centa, and umbilical cord and represent a unique category within
the spectrum of stem cell types™’!. Fetal cells possess multipotent
capabilities and can differentiate into a restricted type of cells!*?.
These cells are distinctively derived from tissues associated with
the prenatal and perinatal stages of development, indicating their
specialized origin*’!. Notably, perinatal stem cells exhibit a
hybrid nature, sharing characteristics analogous to those of adults
and ESCs. Their dual features make them adaptable and poten-
tially useful for various regenerative medicine applications®!l,
Perinatal stem cells offer a noncontroversial and ethically sound
reservoir for therapeutic purposes!*’’. Their properties, which are
reminiscent of those of ESCs and ASCs, contribute to their unique
regenerative potential. Since these cells undergo cell differentia-
tion into a wide variety of cells, tailored approaches for tissue
regeneration and repair are possiblel®?l. Perinatal stem cells show
promise in furthering regenerative medicine across a range of
tissues in terms of prospective uses. They are important compo-
nents in targeted tissue renewal because of their capacity to spe-
cialize in particular cell lineages!>.,

Moreover, its therapeutic potential can be extended to other
conditions, such as cerebral palsy and diabetes. Perinatal stem
cells offer a novel and innovative approach to the development of
medicines tailored to address the complexities of these disorders
by exploiting their regenerative properties and versatile differ-
entiation capabilities”®3]. One notable advantage of perinatal stem
cells is their potential for allogeneic transplantation without eli-
citing immune rejection. The immunomodulatory characteristics
of these cells make them well-suited for transplantation across
different individuals, eliminating the need for a perfect match
between the donor and recipient®*.. This opens new possibilities
for allogeneic stem-cell therapies, providing a feasible and prac-
tical approach to transplantation procedures without the intri-
cate challenges associated with immune compatibility.

In summary, perinatal stem cells signify a distinct and highly
promising category of stem cells with hybrid properties. Their
application in regenerative medicine, therapeutic interventions
for specific conditions, and allogeneic transplantation underscore
their potential to reshape the landscape of stem cell-based
therapies.

Induced pluripotent stem cells (iPSCs)

The iPSCs represent a revolutionary category in stem-cell studies
and are characterized by properties that mirror those of ESCs®%.
Several human and mouse investigations have utilized fibroblasts

and skin cells as the primary sources of adult cells. It has been
discovered that adult brain stem cells have been identified as the
primary cell type in investigations of reprograming cells’®®!. Another
study reported that murine bone marrow mononuclear cells
can be reprogrammed more effectively than mouse embryonic
fibroblasts®”!. Notably, iPSCs and their embryonic counterparts
possess the capacity to undergo pluripotency to differentiate into
distinct kinds of specialized cells®®!. One important way to iPSCs is
to distinguish them from ESCs by their source, in which in order to
create iPSCs, adult cells are reprogrammed. This methodology
provides a novel means of addressing ethical concerns regarding the
use of ESCs in scientific investigation™. Personalized medicine
could undergo significant transformations if adult cells are repro-
grammed to become iPSCs. The advancement of individualized
cellular therapeutics involves the process of cellular reprogramming
for individual patients is one of the main uses of iPSCs!®". The
iPSCs have the remarkable ability to transform into a wide variety
of disease-specific cell types during cell reprogramming. This per-
sonalized approach improves the integrity and efficiency of cell-
based treatments and offers a potential path in order to treat
numerous illnesses and traumas.

Furthermore, iPSCs play a pivotal role in disease modeling in
personalized medicine. The capacity to generate iPSCs from
individuals with particular genetic conditions has enabled
researchers to create in vitro disease models. These models are
extremely invaluable tools for understanding disease mechanisms
at the cellular level and enable the exploration of targeted ther-
apeutic interventions!®?!. iPSC-based disease modeling advances
the field of personalized medicine by enabling a more accurate
and customized approach to medical research, thus opening the
door for customized treatments. Beyond illness modeling and
customized treatments, iPSCs have a major impact on toxicity
assessments and drug development!®l, The pluripotent char-
acteristics of iPSCs allow the generation of diverse cellular phe-
notypes, providing a flexible platform for evaluating the safety
and effectiveness of pharmaceuticals. iPSC-based assays offer a
more thorough understanding of how pharmaceuticals interact
with various cell types, which helps identify possible side effects
and directs advancements in the creation of remedies that are
both safer and more effectivel®,

In conclusion, iPSCs offer a revolutionary approach to stem-
cell investigation, owing to their pluripotent characteristics and
the origin of adult cell reprogramming. Their applications in
patient-specific cell therapies, disease modeling for personalized
medicine, and drug discovery underscore their potential to
revolutionize medical treatment and contribute to advancements
in personalized healthcare.

Stem cells mechanisms of action

Stem cells secrete numerous factors and exosomes that are
responsible for immunomodulatory, antiapoptotic, antibacterial,
and microbial properties. In addition to the ability for repair,
communication, and regeneration (Fig. 2).

Stem cells’ immunomodulatory actions have undergone extensive
research when contrasted with other stem cell types®>®?l. Stem cells
have a role in suppressing acute-phase responses by suppressing
excessive activation of macrophages and T cells and initiating the
secretion of inflammatory cytokines. This could decrease the
likelihood of a cytokine storm!®”!. Toll-like receptors (TLRs)
present in MSCs detect injury signals and initiate
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Figure 2. The schematic diagram represents the mesenchymal stem cells’ mechanism of action and their interaction with immune cells, including differentiation,
immunomodulation, antiapoptotic effects, exosome and microvesicle release, migration and homing, and matrix remodeling.

immunomodulatory responses®!. MSCs exhibit immunomodu-
latory properties via paracrine activity and direct intercellular
communication facilitated by several bioactive compounds like
cytokines, chemokines, and growth factors. These molecules
affect both adaptive and innate immunity. MSCs can prevent the
activation of T-cells via several immunomodulatory substances,
such as TGF-p1, PGE2, and HLA-GS. They also utilize molecules
that are linked to a membrane, such as VCAM-1, PD-L1, and
Gal-1[%%701 MSCs regulate NK cell cytotoxicity by reducing the
expression of IFN-y/"!l, Cytokines are crucial for preserving the
ability of ESCs to reproduce. This is achieved through the action
of a specific cytokine called leukemia inhibitory factor (LIF),
which belongs to the class of cytokines known as interleukin-672,
The iPSCs can modulate the immune system, as demonstrated
through their capacity to suppress the rapid increase of responder
T cells in modified combined leukocyte reactions in vitro”3,

In addition, apoptosis serves as a protective process within the
immunological response of the host to combat pathogens and has
a crucial function in interactions between the host and
pathogens!”!. MSCs can inhibit apoptosis, which may occur due
to pathogens, low oxygen levels, mechanical stress, or radiation.
For instance, the ability of MSCs to avoid cell death (anti-
apoptotic effects) has been investigated in cardiac ischemia,
neurological conditions, and respiratory ailments”*. In addition,
during apoptosis caused by hypoxia, MSCs stimulate the
expression of certain proteins, including HGF, VEGF, and TGF-

p1, with the potential to prevent endothelial cell death”*.
Additional variables contribute to the antiapoptotic effect of
MSCs, such as IL-6 and IGF-1, which results in enhanced secre-
tion of SFRP2 protein'®!,

Stem cells exert their antimicrobial activity by secreting
molecules and direct cell-to-cell interactions, namely by releasing
antimicrobial peptides (AMPs). The antimicrobial activities are
carried out by specific AMPs like the family of lipocalins (Len2),
hepcidin, and b-defensins (hBD-1, hBD-2, and hBD-3)"778, Stem
cells boost their antimicrobial activity by upregulating LL-37, a
peptide that is stimulated by bacteria and inhibits bacterial
growth!”],

Regeneration and restoration of damaged tissues rely heavily
on stem cells because of their distinctive ability to suppress
aberrant immune responses, their capacity to transform into
specific tissues, and produce certain substances that stimulate the
host’s reparative and regenerative systems'®". Furthermore, the
micro-vesicles and exosomes generated from stem cells are
important for stem-cell communication and regeneration. Lipids,
proteins, nucleic acids, including RNA and micro RNA, and
signaling molecules are among the many bioactive compounds
that are transported within the extracellular vesicles (EVs) emit-
ted by stem cells of the body®!l. Compounds secreted by stem
cells facilitate tissue regeneration by promoting the growth and
specialization of stem/progenitor cells in the immediate vicinity.
In addition, they control the placement of molecules in the
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extracellular matrix, activate pathways that prevent scarring, and
promote the development of new blood vessels®>*3, MSCs
release soluble paracrine factors, including ANGPT1, HGF, EGF,
VEGF, KGF, PGE2, and interleukin-10 (IL10). These factors can
improve the restoration of epithelial and endothelial cells!®*3°1,

Recent advancements in stem-cell research

Recent years have seen remarkable progress in stem-cell research
that has greatly expanded our comprehension of stem-cell
biology!®®l. One notable milestone was the elucidation of novel
mechanisms governing stem cell fate decisions. Researchers have
uncovered key signaling pathways and transcription factors that
play pivotal roles in directing stem-cell differentiation!®”%%1. A
cellular communication system known as the Notch signaling
pathway is vital for various physiological and developmental
functions'®”). Researchers have demonstrated the significance of
the Notch pathway in determining the outcome of cells by either
promoting the renewal of cells or their differentiation into various
types of stem cells, including ESCs®Y, PSCsP!, HSCs?,
NSCs”?!, and ISCs”¥. Other instances of the signaling pathways
are the PI3k/AKT signaling®®! and TGF-p signaling®®l. A tran-
scription factor known as NF-kB controls the diverse functions of
NF-kB in stem cells and developmental processes®”). These find-
ings enhance stem cell manipulation capabilities for specific
therapeutic purposes, offering unprecedented opportunities for
targeted cell-based interventions!®®!, Recent studies have explored
the nuances of lineage commitment and cellular specialization
within the framework of stem-cell development. Scientists have
identified regulatory networks that govern stem cell differentia-
tion into distinct cell types, shedding light on the molecular events
that dictate cell fate®*1%0!,

Researchers have also unveiled insights into the epigenetic
modifications associated with reprogramming, enhancing our
comprehension of the molecular mechanisms by which somatic
cells transform into pluripotent states!'®!l. For example, studies
proved that gene expression and cellular identity are influenced
by changes in DNA methylation patterns during the formation of
iPSCs!'%%2], Modification of histones through acetylation and
methylation, which affect chromatin structure and gene regula-
tion, also play significant roles in reprogramming. This new
understanding of epigenetic pathways helps clarify the complex
processes involved in pluripotency induction and cellular
reprogramming.

These advancements have contributed to improvements in
iPSC-based methods for pharmaceutical innovation, disease
modeling, and customized regenerative medicine!®?l. Another
significant stride in stem-cell research pertains to the tissue
regeneration field!'%,

Transplantation of stem cells has great potential as a medicine
applied to numerous illnesses. In neurology clinical trials, scien-
tists are presently investigating stem cell therapy’s feasibility for
the purpose of alleviating neurological disorders, such as
Alzheimer’s and Parkinson’s'*. Additionally, investigations are
being conducted on stem-cell therapy for cardiovascular illnesses,
orthopedic conditions, hematological conditions, and diabetes.
The adaptability of stem cells, coupled with advancements in
delivery techniques, positions them as potential game-changers in
regenerative medicine!'®!. Emerging applications include the use
of stem cells in immunotherapy, where they are engineered to
target and treat certain cancers!'®. Furthermore, continuous

investigations have investigated the possibility of using stem cells
to regulate the immune system in disorders like autoimmune
illnesses!'%71. As these clinical applications progress from research
to practice, the landscape of healthcare is poised to undergo
significant transformation.

Neural stem-cell transplants have been administered to
patients with PD in a clinical trial. In addition to improving motor
system function, the data demonstrated a slowing of the disease’s
progression and suggested the prospects of stem cells for neuro-
logical regeneration'%®1%), Individuals with heart failure parti-
cipated in a cardiac stem-cell clinical trial. The outcomes showed
less scar tissue, increased angiogenesis, and improved heart
function, indicating the effectiveness of stem-cell treatment in
promoting the regrowth of cardiac tissue''®""Y. Additionally,
bone marrow-derived MSCs (BM-MSCs) have been utilized in a
clinical study of osteoarthritis. Patients experience decreased
pain, improved joint function, and evidence of cartilage regen-
eration, demonstrating the therapeutic prospects of stem cells in
orthopedic applications!! 1271141,

Treating leukemia with HSC transplantation (HSCT) has
proven beneficial. Patients undergoing this procedure achieve
complete remission and hematopoietic system reconstitution,
leading to prolonged survival and improved quality of life*®!13],
Furthermore, clinical trials utilizing iPSCs to generate pancreatic
progenitor cells have demonstrated promise for the treatment of
diabetes. Patients exhibit restored insulin production and
improved glycemic control, suggesting a regenerative approach to
diabetes management!''¢"71 (Table 1) (Fig. 3).

In combating the COVID-19 pandemic, universal vaccination
remains the primary strategy; however, uncertainties persist
regarding the duration of vaccine protection and the inability of
any vaccine to provide absolute immunity™3”]. Stem-cell therapy
has arisen as a potential substitute, building on successes
observed in severe H7N9 avian influenza3®'%°, Stem cells,
particularly those derived from human umbilical cord stem cells
(hUCMSCs), are effective and safe for treating severe COVID-19,
demonstrating their potential in over 100 international clinical
trials™*%. Allogeneic MSCs, notably hUCMSCs, contribute to
anti-inflammatory responses, tissue repair, and the modulation of
immune functions, showcasing their therapeutic promise!'!l,
Challenges include difficulties in recruitment due to the evolving
clinical landscape, lack of preclinical data, and variations in stem-
cell properties. Despite these hurdles, stem-cell therapy, especially
considering advancements in organoid technology for better
modeling of viral effects, has significant clinical potential?l,
Despite current limitations and technological challenges, the
continuous advancement of stem-cell treatment offers optimism
in the fight to preserve lives and improve treatment results for
individuals with severe COVID-19 infection (Fig. 4).

Stem-cell therapy in specific medical fields

Regenerative medicine with stem cells has investigated significant
capacity across diverse medical specialties, offering innovative
solutions for previously challenging conditions'*3]. Patients’ stem
cells are harvested for autologous stem-cell treatment.
Autologous stem cells that have been cultured are cultivated in the
lab before transplantation. These cells have the potential to be
categorized into modified and unmodified expanded autologous
stem cells. Allogeneic stem cells are classified similarly to
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The advancement in stem-cell therapies in various diseases.

Models
Conditions Stem-cell type Human/Animal Application and study design Main outcomes Ref.
Cell differentiation, Wharton’s jelly-MSCs NA Investigate the effect of nanostructures on WJMSCs that WJMSCs are a desirable source of stem ("8
reprogramming, and (WJMSCs) are undergoing motor neuron lineage differentiation cells for producing and restoration of
regeneration when combined with sonic hedgehog and retinoic acid ~ motor neurons
iPSCs Mice Create modified human EVs that can initiate Reprogramming was utilized to create (19l
reprogramming-based vasculogenic therapies without  induced endothelial cells (ECs) from
relying on viral vectors or progenitor cells iPSCs
hUCMSCs Rats Developed biocompatible nanoparticles made of layered New perspectives on treating intervertebral [0
double hydroxide and optimized the elemental degeneration IDD
compositions of ions to improve the process of
chondrogenic differentiation in hUCMSCs
Alzheimer disease Corpus cerebrospinal fluid Transgenic Administered 5 ug/g CNSC-SE produced from iPSC ~ The human iPSC-derived CNSC-SE is (21
produced from iPSC (5xFAD) mice  throughout 12 weeks utilized for neurogenesis and dendritic
(CNSC-SE) morphogenesis
Neural stem/progenitor ~ Rats and mice ~ Mice and rats treated with NSPCs NSPC therapy may enhance cognitive (122
cell (NSPC) performance and delay the onset of AD
Parkinson disease ADMSCs Rats The subjects were categorized into four distinct ADMSs can treat Parkinson’s could (23]

categories: control, sham, treatment cell, and lesion.  enhance the density of neurons that
The treatment cell group injected intravenous injection  express TH protein
of adipose-derived MSCs (ADMSCs)
BM-MSCs Mice In vivo by utilizing a neurotoxin-induced model 6- The capacity of BM-MSCs’ secretome to 1124
hydroxydopamine (6-OHDA) exposure and assessed inhibit dopaminergic neuronal death
the impact of BM-MSC secretome in living organisms
by comparing the effects of secretome administration
through two different routes

Cardiovascular diseases,  iPSC-derived Animal model  The injected cell dosages ranged from 2x10° to 4x10%.  The iPSC-CM therapy is a secure and (125]
cardiomyocyte The duration of the follow-up period varied between 1 helpful technique to improve cardiac
(iPSC-CM) and 12 weeks function in individuals with infarction
hADSC Rats hADSCs were injected in various doses (between 2x10° The hADSC is able to improve cardiac (126)
to 4x108), and patients were followed up for 1-10 function, less ventricular remodeling,
weeks reduce fibrosis, and increase
angiogenesis
Orthopedic conditions Autologous-ADMSC Human Thirty cases were categorized into three distinct ADMSC therapy is a safe and successful 112
(knee osteoarthritis) categories: two categories were treated with either a  treatment that may also stop disease
single injection of ADMSCs (100x105) or two development

injections of ADMSCs ((100x10°) at the start and
6 months later), and the 3rd category was the control

Hematological disorders ~ Allogeneic stem-cell Human One hundred four cases were given allo-SCT Allo-SCT showed significant implications for (128!
transplantation patients
(allo-SCT)
HLA haploidentical- HSCT Human One hundred three patients have severe aplastic anemia; Safe and effective haplo-HSCT could help [
(haploid-HSCT) patients received HLA-HSCs together with allogenic children and adolescents with severe
MSCs after a preparatory treatment regimen aplastic anemia

consisting of busulfan, fludarabine,
cyclophosphamide, and antithymocyte globulin

Diabetes UC-MSCs Human Seventy-three patients were allocated at random to either UC-MSCs are a useful strategy for (1301
receive intravenous injections of UC-MSCs. The improving the time to onset of type Il
infusion was administered three times, with 4 weeks  diabetes
for each administration. Patients were monitored for
48 weeks

Cancer MSC-exosomes NA Four distinct cell lines were utilized, namely ACHN, MSC-exosomes have anticancer effects
LNCaP, 5637, and PC3, which are well-established
models for prostate tumors that are sensitive to
hormones that affect the kidneys and bladder. The cell
lines were subjected to several doses of exosomes
produced from MSCs

MSCs Mice The M/LPV/02 is used in both laboratory and animal ~ MSCs are able to be a therapeutic approach

studies, which is a liposomal formulation of an oxygen-  to treat oral squamous cell carcinoma
loading perfluorocarbon and a sonosensitizer
verteporfin coated with a membrane of MSCs

[131]

[132
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(Continued)
Models
Conditions Stem-cell type Human/Animal Application and study design Main outcomes Ref.
Autoimmune diseases MSCs Mice The positive group was treated with lupus, and the Combining MSCs with Lactobacillus strains ['33
negative group was normal mice, Naive MSCs (N- may help alleviate symptoms resembling
MSCs), Lactobacillus strains, delbrueckii (D-MSCs) or  lupus
rhamnosus (R-MSCs) were coincubated for 48 h, then
intravenously injected in separate groups
MSCs Rat Extracted (MSCs) from rats, then they produced gas ~ MSCs are an innovative threptic method for (14
vesicles and incubated them with MSCs to achieve treating Rheumatoid arthritis
intracellular labeling of the MSCs, then tested in vivo
and in vitro
COVID-19 hUCMSCs Human Patients and control groups received hUCMSC therapy, a hUCMSCs were suggested to be an initial (1%
three-month follow-up study success and relative safety for individuals
suffering from COVID-19
hUCMSCs Human The study consists of 40 patients; 20 patients were  Intravenous hUCMSCs are used as adjuvant [0

administered an intravenous infusion of UC-MSCs at a
dosage of 1x10%kg body weight, diluted in a 100 ml

therapy for individuals suffering from
COvID-19

saline solution (SS) (0.9%). Another set of 20 patients
got a 100 ml SS (0.9%) as a control

autologous stem cells, but they come from healthy donors®.
Autologous stem cells can be readily acquired and do not cause
immunological rejection after infusion. Allogeneic stem cells
provide multiple benefits, including the ability to select a donor,
availability from different sources, minimal likelihood of causing
an immune response, and the convenience of being readily
available. Allogeneic MSCs are also immunogenic, indicating
that they can trigger an immunological response. These cells can
generate a memory response in the immune system under specific
circumstances! 441461,

Regenerative medicine can restore, repair, or regenerate
impaired tissues or organs by harnessing the unique character-
istics of stem cells!™*”!. This topic includes a range of approaches
that seek to leverage the extraordinary capacity of stem cells for
medical applications. Although stem cells possess the capacity to
undergo self-renewal and differentiate into various distinct cell
types, they hold great promise as therapeutic agents against
various illnesses and wounds'*®!. Regenerative medicine aims to
create novel methods to repair damaged tissues caused by disease,
injury, or aging using stem cells to restore normal function and
structure to damaged organs or tissues'**’). These therapies have
great potential to revolutionize medical treatments, particularly
in areas where conventional medicine falls short of providing
effective remedies or cures>l,

This emerging field presents a promising avenue for persona-
lized cancer treatments, as researchers have delved into harnes-
sing the unique attributes of stem cells to create innovative
strategies for cancer management and potential cures. These
investigations signify a significant paradigm shift in oncology,
offering a progressive outlook for tailored therapies and potential
breakthroughs in cancer treatment!31132], Stem cell-based cancer
treatments are becoming increasingly promising. Because stem
cells can locate and target primary and metastatic tumors, and
serve as innovative delivery approaches. In preclinical animal
models, stem cells modified to express different cytotoxic che-
micals consistently reduced tumor size and increased
survival®3134 They have also been used to reduce side effects
and improve primary medicinal efficacy by acting as carriers of

viruses and nanoparticles. Additionally, stem cells have the
potential for utilization in immunotherapy, anticancer drug
screening, regenerative medicine, and cancer stem cell-targeted
therapy for diverse forms of malignancies, including lung cancer,
breast cancer, and osteosarcomal'>*!,

Regenerative strategies in orthopedics include advanced
osteonecrosis of the hip joint, intervertebral hernias, osteo-
porosis, targeted joint injuries, cartilage restoration, and
bone healing through stem-cell and tissue-engineering
methodologies!'*®'*7]. Recent investigations have shown inno-
vative approaches, like MSC therapy, platelet-rich plasma (PRP)
injections, and biocompatible scaffolds infused with growth
factors!'*®]. These methods aim to optimize cartilage repair and
bone regeneration, offering promising outcomes under muscu-
loskeletal conditions!"*1¢%l, Research has focused on refining
MSC isolation techniques, deciphering the crucial signaling
pathways involved in tissue regeneration, and developing bioac-
tive materials that enhance healing!'®Y,

In the cardiology field, innovative approaches, including stem-
cell therapy and bioengineered cardiac patches, are being explored
to mend and regenerate impaired heart tissues after cardiac events
such as myocardial infarctions!'®?. Current research has been
focused on different stem-cell types, including iPSCs and cardiac
progenitor cells, to regenerate impaired heart muscles and restore
cardiac function. Furthermore, research has focused on creating
bioengineered cardiac patches using cell-based structures and
biomaterials that resemble genuine heart tissue!!®3,

In the field of neurology, ongoing investigations have delved
into the domain of medicines based on stem cells developed to
fight diseases affecting the nervous system, including Parkinson’s
and Alzheimer’s!'*41%], Studies have focused on using stem cell-
derived neurons to replace and regenerate impaired nerve cells!'®®!
. Recent studies have shown that there are numerous varieties of
stem cells, including neural stem cells and iPSCs, with the aim of
producing functional neurons capable of integrating into
damaged neural networks 167168,

Regenerative medicine in dermatology represents a dynamic
frontier of research, particularly concerning stem-cell applications
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properties.

in the skin®?.. Stem cells residing in the skin tissues offer pro-
mising avenues for innovative therapeutic strategies that target
various dermatological conditions and injuries'”?. Their
remarkable regenerative potential holds immense promise for
advancing wound healing, addressing burns, and managing skin
disorders such as psoriasis and vitiligo!'”!"?!, Additionally, stem
cell use in cosmetic dermatology for antiaging treatments and
improving skin quality underscores their diverse clinical
utility!'”3!. Researchers have actively explored methods to harness
the inherent regenerative abilities of stem cells with the aim of
developing tailored and effective therapies for combating skin-
related diseases and facilitating cosmetic enhancements.
This transformative approach involves tissue engineering tech-
niques utilizing stem cells, biomaterials, and growth factors to
create skin substitutes that promote tissue regeneration and
repair 7177,

Due to their potential function, an enormous amount of curi-
osity about stem cells has persisted in rejuvenating the retina and
addressing corneal damage, particularly in diseases such as
macular degeneration!'”®!. Noteworthy studies featured in jour-
nals such as ‘Investigative Ophthalmology and Visual Science’

and ‘British Journal of Ophthalmology’ delve into the strides
made in utilizing stem cells for ocular regeneration!!”*18%, Studies
have employed stem-cell therapies to restore retinal cells and heal
corneal injuries, presenting encouraging pathways for managing
vision-related ailments!'®!], These studies signify a burgeoning
field of ophthalmology research, offering promising prospects for
innovative treatments aimed at addressing ocular disorders and
enhancing vision%2,

Stem-cell utilization in oncology, regenerative medicine, and
disease therapeutics is an expanding field of research and
innovation!'!!, Research has focused on leveraging stem cells for
targeted cancer therapies and exploring their potential for cellular
reprogramming and immune cell modulation to combat
tumors!'®3], The immunomodulatory potential of stem cells pre-
sents a compelling avenue in biomedical research, particularly in
addressing autoimmune disorders and graft-versus-host disease
(GVHD) and improving transplantation outcomes!'®¥. Stem cells
show a remarkable ability to influence immune cell behavior and
function, offering promising prospects for novel therapeutic
interventions!!®), This intersection of immunology and stem-cell
biology promises not only innovative treatments but also deeper
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Figure 4. Potential and mechanism of action of mesenchymal stem cell treatment for COVID-19 pneumonia using MSCs, which have immunoregulatory char-
acteristics, can help control the cytokine storm and COVID-19 lung injury. Mesenchymal stromal cells (MSCs) play an important role in a number of processes

including preventing neutrophil infiltration and transforming hyperactivated T cells into regulatory T cells (Tregs). They also promote the production of anti-
inflammatory cytokines, such as prostaglandin E2 (PGE2), transforming growth factor beta (TGF), indoleamine 2,3-dioxygenase (IDO), and interleukin 10 (IL-10).
Nevertheless, MSCs play a crucial function by stimulating the synthesis of growth factors by endothelial and epithelial cells, which in turn inhibits fibrosis and boosts

the infusion of alveolar fluid.

Despite ongoing investigations, the clinical application of stem-
cell therapies in gastroenterology remains the subject of clinical
trials and extensive research, emphasizing the need for further
exploration and understanding of their efficacy and safety in
Stem-cell utilization in hematology is a dynamic area of scientific ~ treating many immunopathological diseases (Fig. 5)/*¢.
inquiry and clinical application in the regenerative medicine field Ongoing investigations explore the potential of stem cells in
and therapeutic interventions for diseases!'”). Leveraging the restoring lung tissue damaged by diseases like serious respiratory
potential of stem cells to regenerate is the main goal of research,  disease or chronic obstructive pulmonary disease (COPD)™"”,
particularly in HSCs, for transplanting bone marrow and  Researchers have investigated the capacity of stem cells to restore
exploring its role in immune cell therapies to combat various  impaired lung tissue, alleviate COPD symptoms, and target
blood-related ailments¥], This growing field represents a pro-  conditions such as idiopathic pulmonary fibrosis!**®l. Despite
mising avenue for innovative treatments, emphasizing the pivotal  extensive research, the use of stem-cell therapies in pulmonology
role of stem cells in revolutionizing hematology by offering  requires further examination to establish their safety, effective-
potential cures and personalized therapeutic solutions for blood  ness, and long-term effects on respiratory illnesses!'*’. Although
ift in di this emerging field shows promise for future treatment it[ reo]:luires
200

disorders, thereby marking a transformative shift in disease
thorough comprehension and robust clinical validation
Stem-cell research in reproductive medicine opens new avenues

management!!8%-190],
Stem-cell research offers the potential for addressing illnesses

i for treating infertility and addressing various reproductive system

disorders?°Yl, Stem cells, whether derived from embryonic, adult,

such as inflammatory bowel disease (IBD)!""'*?l and managing

(193] Researchers are investi-
or induced pluripotent sources, hold promise for regenerating
(202 This area of

insights into the complex mechanisms governing immune system
regulation and dysregulation. This rapidly expanding field has an
enormous potential to improve our knowledge of immune-rela-
ted disorders and provide efficient treatment plans'®!,

various gastrointestinal disorders
gating stem cell-based approaches to repair gastrointestinal tract
i and repairing damaged reproductive tissues

injuries, manage ulcers, and alleviate the symptoms of chronic
i 1941951 study covers various aspects of reproductive health, including the

conditions like ulcerative colitis and Crohn’s disease
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restoration of ovarian function, addressing endometrial issues,
and potentially aiding fertility preservation. Research endeavors
detailed in publications such as the Journal of Assisted
Reproduction and Genetics’ and ‘Fertility and Sterility’, explore
the potential of interventions utilizing stem cells to revolutionize
infertility treatments and offer new hope to individuals facing
reproductive health challenges. These advancements represent a
burgeoning field that may reshape the landscape of reproductive
medicine and provide innovative solutions for the treatment of
infertility and related disorders/2012%3,

Stem-cell research in endocrinology presents a promising
avenue for managing endocrine disorders such as diabetes by
focusing on the generation of insulin-producing cells and regen-
erating pancreatic tissues?*, Through various studies docu-
mented in journals like ‘Diabetes’ and ‘Endocrine Reviews’,
researchers work to create functional beta cells or islet-like
structures that can secrete insulin by utilizing the regeneration
ability of stem cells?®). This pioneering field aims to address
deficiencies observed in traditional diabetes management by
offering cell-based therapies that can potentially restore insulin
production and regulate glucose levels!?°®l, The exploration of
stem-cell therapies in endocrinology has heralded a new era of
diabetes treatment, offering hope for more effective and sus-
tainable management strategies for this chronic condition!?"”],

In dentistry, cutting-edge research has focused on the innova-
tive utilization of stem cells to regenerate crucial dental tissues,
including tooth enamel, dentin, and dental pulp®°®). This

revolutionary exploration seeks to redefine conventional
approaches to dental care by offering transformative treatments
for prevalent conditions such as cavities, gum diseases, and dental
traumal®®”), Utilizing their unique regenerative stem-cell capa-
cities, scientists aim to generate interventions that induce the
natural regeneration and repair of diseased or impaired dental
tissues, potentially revolutionizing the oral healthcare
landscape®!%*'1, This promising field of study in dentistry holds
the potential to pave the way for novel therapeutic strategies that
offer patients improved outcomes and enhanced oral health®!?),

In the domains of trauma and wound healing, intensive
research efforts have focused on uncovering the regenerative
processes of stem cells to address the complexities of chronic
wounds, burns, and traumatic injuries™'?. Stem cells exhibit
promising capabilities in fostering tissue regeneration and miti-
gating scarring by influencing cell differentiation and supporting
repair mechanisms in damaged tissues*'2!*), This exploration of
stem cell-based interventions aims to revolutionize conventional
wound care approaches by fostering natural tissue regeneration,
accelerating healing processes, and minimizing scarring, thereby
offering renewed hope to patients with challenging wounds and
traumatic injuries?!®!, In the quest for more potent treatment
approaches to enhance patient outcomes and accelerate recovery,
the potential of stem cells in trauma and wound healing serves as
a ray of hope?'7218, Stem-cell regenerative medicine is a dynamic
and expansive field, continuously expanding its applications
across various medical disciplines to address a wide spectrum of
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health conditions and diseases?'! (Table 2).

In addition, various types of stimulation have been utilized dur-
ing stem-cell therapy to enhance differentiation proliferation and
improve healing, such as shock wave stimulation®?. MSCs are
increasingly being acknowledged as valuable resources for var-
ious orthopedic applications, and radial shock waves have been
shown to substantially enhance the development and regrowth of
MSCs in a laboratory setting. Furthermore, this type of stimu-
lation safely accelerates cartilage repair in living organisms,
suggesting positive results for clinical applications™*. IR is a type
of high-energy radiation that has enough energy to dislodge
firmly bound electrons from atoms, leading to the creation of
ions. In addition to being a carcinogen, IR is also used as a
therapeutic option for patients with cancer. However, there is
increasing data showing that extranuclear components, such as
mitochondria, play a significant role in the cellular response to IR,
and the mitochondrial function of MSCs was observed to
be considerably increased after 4 h of exposure to ionizing
radiation, as determined by measuring mitochondrial oxygen
consumption?*¥. Cell proliferation has been induced in many
in vitro trials using a modest amount of laser therapy.
Osteoblasts, lymphocytes, keratinocytes, and fibroblasts exhibit
enhanced proliferation when exposed to laser irradiation!?*’,
Other types of stimulation include electrical stimulation to
enhance stem-cell therapy in nerve regeneration®*?!, electrical
stimulation to promote cell differentiation and proliferation of
fatal neuronal stem cells into neuronal stem cells?**!, and non-
peptide small molecules®’], in addition to mechanical stimuli
such as cyclic stretch, three forces, laminar shear stress, cyclic
pressure®*®], and gamma radiation?*,

Biotechnological advancements in stem-cell
research

Stem-cell studies have been significantly promoted by cutting-edge
technologies that have revolutionized our understanding and utiliza-
tion of these versatile cells. This discussion focuses on some of the most
impactful biotechnological advancements in stem-cell studies, with a
specific focus on exosome-based therapeutics, scRNA-Seq, and the
revolutionary CRISPR-Cas9 gene-editing technology>%2%2,

Exosome-based therapeutics and stem cells

The new frontier of exosomes produced from stem cell-based
therapeutics represents a promising avenue for the field of regen-
erative medicine®3, RNAs, signaling molecules, and proteins are
bioactive substances encapsulated in exosomes and small vessels
secreted by stem cells. These nanovesicles are essential for inter-
cellular interactions and can control a number of cellular
functions!***. Stem cell-derived exosomes exhibit unique prop-
erties that modulate immune responses, promote tissue regen-
eration, and foster repair mechanisms®*’!, Harnessing the
therapeutic potential of these exosomes holds considerable pro-
mise for developing innovative treatments for diverse medical
conditions, including inflammatory disorders, neurodegenerative
diseases, and tissue injuries!>>>?%¢2381 Stem cell-derived exo-
some-based therapies represent a burgeoning frontier in regen-
erative medicine, providing new opportunities for targeted,
minimally invasive therapeutic interventions!>**,

Single-cell RNA sequencing and stem-cell research

Advances in scRNA-seq have allowed investigators to examine

stem-cell transcriptomes individually, providing unprecedented
insights into cellular heterogeneity and gene expression
patterns'™¥). This technology has played an essential role in
comprehending the dynamics of stem-cell populations during
differentiation and disease progression/26%2¢1l,

CRISPR-Cas9 technology and gene editing in stem cells

With the advent of CRISPR-Cas9, a new era in gene editing has
begun, which enables the precise modifications of stem-cell
DNA!, Researchers can now edit or introduce specific genes
with unprecedented accuracy, facilitating cancer and disease
modeling, studying gene function, and developing potential
therapeutic interventions?62263,

CRISPR-based technologies have enabled large-scale func-
tional genomic studies and high-throughput screening of stem
cells. That allows researchers to systematically interrogate gene
function on a genome-wide scale, uncovering novel regulators of
stem-cell fate, pluripotency, and differentiation/*6*2¢%,

Beyond traditional CRISPR-Cas9, recent innovations, such as
base editing and prime editing, offer enhanced precision in gene
editing?®), These techniques allow the modification of specific
nucleotides without causing double-strand breaks, minimizing
off-target effects and expanding the possibilities for therapeutic
genome editing in stem cells?*”! (Fig. 6).

Overall, CRISPR-based gene editing shows great promise
for therapeutic applications in stem cell-based regenerative
medicine. This opens new avenues for correcting genetic
mutations underlying various diseases, generating genetically
modified cells for transplantation, and developing personalized
cell therapies.

Personalized medicine and stem cells

Stem cells are integral to the advancement of personalized med-
icine, aligned with the goal of tailoring healthcare to individual
characteristics and encompassing genetic, environmental, and
lifestyle factors''l. From a patient’s cells, iPSCs provide a potent
platform for building disease models that accurately reflect the
person’s genetic background®®. This capability facilitates in-
depth studies of disease mechanisms at the cellular and molecular
levels, enabling more precise diagnosis and the establishment of
targeted therapeutic strategies®. Moreover, modern gene-edit-
ing techniques, including CRISPR-Cas9, enable accurate altera-
tions in stem-cell genomes?®”,

This breakthrough allowed the correction of genetic mutations
associated with diseases, laying the groundwork for personalized
therapies addressing specific genetic alterations in individual cells?”l,
In pharmacogenomics, stem cells significantly contribute to the
assessment of individual drug responses. Leveraging patient-
derived stem cells in pharmacogenomic studies enables
researchers to understand the impact of an individual’s genetic
composition on their reaction to various medications!*”!!. This
knowledge serves as a guide for formulating personalized treat-
ment plans, minimizing adverse reactions, and enhancing the
overall therapeutic outcomes. Moreover, stem cells actively
contribute to the identification of personalized biomarkers asso-
ciated with specific diseases?”?. Differentiating patient-derived
stem cells into cell types relevant to the disease makes it easier to
identify molecular signatures that can be used as diagnostic
indicators. These personalized biomarkers substantially improve
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Stem-cell therapy is utilized in specific medical fields.

Models Human/

Disease Therapeutic agents Animal Application Outcomes Ref.
Injury Bone marrow- MSCs NA In vivo, autophagy development and HaCaT cell migration The BMSC-based therapy can be a highly ~#%
(BMSCs) in hypoxic BMSC-derived conditioned media were efficient treatment method for diabetic
assessed by assessing autophagy-related protein wounds
expression
Aging ADSC-containing medium Human In vivo, in 25 cases with wrinkles and aging face, The ADSC-CM, after laser treatment, when %"
(ADSC-CM) Moisturizers containing ADSC-CM, for three weeks, on -~ combined with niacinamide, has
certain facial areas, with or without 2% niacinamide antiaging effects on the skin
Breast cancer hUCMSCs Mouse In vitro/ In vivo, the suppressive impact of hUCMSCs on  The proliferation of breast cancer stem cells 222
CSCs was evaluated by the application of the colony ~ (CSCs) was considerably repressed by
formation test on soft agar and the cell proliferation hUCMSC, which also induced tumor cell
assay on the Cell Counting Kit-8 death and reduced the activity of the
protein kinases PI3K and AKT
Lung cancer MSCs-derived EVs Human/mice In vivo, 65 NSCLC tissues were taken, an NSCLC cell line  Discovered that miR-598-containing EvVs %
was employed, and hBMSCs were implanted in 6-well  produced from MSCs suppress the
plates at a density of 1x105 cells per well. The effect  migration and proliferation of NSCLC
of miRNA-598 on tumor growth and metastasis was  cells both in vivo and in vitro via targeting
tested in animals Thrombospondin-2 (THBS2)
Osteosarcoma MSCs In vivo/ ex vivo, Adenoviruses expressing the The administration of MSC-osteoprotegerin 224
osteoprotegerin OPG gene were employed to modify treatment resulted in a decrease in tumor
MSCs. These modified MSCs, referred known as development and a suppression of bone
MSCs-OPG, were then administered to the tail vein of  degradation. The MSCs can transport
mice with osteosarcoma osteoprotegerin to tumor locations
Orthopedics MSCs /PRP Human In vivo, 3 groups of 47 patients were randomly assigned The MSC is effective in decreasing and 225)
to receive intra-articular injections: corticosteroid function improved of Knee osteoarthritis
(n=17), autologous BM-derived MSCs (n=16), and  symptoms
autologous BM-derived MSCs plus PRP (n=14). The
outcomes were evaluated by comparing the subjects’
baseline range of motion with the KOOS
Osteonecrosis HUCMSCs Rats Next, HUCMSCs were given locally to the femoral heads HUCMSCs are able to survive and positively (%"
of rats. Using histological staining, micro-CT, Luminex,  affect osteonecrosis of the femoral head
and immunofluorescence staining, bone healing of the ~ (ONFH) patients, which could provide an
necrotic area in the femoral head was examined 4- option to treat those patients
weeks and 8 weeks following surgery to assess the
therapeutic impact of HUCMSCs
Intervertebral hernias MSCs Human In this work, MSCs were extracted from disk samples ~ The expression of osteopontin takes place 2%°!
VD that were clinically classified as H-IVD and D-IVD. With in IVD-MSCs and is essential to the
an immunophenotypic profile resembling that of pathophysiological mechanism
MSCs, H-IVD-MSCs, and D-IVD-MSCs demonstrated ~ underlying human disk degeneration
multipotent mesenchymal differentiation potential
while exhibiting positive for chondrogenic, osteogenic,
and adipogenicity markers
Osteoporosis ASCs Mice The radiographic and histological investigation was Provide sufficient osteogenic activity and ~ #%
conducted four weeks after the in vitroimplantation of ~ present novel opportunities for bone
the ASC-collagen | hydrogel composite into mice. tissue engineering associated with
*ASCs isolated from individuals with osteoporosis 0steoporosis cases
Cardiac patches MSCs Rats Implantation of the MSC into the infarct area The creation of artificial tissue using MSC %
and decellularized umbilical artery
Neurodegenerative Neural stem cells (NSCs)  Mouse NSCs were injected into mice APP/PS1 transgenic to  NSCs reduced cognitive deficits in mice and %%
disease analyze the cognitive function and to measure GFAP,  reduced inflammatory injury
Iba-1, and TLR4 activation
Psoriasis hE-MSCs Mouse In vivo, evaluate hEMSCs therapeutic potential in skin ~ The potential of hEMSCs to modulate the 220
disease immune-mediated inflammation immune system in psoriasis
Vitiligo MSCs Human Cocultured melanacytes with MSCs and tested the MSCs could be a promising treatment for 23]
capacity of MSCs to inhibit the AKT/ PI3K/ PTEN vitiligo
pathway in melanocytes
Ocular disorders Healthy donors’ ASCs- Human Seven individuals’ lacrimal glands were injected with ~ ASCs are employed as a therapeutic (232
derived MSCs ASCs in one eye to test safety and objectively improve  alternative with anti-inflammatory
dry eye symptoms properties to treat dry eye conditions
GVHD MSCs Human Sixty-two patients divided into 53 adults and 9 children, MSCs are a safe and effective therapeutic 2%

MSC therapy was intravenously injected in 4 separate
doses of 1x10° cells/kg
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(Continued)
Models Human/
Disease Therapeutic agents Animal Application Outcomes Ref.
Blood disorders HSCs Mice Investigated the potential of HSCs derived from 3654-ER  HSCs managed to enhance the mice’s (234]
mice to treat B-thalassemia through repeated HSC survival rate
transplantation
Crohn’s disease MSCs Human In ex vivo, 19 patients were divided into 15 cases and 4 BMSCs provide a safe alternative therapy 2%
control, using a 22G needle, 75 million mesenchymal  for Crohn’s disease
stem cells were injected following curettage and
primary fistula tract closure on days 0 and 3
COPD HUC-MSCs Rat The mice were divided into 3 groups: COPD + UC-MSCs, UCMSCs could improve lung function and 2%
COPD + vehicle, and Control group. The assessment  decrease inflammatory response
of lung function alterations following UC-MSCs therapy
was conducted on a weekly basis for 6 weeks
Infertility hUCMSCs Mice Twenty rats were categorized into 10 treatment groups The anti-inflammatory and antiapoptotic 2"}
and 10 control groups; mice were treated with properties of hUCMSCs were leveraged
hUCMSCs; following a 4-week treatment period, the 5 to enhance fertility
mice were selected randomly to study the organ
morphology and pathology, proliferation, inflammatory
cytokines, and apoptosis, specifically in the fallopian
tube
MSCs Human Ten cases suffered from premature ovarian failure and  MSCs are effective in treating premature 28
MSCs were injected into the ovaries using ovarian failure
laparoscopic techniques. The endometrial fractional
biopsy was subjected to histological and
immunohistochemical staining and evaluation
Diabetes Mellitus hUCMSCs Mouse The mice were categorized into four groups: the normal  hUCMSCs helped to reduce insulin 239)
control, the type Il diabetes mellitus group, the resistance and poor glycemic control
hUCMSC treatment alone (UCMSC) group, and the
hUCMSCs pretreated with melatonin (UCMSC/Mel)
group
Dentistry Dental pulp stem cell-  Rat In vivo, PDLSCs were subjected to DPSC-EXQ treatment DPSC-EXO is a potentially effective 240)
derived exosomes in a laboratory setting. The researchers assessed the  treatment for periodontitis
(DPSC-EX0) cells” capacity for cell proliferation, metastasis, and
osteogenic potential
Traumatic Injuries Human chorionic Rat Adult rats treated with hCM-MSCs to investigate the  hCM-MSCs greatly reduced neurological ')
membrane -MSCs effect of hCM-MSCs on traumatic brain injury impairments and increased neurogenesis
(hCM-MSCs) and angiogenesis

the accuracy of disease detection and monitoring, marking a
significant step toward more individualized and effective health-
care strategies?’>274],

Stem-cell clinical trials

Stem-cell therapy is witnessing a surge in clinical trials, reflecting a
growing interest in translating laboratory findings into viable
treatments®”), Clinical trials involving various stem-cell types are
currently underway and include a wide range of health issues!*”l.
The goal of ongoing trials is to determine whether stem-cell
therapies are effective in alleviating symptoms of neurological
diseases such as Alzheimer’s, Parkinson’s, and spinal cord
injuries?””! (Table 3). Researchers are investigating how stem
cells might be able to repair damaged neurons, encourage brain
regeneration, and lessen the symptoms of these crippling
conditions!?88],

Clinical trials in cardiovascular medicine aim to evaluate the
use of stem cells, such as progenitor cells and MSCs, for treating
conditions like heart failure and ischemic heart disease. These
trials explored the regenerative potential of stem cells in
repairing impaired cardiac tissues and improving overall cardiac

function?®],

Research is now being conducted on stem cell-based therapeutics
for cancer treatment, including studies focusing on HSC transplan-
tation (SCT) to treat hematological malignancies®®”. In addition,
researchers have explored potential applications for stem cells in
conjunction with traditional cancer therapies in order to enhance
therapeutic results and minimize negative consequences?’!l.
Additionally, clinical trials in orthopedics and musculoskeletal
disorders involve the use of stem cells to treat conditions like
osteoarthritis and bone defects. MSCs, which are known for their
capacity to differentiate into bone and cartilage, are being studied
for their regenerative potential in restoring joint and bone
health!?®?. Furthermore, stem-cell therapies are now under
investigation for their potential applications to treat diabetes by
replenishing pancreatic beta cells. Clinical trials have investigated
the use of stem cell-derived insulin-producing cells as transplants
to regulate blood glucose levels in patients with diabetes3,

Challenges and ethical considerations

Stem-cell therapy, although showing great promise, faces multiple
obstacles and constraints that need to be carefully considered. One
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Immunotherapy cell based line: Using CRISPR technique for modification T cells
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Figure 6. Immunotherapy chimeric antigen receptor (CAR) T-cell therapy can be filled with the help of recent developments in genome editing using CRISPR-Cas9.
To enable robust, accurate, and controllable genetic alteration, genome editing techniques are used, such as base and prime editing. In both hematopoietic and
non-hematopoietic cancers, T-cells can be circumvented through CRISPR-Cas9-induced multiplex deletion of inhibitory molecules, which enhances CAR T-cell
growth and persistence. The use of targeted knock-in techniques during CAR T-cell engineering offers the possibility of producing highly effective and potent cell
products. Lentivirus is viral particles modified to carry CRISPR components in T cells, CRISPR-Cas9 based on the precise insertion of CAR genes, more and strong
CAR T-cells product engineered using CRISPR-Cas9 to overcome specific histocompatibility hurdles and with improved persistence/antitumor function could
greatly improve the production of cellular immunotherapies and the therapeutic durability.

prominent challenge is the potential for tumorigenesis, wherein the
number of transplanted stem cells may increase uncontrollably, lead-
ing to tumor formation®****], The security of stem cells can only be
ensured by thorough preclinical examinations before they can be
used in clinical settings. Additionally, the immune response poses
a challenge due to the recipient’s immune system perceiving the
transplanted cells as alien, leading to rejection®*®*7), The
development of strategies to mitigate immune rejection and
improve engraftment remains an ongoing challenge.
Furthermore, precisely controlling stem cell development into
the desired cell types is a significant challengel?*®!. The variability
in differentiation protocols and the possibility of off-target con-
sequences raise concerns regarding the reliability and safety of the
therapeutic outcomes. Additionally, scalability and cost-effective-
ness in the production of sufficient quantities of quality-controlled
stem cells for widespread clinical use remain logistic obstacles that
must be overcome for the field to attain its full potentiall19-2%%-300],
Ethical considerations are central to the discourse surrounding
stem-cell therapy, particularly the use of ESCsP°Y. Discussions
over the moral standing of the early human embryo arose because
of the killing of embryos during the extraction of ESCs. Because
of these concerns, scientists are looking at alternative sources of
pluripotent stem cells, such as iPSCs, which are reprogrammed
from adult cells and do not have the same ethical concerns as
ESCs. Regulatory frameworks are essential for negotiating the
moral challenges presented by different stem cell therapies!*%%.
Countries have varying regulations governing the clinical

utilization of stem cells, ranging from permissive to restrictive.
Achieving a balance between promoting innovation and ensuring
patient safety remains a challenge for regulatory bodies?*!. The
evolving nature of stem-cell research and therapies necessitates
dynamic regulatory frameworks that can be adapted for scientific
advancement. Ongoing debates persist in this field, particularly
regarding the commercialization of stem-cell therapies. Issues of
accessibility, affordability, and equitable distribution of these
therapies raise ethical questions.

Moreover, concerns regarding the premature marketing of
unproven stem-cell therapies and the need for transparent com-
munication regarding the state of scientific evidence contribute to
the ethical complexity of this field®¥. In conclusion, addressing
the difficulties and ethical considerations of stem-cell therapy
requires a multidisciplinary approach that encompasses rigorous
scientific research, transparent communication, and dynamic
regulatory frameworks. Realizing the full promise of stem-cell
therapies will require a careful balance between ethical respon-
sibility and innovation as the field develops.

Future prospects

With the help of new technologies and the results of continuing
research, stem-cell treatment might potentially transform many
different areas of medicine. One key direction involves the inte-
gration of stem-cell therapy into precision medicine approaches,
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Examples of clinical trials with results involved in neurological diseases, cancer, cardiovascular, and Orthopedics, from http://clinicaltrials.gov/.

Study
Conditions Registration Sample size design Treatment Outcomes Ref.
Alzheimer’s Disease NCT01297218/NCT01696591  Nine cases divided into: three cases treated with low dose ~ Phase 1 hUCB-MSCs Injecting hUCB-MSCs into the hippocampus and precuneus 278
and six treated with high dose using stereotactic was safe, feasible, and well tolerated
NCT02054208/ NCT03172117  Nine patients were divided into three who received a low Phase 1/2 hUCB-MSCs It was conceivable, comparatively, and adequately safe to @79
dose, and six received a high dose of hUCB-MSCs administer hUCB-MSCs three times into the lateral ventricle
using an Ommaya reservoir
Parkinson’s disease NCT03550183 — Phase 1 (UCMSC) Ensuring safety and effectiveness study of Parkinson’s 280)
disease patients via transplant of hUCB-MSCs
NCT03309514 — Phase 1/2  Autologous Hope Used to investigate the safety and effectiveness of
Biosciences-ADMSCs transplanting adult neural stem cells derived from the
central nervous system in specific individuals with
Parkinson’s disease
Spinal cord injury — Sixteen patients were classified into a group injected with a  Phase 3 Autologous MSCs Applying a single MSC to the intramedullary and intradural 81
low dose and another group with a high dose region is considered safe, but its therapeutic impact is

significantly weaker when compared to the injection of
several MSCs

— Twelve individuals with chronic and complete paraplegia Phase 1/2  Autologous-BMSCs Administration of personalized MSC therapy is a safe
approach that results in evident enhancements in clinical
parameters and the overall well-being of individuals
suffering from total and long-standing paraplegia

282]

Cardiovascular NCT01739777 Thirty cases divided into 15 individuals who received an Phase 1/2  UCMSC safety and effectiveness of using uCMSC in individuals 283]
injection and another 15-control group diagnosed with heart failure
— Forty patients Phase 2  Autologous CD133* Providing evidence that isolating and delivering autologous 284
stem cells CD133+ cells on the same day as coronary artery bypass
grafting is both safe and achievable
Cancer NCT01579812 Thirty-eight patients were divided into 1 at the lIC stage, 25at  Phase 2  Carcinoma-associated Antitumor effect on ovarian cancer (28]
Il stage, and 12 at the IV stage mesenchymal stem
cells (CA-MSCs)
NCT03087409 Eight hundred eighty-five cases Phase 3  High-dose chemotherapy ~ Cumulative survival and safety to heal breast cancer (286]
with hematopoietic
stem cell
Orthopedics and ACTRN12614000814673 Thirty participants were classified into three groups: two NA Autologous-ADMSC Effective and safe therapy for knee osteoarthritis f2n
musculoskeletal disorders treatment groups were administered intra-articular

ADMSC therapy, either with a single injection or two
injections, and the third group was control

— Seven participants, four were received a low dose, and Phase 1/2  hUCB-MSCs hUCB-MSCs seemed to be Safe and effective 287)
another three participants received a high dose
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opening a new chapter in medical history, where customized care
based on a person’s genetic composition promises enhanced
therapeutic outcomes and reduced side effects. Advances in
genomics and the application of patient-specific stem cells are
expected to drive this integration. Additionally, future research
should focus on refining the immune modulation strategies
associated with stem-cell therapies and addressing challenges
such as immune rejection and graft-versus-host responses.
Innovative approaches, including engineered stem cells and
immunomodulatory molecules, aim to enhance compatibility
with stem-cell treatment.

The continued evolution of gene-editing tools, including
CRISPR-Cas9, will perform a key function in ensuring the pre-
cision and safety of stem-cell therapies. This technology enables
the modification of specific genes in stem cells, offering avenues
for targeted therapeutic interventions and correction of genetic
disorders at the cellular level. The synergy between stem-cell
therapy and bioengineering has emerged as a significant area of
exploration. The integration of stem cells with advanced bioma-
terials can potentially create functional tissues and organs with
improved structural and functional properties. Bioengineered
constructs provide innovative solutions for tissue-specific regen-
eration and transplantation. These key directions underscore the
multidimensional nature of future advancements in stem-cell
therapy, bringing together precision medicine, immune modula-
tion, gene editing, and bioengineering to propel the field toward
transformative developments.

Recent developments in stem-cell therapy have illuminated a
path of immense promise and transformative potential for revo-
lutionizing modern medicine. The exploration of stem cells across
diverse medical disciplines guided by advancements in science,
biotechnology, and clinical trial applications has positioned this
field at the forefront of biomedical research. The historical jour-
ney from foundational concepts laid by pioneering scientists in
the late 19th and early 20th centuries to groundbreaking mile-
stones such as the isolation of ESCs and the discovery of iPSCs
underscores a monumental leap in medical science.

The regenerative processes of stem cells, categorized into
embryonic, adult, induced pluripotent, and perinatal stem cells,
offer unprecedented opportunities for therapeutic interventions.
Development, tissue repair, and regeneration are all intricately
linked to stem cells due to their remarkable capacity to differ-
entiate into different cell types and self-renew. Their diverse
applications include neurodegenerative disorders, cardiovascular
ailments, spinal cord injuries, diabetes, and tissue damage,
opening novel avenues for treating debilitating conditions.
However, as the field advances, the critical challenges and com-
plexities must be addressed. Problems like immunological rejec-
tion, tumorigenesis, and the precise manipulation of stem-cell
behavior pose hurdles that demand comprehensive exploration
and innovative solutions. The landscape of stem-cell therapy is
intricate and requires a nuanced understanding of its historical
foundations, current realities, and future trajectories.

Conclusion

In collating recent biotechnology advancements, critical trial
evaluations, and emerging technologies, this review provides a
comprehensive compass for clinicians, researchers, and stake-
holders navigating the intricate terrain of stem-cell therapy.

Future directions, marked by precision medicine integration,
immune modulation strategies, advancements in gene-editing
technologies, and synergy with bioengineering, offer a roadmap
for the continued evolution of stem-cell therapies.

Resonating with the revolutionary promise of stem-cell
therapy not only in the realms of science and medicine but also
in the lives of individuals with debilitating diseases and inju-
ries. The journey from conceptualization to practical utiliza-
tion represents a testament to human ingenuity and the
relentless pursuit of improving healthcare. As stem-cell
research continues, it holds the promise of reshaping the
landscape of medicine, bringing forth a new era in which
personalized regenerative therapies can mitigate the impact of
a spectrum of medical challenges.
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