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Abstract

This article provides a comprehensive overview of stem cells, tracing their jour-
ney from fundamental biology to applications in regenerative medicine. Defined
by their abilities for self-renewal and differentiation, stem cells play critical roles
in embryonic development, tissue maintenance, and repair. The article catego-
rizes stem cells based on their potency—totipotent, pluripotent, multipotent, ol-
igopotent, and unipotent—and explores their distinct biological functions. A
major breakthrough in the field was the development of induced pluripotent
stem cells (iPSCs), which enable personalized medicine by reprogramming adult
somatic cells into pluripotent ones. The article further discusses clinical applica-
tions of stem cell therapy, including the use of mesenchymal stem cells (MSCs)
in treating osteoarthritis, myocardial infarction, and Crohn’s disease, and hema-
topoietic stem cell transplantation for hematological disorders. Tissue engineer-
ing, which combines stem cells with biomaterials, expands the potential of re-
generative therapies. In parallel, stem cell-derived organoids provide physiologi-
cally relevant in vitro models for disease modeling, drug screening, and devel-
opmental studies. Despite challenges such as tumorigenicity, immune rejection,
and ethical concerns, stem cells remain a cornerstone in advancing precision
medicine and therapeutic innovation.
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1. Introduction

Stem cells are the “building blocks” of all cells, tissues, and organs in an animal’s
body. They possess two defining characteristics: the ability to self-renew through
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mitotic division and the ability to differentiate into specialized cell types. From an
embryo to an adult, stem cells are present and essential for growth, maintenance, and
repair of tissues. Based on their stemness, stem cells could be classified into five main
categories:

Totipotent stem cells have the highest differentiation potential, capable to differ-
entiate into an entire organism, including both embryonic and extra-embryonic tis-
sues. These cells are found only during the earliest stages of embryonic develop-
ment, particularly in the initial few divisions of the zygote.

Pluripotent stem cells can differentiate into any cell type of the three germ lay-
ers—ectoderm, mesoderm, and endoderm—but not extra-embryonic tissues. They
represent an intermediate state between totipotent and multipotent cells. Two ex-
amples of pluripotent stem cells are embryonic stem cells (ESCs) and induced plu-
ripotent stem cells [1] [2] (iPSCs), both of which play critical roles in developmental
biology and regenerative medicine.

Multipotent stem cellshave the ability to differentiate into multiple, but limited,
cell types within a specific lineage or tissue. Unlike pluripotent stem cells, which can
become almost any cell type in the body, or totipotent stem cells, which can form
an entire organism, multipotent stem cells are more restricted in their differentia-
tion potential. For example, hematopoietic stem cells (HSCs) give rise to various
blood cells, including red and white blood cells and platelets, but cannot generate
cells outside the hematopoietic lineage. Similarly, mesenchymal stem cells (MSCs)
can form bone, cartilage, and adipose tissue, but not neural or hepatic cells. Unlike
pluripotent and totipotent cells, multipotent stem cells are often found in adult
tissues and primarily function in tissue maintenance and repair.

Oligopotent stem cells exhibit a more restricted differentiation capacity, pro-
ducing only a few closely related cell types within a specific tissue or lineage. For
instance, myeloid progenitor cells can differentiate into red blood cells, platelets,
and certain white blood cells; while lymphoid progenitor cells give rise to B cells,
T cells, and natural killer (NK) cells. These cells play a vital role in maintaining
and replenishing specialized cell populations, and contribute to the maintenance
of immune and circulatory systems.

Unipotent stem cells are the most specialized stem cells, which are capable of gen-
erating only one cell type. Despite their limited plasticity, they play a critical role
in tissue regeneration. A key example is muscle satellite cells, which exclusively gen-
erate skeletal muscle fibres to aid in muscle growth and regeneration. Another ex-
ample is spermatogonial stem cells, which generate sperm in the testes. Other ex-
amples are epidermal stem cells that replenish the skin. Though less versatile than
pluripotent stem cells, unipotent stem cells are indispensable for maintaining the

structure and function of mature tissues.

2. Key Functions of Stem Cells: Self-Renewal and
Differentiation

Stem cells are defined by two essential functions: self-renewal and differentiation.
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Self-renewal refers to the capacity of stem cells to undergo numerous cycles of cell
division while maintaining an undifferentiated state. This process is strictly regu-
lated to prevent uncontrolled growth, which could result in tumours, or depletion,
which might impair tissue repair. Self-renewal often occurs through asymmetric
division, whereby one daughter cell retains stem cell properties, and the other pro-
gresses toward differentiation. This balance allows tissues to maintain a steady sup-
ply of stem cells for future regeneration while also producing specialized cells for
immediate function. For example, hematopoietic stem cells in the bone marrow con-
tinuously self-renew while generating a steady supply of blood cells throughout life.

Differentiation is the process by which stem cells acquire specialized functions
and morphologies. The extent of differentiation potential depends on the cell’s po-
tency. Pluripotent stem cells like ESCs can generate neurons, cardiomyocytes, or
hepatocytes, while multipotent stem cells like MSCs are limited to generate mus-
culoskeletal lineages. Differentiation is orchestrated by complex signalling pathways
involving genetic, biochemical, and mechanical cues. These cues regulate transcrip-
tional networks and activate lineage-specific pathways such as Wnt, Notch, Hedge-
hog and TGF-g, which drive cells through different stages. On the other hand, the
microenvironment, or stem cell niche [3], also plays a critical role by supplying
chemical or biological signals that ensure proper timing and direction of differen-
tiation. Through these mechanisms, stem cells contribute to tissue development,

wound healing, and physiological homeostasis.

3. The Importance of Stem Cells in Biology and Medicine

Stem cells are indispensable to both biological research and medical innovation due
to their dual capacities for self-renewal and differentiation. Biologically, they play a
central role in embryonic development, giving rise to all tissues and organ systems;
in adult organisms, they maintain tissue homeostasis by replenishing injured or
dead cells. For instance, intestinal epithelial stem cells regenerate the gut lining every
few days, and hematopoietic stem cells continuously produce blood cells through-
out life. Medically, stem cells are essential for developing regenerative therapies to
repair or replace damaged tissues. Clinical trials using mesenchymal stem cells [4]
are ongoing for conditions such as osteoarthritis, spinal cord injury, and myocar-
dial infarction. MSC therapy has been tested in Phase II clinical trials showing
improvements in pain and cartilage quality; for myocardial infarction, multiple
Phase I/1I trials have demonstrated feasibility and modest functional recovery fol-
lowing MSC administration. Moreover, induced pluripotent stem cells (iPSCs) of-
fer personalized models for studying genetic diseases and screening new drugs,
enabling advances in precision medicine. Furthermore, stem cells are used to gen-
erate organoids—miniaturized, 3D tissue models that replicate key features of hu-
man organs—facilitating research on development, pathology, and drug response
in vitro.

Despite their promise, the clinical translation of stem cell technologies faces

challenges, including the risks of tumor formation, immune rejection, and incom-
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plete or unintended differentiation. Ethical considerations, particularly surround-
ing embryonic stem cell use, also demand careful oversight. Nonetheless, advances
in gene editing, biomaterials, and in vitro culture systems continue to expand the
therapeutic and investigative potential of stem cells. As such, they represent a pow-
erful tool for addressing unmet needs in regenerative medicine, disease modelling,

and drug discovery.

4. Induced Pluripotent Stem Cells (iPSCs): A Breakthrough in
Stem Cell Research

Induced pluripotent stem cells (iPSCs) represent a milestone in stem cell research.
They were discovered in 2006 by Shinya Yamanaka [2] and colleagues in Japan.
They demonstrated that differentiated adult somatic cells could be reprogrammed
into a “pluripotent state” by introducing a set of transcription factors—Oct4, Sox2,
Klf4, and c-Myc—commonly known as the Yamanaka factors. This reprogram-
ming process effectively resets the epigenetic and transcriptional profile of the cell,
granting it the capacity to self-renew and differentiate into nearly any cell type,
akin to embryonic stem cells (ESCs).

The creation of iPSCs offered a ground-breaking alternative to ESCs, which over-
comes the ethical concerns associated with embryo-derived cells. iPSCs can be gen-
erated from a patient’s own cells—such as skin fibroblasts or peripheral blood mon-
onuclear cells—enabling autologous transplantation with minimal risk of immune
rejection. Their accessibility and versatility have revolutionized disease modelling,
particularly for genetic and neurodegenerative disorders, allowing researchers to
study patient-specific cellular phenotypes in vitro. For example, iPSC-derived neu-
rons from patients with Parkinson’s disease or Alzheimer’s disease provide valu-
able platforms for exploring disease mechanisms and testing therapeutic candidates.

In the field of regenerative medicine, iPSCs offer promise for cell replacement
therapies targeting a wide range of conditions, including diabetes, spinal cord in-
juries, retinal degeneration, and cardiac disease. Their use has also accelerated the
development of organoids [5]-[7] and tissue engineering approaches, further ex-

panding their utility.

5. Stem Cell Therapy and Tissue Engineering: Applications in
Regenerative Medicine

Stem cell therapy and tissue engineering represent approaches at the forefront of
regenerative medicine. Stem cell therapy involves the direct transplantation of stem
cells or their derivatives into damaged tissues to restore structure and function. For
example, mesenchymal stem cells (MSCs) have been investigated in clinical trials
for treating osteoarthritis [8], myocardial infarction, and graft-versus-host disease
due to their regenerative and immunomodulatory properties. Similarly, hemato-
poietic stem cell transplantation remains a well-established treatment for haemato-
logical malignancies and immune disorders.

For example, allogeneic hematopoietic stem cell transplantation (HSCT) remains
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the only definitive curative therapy for severe aplastic anemia [9] (SAA), particu-
larly in younger patients with matched sibling donors. Transplanted HSCs recon-
stitute the patient’s hematopoietic system, restoring the production of red cells,
white cells, and platelets. In patients without a suitable donor, immunosuppres-
sive therapy is often used as an alternative to target the autoimmune component
implicated in the pathogenesis. Advances in HLA-matching, graft manipulation,
and conditioning regimens have significantly improved the outcomes and reduced
the incidence of graft-versus-host disease (GVHD). Autologous or gene-corrected
HSCs are also under investigation for patients with inherited bone marrow failure
syndromes or acquired forms refractory to conventional therapy.

Another application of stem cell therapy is the treatment of Crohn’s disease. It
is a chronic, relapsing inflammatory bowel disease marked by transmural inflam-
mation of the gastrointestinal tract; it is driven by immune dysregulation and ep-
ithelial barrier dysfunction. Mesenchymal stem cells (MSCs) have emerged as a
promising therapeutic option due to their immunomodulatory, anti-inflamma-
tory, and tissue-regenerative properties. MSCs can suppress pro-inflammatory cy-
tokines, promote regulatory T cell activity, and enhance mucosal healing. Clinical
trials have shown that both systemic and local administration of MSCs—particu-
larly for treatment-refractory perianal fistulas—can induce remission and reduce
fistula drainage. In 2018, the European Medicines Agency approved the first stem
cell-based therapy (darvadstrocel [10]) for complex perianal fistulas in Crohn’s
disease. Ongoing studies are evaluating optimization of dosing, delivery methods,
and the use of autologous versus allogeneic MSCs. While not yet a frontline ther-
apy, stem cell therapy offers a valuable adjunct for patients with refractory or com-
plicated disease such as Crohn’s disease.

Tissue engineering combines stem cells with biomaterials and bioactive mole-
cules to construct functional tissue substitutes. This approach has been applied to
regenerate cartilage, skin, corneal epithelium, and even components of complex
organs such as the trachea or bladder. Scaffolds made of natural or synthetic ma-
terials provide a structural framework for stem cells to proliferate, differentiate,
and organize into tissue-like architectures. Advances in 3D bioprinting and or-
ganoid technology have further enhanced the ability to fabricate patient-specific
constructs, offering new solutions for tissue loss due to trauma, congenital defects,
or chronic disease.

For instance, tissue engineering has shown considerable promise in the devel-
opment of vascular grafts for the repair or replacement of damaged blood vessels,
particularly in patients with cardiovascular disease who lack suitable autologous
grafts. Engineered blood vessels typically consist of a scaffold—either synthetic (e.g.,
polyglycolic acid, polycaprolactone) or natural (e.g., collagen, fibrin)—seeded
with endothelial cells or stem cell-derived vascular progenitors. These constructs
aim to mimic the structural, mechanical, and functional properties of native vessels,
including compliance, patency, and anti-thrombogenicity. Mesenchymal stem cells

(MSCs) and endothelial progenitor cells (EPCs) [11] are frequently used due to
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their capacity to differentiate into vascular cell types and secrete pro-angiogenic
factors. Preclinical and early clinical studies have demonstrated the feasibility of
using tissue-engineered vascular grafts in arterial bypass procedures and hemodi-
alysis access.

Moreover, to treat patients suffering from myocardial infarction, tissue engineer-
ing approaches aim to restore myocardial structure and function by delivering
viable cells, bioactive factors, or engineered cardiac patches to the infarcted re-
gion. One strategy involves seeding cardiomyocytes—derived from induced plu-
ripotent stem cells (iPSCs) or embryonic stem cells (ESCs)—onto biodegradable
scaffolds [11] that provide mechanical support and promote cell survival and
integration. These engineered cardiac patches can be applied epicardially to en-
hance tissue repair, reduce fibrosis, and improve left ventricular function. Al-
ternatively, injectable hydrogels loaded with stem cells or growth factors have
been developed to promote in situ regeneration and neovascularization.

Despite progress, clinical translation remains limited by challenges such as vas-
cularization of engineered tissues, integration with host tissue, and long-term safety.
Nonetheless, the combination of stem cell biology and tissue engineering contin-
ues to open new avenues for personalized medicine, offering the potential to restore
damaged tissues, reduce the need for organ transplantation, and improve outcomes
for patients with otherwise untreatable conditions.

A critical issue for clinical translation is safety, particularly the risks of tumor-
igenicity, genomic instability, and unintended genetic alterations. Recent clinical
trials provide quantitative insights [12]: in a pooled analysis of iPSC-derived ther-
apies, the incidence of tumorigenic events was reported as <1% across early-phase
studies. Similarly, large-scale hematopoietic stem cell transplantation registries es-
timate secondary malignancies in approximately 2% - 5% of recipients after long-
term follow-up. Off-target edits in CRISPR/Cas9-modified stem cells remain a
concern, though next-generation sequencing-based monitoring shows off-target
rates below 0.1% in well-designed guides. Such data highlight both the rarity and

importance of vigilant monitoring of adverse genomic events.

6. Organoids: Bridging the Gap between In Vitro Models and
In Vivo Physiology

While tissue engineering focuses on constructing transplantable tissues for thera-
peutic purposes, recent advances have also led to the development of organoids [5]-
[7]—miniaturized, three-dimensional cell cultures that mimic the architecture and
function of real organs. Organoids offer a powerful platform to tissue engineering,
serving as physiologically relevant models for studying human development, dis-
ease mechanisms, and drug responses in vitro. Unlike conventional two-dimen-
sional cell cultures, organoids self-organize into complex structures that recapit-
ulate key features of their in vivo counterparts, including cellular diversity, spatial
organization, and partial functionality. Organoids have been generated for a wide

array of human organs, including the intestine, brain, liver, kidney, pancreas, and
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lung. Their utility spans a broad range of applications—from modeling genetic dis-
orders and infectious diseases to high-throughput drug screening and personalized
medicine.

The foundation of organoid technology lies in the use of stem cells, particularly
pluripotent stem cells (PSCs) such as embryonic stem cells (ESCs) and induced
pluripotent stem cells [1] [2] (iPSCs), as well as adult tissue-specific stem cells.
These cells possess intrinsic self-organizing and differentiation capacities that, un-
der appropriate culture conditions, allow them to form organ-like structures. For
example, intestinal organoids [13] can be derived from adult intestinal stem cells
isolated from patient biopsies, while cerebral or retinal organoids [14] are typically
generated from iPSCs differentiated along neural lineages. The use of patient-de-
rived iPSCs enables the generation of genetically matched organoids for disease
modeling, offering unprecedented insights into disorders such as cystic fibrosis,
Parkinson’s disease, and microcephaly. Moreover, gene editing tools like CRISPR/
Cas9 can be applied to stem cell-derived organoids to dissect gene function or test
gene therapies. As such, stem cell-based organoids not only complement tissue
engineering in regenerative strategies but also serve as transformative platforms

for advancing biomedical research and translational applications.

7. Conclusion

Stem cells hold a unique and transformative place in biology and medicine due to
their ability to self-renew and differentiate into diverse cell types. A thorough un-
derstanding of the hierarchy of stem cell potency—from totipotent to unipotent—
forms the basis for their clinical and experimental use. Advances in stem cell biology
have laid the groundwork for a wide range of therapeutic applications, including
hematopoietic stem cell transplantation, mesenchymal stem cell therapy, and the
generation of patient-specific induced pluripotent stem cells. Coupled with break-
throughs in tissue engineering, stem cells now offer the potential to regenerate dam-
aged tissues, repair diseased organs, and reduce reliance on donor transplants. In
parallel, the emergence of organoid systems derived from stem cells provides un-
precedented opportunities to model human development, study disease patho-
genesis, and test therapeutic strategies in a physiologically relevant context. While
several challenges remain—including issues of safety, standardization, and scala-
bility—the continuous evolution of stem cell and organoid technologies promises
to revolutionize personalized medicine and deepen our understanding of human
health and disease.

Conflicts of Interest
The author declares no conflicts of interest regarding the publication of this paper.

References

[1] Thomson, J.A., Itskovitz-Eldor, J., Shapiro, S.S., Waknitz, M.A., Swiergiel, J.J., Mar-
shall, V.S., et al. (1998) Embryonic Stem Cell Lines Derived from Human Blastocysts.

DOI: 10.4236/0jrm.2025.142002

25 Open Journal of Regenerative Medicine


https://doi.org/10.4236/ojrm.2025.142002

T.C.Qiu

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]

(11]

(12]

(13]

(14]

Science, 282, 1145-1147. https://doi.org/10.1126/science.282.5391.1145

Takahashi, K. and Yamanaka, S. (2006) Induction of Pluripotent Stem Cells from
Mouse Embryonic and Adult Fibroblast Cultures by Defined Factors. Ce//, 126, 663-
676. https://doi.org/10.1016/j.cell.2006.07.024

Morrison, S.J. and Spradling, A.C. (2008) Stem Cells and Niches: Mechanisms That
Promote Stem Cell Maintenance Throughout Life. Ce/] 132, 598-611.
https://doi.org/10.1016/j.cell.2008.01.038

Trounson, A. and McDonald, C. (2015) Stem Cell Therapies in Clinical Trials: Pro-
gress and Challenges. Cell Stem Cell, 17, 11-22.
https://doi.org/10.1016/j.stem.2015.06.007

Kirkeby, A., Main, H. and Carpenter, M. (2025) Pluripotent Stem-Cell-Derived Ther-
apies in Clinical Trial: A 2025 Update. Cel/ Stem Cell, 32, 10-37.
https://doi.org/10.1016/j.stem.2024.12.005

Kim, D., Lim, H., Youn, J., Park, T. and Kim, D.S. (2024) Scalable Production of Uni-
form and Mature Organoids in a 3D Geometrically-Engineered Permeable Mem-

brane. Nature Communications, 15, Article No. 53073.
https://doi.org/10.1038/s41467-024-53073-2

Ge, J., Wang, Y., Li, Q,, Liu, F., Lei, Q. and Zheng, Y. (2024) Trends and Challenges
in Organoid Modeling and Expansion with Pluripotent Stem Cells and Somatic Tis-
sue. Peer/, 12, e18422. https://doi.org/10.7717/peer].18422

Zhang, D., Shadrin, 1.Y., Lam, J., ef al. (2023) Advances in 3D Bioprinted Cardiac
Tissue Using Stem-Cell-Derived Cardiomyocytes. Advanced Functional Materials,
33, e2210543.

Jevotovsky, D.S., Alfonso, A.R., Einhorn, T.A. and Chiu, E.S. (2018) Stem Cell Treat-
ment for Knee Articular Cartilage Defects and Osteoarthritis. Current Reviews in
Musculoskeletal Medicine, 11, 332-342.

Marsh, J., Socie, G., Tichelli, A., et al (2010) Allogeneic Hematopoietic Stem-Cell Trans-
plantation for Severe Aplastic Anemia [10]: Improved Survival with HLA-Matched
Sibling Donors. Biology of Blood and Marrow Transplantation, 16, 1465-1471.

Ju, Y.M., Atala, A., Yoo, ].J. and Lee, S.J. (2014) Endothelial Progenitor Cells for the Vas-
cularization of Engineered Tissues. Tissue Engineering, Part B: Reviews, 20, 377-391.

Garcia-Olmo, D., Panés, J., Garcia-Arranz, M., et al. (2020) Darvadstrocel in Crohn’s
Disease Fistulae: Mechanism and Evidence Review. Expert Review of Gastroenterol-
ogy & Hepatology, 14, 527-540.

Sato, T., Vries, R.G., Snippert, H.]., van de Wetering, M., Barker, N., Stange, D.E., et
al. (2009) Single Lgr5 Stem Cells Build Crypt-Villus Structures in Vitro without a
Mesenchymal Niche. Nature, 459, 262-265. https://doi.org/10.1038/nature07935
Lancaster, M.A., Renner, M., Martin, C., Wenzel, D., Bicknell, L.S., Hurles, M.E., et
al. (2013) Cerebral Organoids Model Human Brain Development and Microcephaly.
Nature, 501, 373-379. https://doi.org/10.1038/nature12517

DOI: 10.4236/0jrm.2025.142002

26 Open Journal of Regenerative Medicine


https://doi.org/10.4236/ojrm.2025.142002
https://doi.org/10.1126/science.282.5391.1145
https://doi.org/10.1016/j.cell.2006.07.024
https://doi.org/10.1016/j.cell.2008.01.038
https://doi.org/10.1016/j.stem.2015.06.007
https://doi.org/10.1016/j.stem.2024.12.005
https://doi.org/10.1038/s41467-024-53073-z
https://doi.org/10.7717/peerj.18422
https://doi.org/10.1038/nature07935
https://doi.org/10.1038/nature12517

	Stem Cells: From Fundamental Biology to Regenerative Medicine
	Abstract
	Keywords
	1. Introduction
	2. Key Functions of Stem Cells: Self-Renewal and Differentiation
	3. The Importance of Stem Cells in Biology and Medicine
	4. Induced Pluripotent Stem Cells (iPSCs): A Breakthrough in Stem Cell Research
	5. Stem Cell Therapy and Tissue Engineering: Applications in Regenerative Medicine
	6. Organoids: Bridging the Gap between In Vitro Models and In Vivo Physiology
	7. Conclusion
	Conflicts of Interest
	References

