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Introduction
Stem cells, the fundamental building blocks of life, have long 

captivated the scientific community for their unique ability to self-
renew and differentiate into various specialized cell types [1]. These 
undifferentiated cells exist in both embryonic and adult tissues, 
playing critical roles in development, repair, and maintenance of the 
body [1]. The discovery of stem cells in the early 20th century emerged 
from pioneering research in hematology, where scientists observed the 
regenerative capabilities of blood-forming cells (Figure 1) [2]. This was 
followed by the landmark identification of mouse embryonic stem cells 
(ESCs) in 1981, and later human ESCs in 1998, setting the stage for 
transformative scientific and medical breakthroughs [3]. Early studies 
focused on understanding their intrinsic properties and potential 
for generating specific cell types in vitro, laying the groundwork for 
regenerative medicine and disease modeling [4].

Advances in molecular biology and genetics have significantly 
deepened our understanding of stem cells. Researchers unraveled the 
signaling pathways and transcriptional networks that govern their 
pluripotency and differentiation. Notably, the introduction of iPSCs 
by Shinya Yamanaka in 2006 marked a paradigm shift, as it became 

possible to reprogram adult somatic cells back into a pluripotent state 
[5]. This revolutionary technique bypassed ethical concerns associated 
with ESCs and opened new avenues for personalized medicine. 
Furthermore, breakthroughs in single-cell technologies have provided 
unprecedented insights into the heterogeneity and dynamic nature 
of stem cell populations, revealing how intrinsic and extrinsic factors 
influence their behavior across different tissue environments [6, 7].

Today, stem cells are at the forefront of translational research, 
driving innovations in regenerative therapies, drug discovery, and 
disease modeling. For example, stem cell-based treatments for 
conditions such as macular degeneration, spinal cord injuries (SCI), 
and type 1 diabetes (T1D) have shown promising results in clinical 
trials [8]. Organoids, three-dimensional (3D) cellular structures 
derived from stem cells, have revolutionized in vitro modeling of 
human organs, offering valuable platforms for studying diseases like 
cancer and rare genetic disorders [9, 10]. Despite these advancements, 
challenges such as immune rejection, genetic instability, and scalability 
continue to impede the widespread application of stem cell therapies in 
clinical practice [11].

The future of stem cell science promises to transcend current 
limitations through interdisciplinary approaches integrating 
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bioengineering, artificial intelligence, and synthetic biology [12]. 
Scientists are exploring strategies to enhance stem cell potency, refine 
differentiation protocols, and develop universal donor cells to minimize 
immune rejection. Moreover, the advent of CRISPR-Cas9 and other 
gene-editing technologies has enabled precise genetic modifications, 
allowing for the correction of disease-causing mutations in patient-
derived stem cells [13]. As the field progresses, there is growing interest 
in understanding the aging process of stem cells and leveraging this 
knowledge to combat age-related degenerative diseases.

While stem cells hold immense potential for transforming 
medicine, their use also raises important ethical, regulatory, and societal 
questions [14]. Issues such as equitable access, long-term safety, and the 
possibility of misuse in areas like human enhancement demand careful 
consideration. As we stand on the brink of a new era in biomedical 
science, the challenge lies not only in advancing the technical and 
biological aspects of stem cell research but also in fostering responsible 
innovation that aligns with societal values and needs. With sustained 
investment in research and a commitment to ethical principles, stem 
cells are poised to reshape the future of medicine and human health in 
ways that were once considered the realm of science fiction.

Stem Cells: Etiology and Hierarchy 
Stem cells are the foundational cells of the body, characterized by 

their ability to self-renew and differentiate into various specialized cell 
types [15]. Their etiology traces back to the earliest stages of embryonic 
development. During fertilization, the zygote forms and undergoes 

rapid cell division to produce the blastocyst, a hollow structure 
containing the inner cell mass. The inner cell mass is the origin of 
ESCs, which are pluripotent, meaning they can give rise to almost all 
cell types of the body. In adults, stem cells are present in specialized 
niches, where they function as a repair system to maintain tissue 
integrity. For example, hematopoietic stem cells (HSCs) reside in the 
bone marrow and produce all types of blood cells, while MSCs in the 
stroma contribute to bone, cartilage, and fat formation [16].

Stem cells can be classified hierarchically based on their potency, 
which reflects their differentiation potential (Figure 2 and Table 1). At 
the top of this hierarchy are totipotent cells, such as the zygote and its 
early cleavage-stage descendants, which can form both embryonic and 
extra-embryonic tissues like the placenta. Below these are pluripotent 
cells, such as ESCs and iPSCs, which can generate cells from all three 
germ layers-ectoderm, mesoderm, and endoderm-but cannot form 
extra-embryonic tissues [17]. For instance, ESCs from mice have been 
used to create entire mouse embryos in the laboratory, highlighting 
their developmental capabilities. At the next level are multipotent stem 
cells, which are restricted to specific lineages, such as HSCs generating 
blood cells or neural stem cells (NSCs) forming neurons, astrocytes, 
and oligodendrocytes (Table 2) [18].

Beneath multipotent cells in the hierarchy are oligopotent and 
unipotent stem cells. Oligopotent stem cells can differentiate into a 
limited subset of cell types within a particular lineage. For example, 
myeloid progenitor cells give rise to granulocytes and macrophages, 

Figure 1: The timeline of major discoveries and advances in basic research and clinical applications of stem cell-based therapy. Reproduced from [3].
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while lymphoid progenitors produce T cells, B cells, and natural killer 
cells [19]. Unipotent stem cells, on the other hand, are restricted to 
producing a single cell type. A classic example is epidermal stem cells, 
which exclusively generate keratinocytes to replenish the skin’s outer 
layer [20]. Despite their limited differentiation capacity, unipotent 
stem cells retain the ability to self-renew, ensuring the maintenance of 
specific tissues over time [21].

The concept of the stem cell hierarchy is not rigid and may vary 
depending on the tissue and its requirements [22]. For instance, the 
intestinal epithelium is maintained by multipotent intestinal stem cells 
located in the crypts of Lieberkühn [23]. These cells continuously divide 
into absorptive and secretory cells, which migrate upwards to replace 
damaged or sloughed-off intestinal lining. Similarly, satellite cells in 
skeletal muscle act as adult stem cells capable of generating myoblasts 

for muscle repair following injury [24]. These examples illustrate how 
the stem cell hierarchy operates dynamically to meet the specific needs 
of different tissues.

Recent advances have blurred the boundaries of the stem cell 
hierarchy by enabling cellular reprogramming and trans differentiation 
[25]. Yamanaka factors, for example, can reprogram differentiated 
somatic cells into pluripotent iPSCs, effectively “resetting” their position 
in the hierarchy [26]. Similarly, direct conversion of one cell type 
into another, such as fibroblasts into neurons, has demonstrated the 
plasticity of cellular identities [27]. These innovations have expanded 
our understanding of lineage potential and challenged the traditional 
view of a unidirectional differentiation hierarchy, with implications for 
regenerative medicine and disease modeling.

The study of stem cell etiology and hierarchy not only illuminates 

Figure 2: Stem cell types and properties. Reproduced from [16].

Category Description Examples Properties Limitations

Totipotent stem 
cells

Stem cells that can differentiate into all cell types, including 
extra-embryonic tissues (e.g., placenta). These cells are 

present only during early stages of embryonic development.
Zygote (fertilized egg)

Can generate any cell type, including 
extra-embryonic tissues. Full 

developmental potential.

Only present in early embryonic 
development, not available for 

therapeutic use.

PSCs Cells that can differentiate into any cell type of body, but 
not extra-embryonic tissues. ESCs and iPSCs

Can differentiate into all cell types of 
the body. 

Can be derived from somatic cells 
(iPSCs).

Ethical issues surrounding ESC 
use. 

Potential for tumor formation.
Risk of immune rejection 

(allogeneic ESCs).

Multipotent stem 
cells

Stem cells that are more restricted in differentiation and can 
give rise to a limited range of cell types, typically related to 

the tissue in which they reside.
HSCs and MSCs

Can generate a limited range of cells 
within a specific tissue.

Less risk of tumor formation 
compared to PSCs.

Limited to certain cell types.
Less regenerative capacity 

compared to pluripotent cells.

Oligopotent stem 
cells

Cells that can differentiate into a few closely related cell 
types.

NSCs (can generate different 
types of neural cells)

More restricted differentiation 
potential. 

Can self-renew.

Restricted to a smaller number of 
cell types. 

Limited ability to regenerate large-
scale tissue.

Unipotent stem 
cells

Stem cells that can only differentiate into one cell type, but 
they have the ability to self-renew.

Spermatogonial stem cells 
(only generate sperm cells)

Self-renewal capacity. 
Can produce only one cell type.

Very limited differentiation 
potential. 

Limited application in regenerative 
medicine.

Table 1: Stem cells etiology and hierarchy.
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fundamental aspects of biology but also provides a framework for 
therapeutic interventions [28]. For example, HSCs transplantation has 
been used for decades to treat blood cancers like leukemia, leveraging 
the hierarchical differentiation of these cells to restore hematopoietic 
function [29]. The ongoing exploration of stem cell behavior in various 
contexts, from development to aging and disease, continues to refine 
our understanding of how stem cells maintain tissue homeostasis, 
repair damage, and contribute to organismal health [30, 31]. This 
knowledge underpins the promise of stem cell therapies in addressing 
a range of medical challenges, from organ failure to genetic disorders.

Stem Cells Based Therapies in Human Diseases 
Stem cell-based therapies are increasingly becoming a cornerstone 

of regenerative medicine, addressing human diseases through 
innovative treatments that aim to restore, replace, or regenerate 
damaged tissues (Table 3) [32]. At the forefront of this progress are 
HSC transplants, which have been widely used for decades to treat 
blood-related disorders such as leukemia, lymphoma, and sickle cell 
anemia [33]. These transplants involve the infusion of healthy donors 
or autologous HSCs into patients to regenerate functional blood and 
immune systems. Advances in HSC mobilization, cryopreservation, 
and genetic modification, such as CRISPR-based correction of genetic 
mutations, have further refined these therapies, expanded their 

applicability and improved outcomes [34]. MSCs offer numerous 
benefits and opportunities (Figure 3). 

In recent years, MSCs have gained attention for their therapeutic 
potential due to their immunomodulatory and anti-inflammatory 
properties [36]. MSCs, derived from bone marrow, adipose tissue, or 
umbilical cord, are being investigated in clinical trials for conditions 
such as graft-versus-host disease (GVHD), osteoarthritis, and chronic 
inflammatory diseases [37,38]. For example, MSCs have shown promise 
in mitigating GVHD by suppressing excessive immune responses 
following bone marrow transplantation [39]. Additionally, MSC-based 
products are being developed for cartilage repair in degenerative joint 
diseases, with some therapies already receiving conditional approval 
in certain regions, such as Japan’s expedited regulatory pathways [40].

The use of PSCs, including ESCs and iPSCs, has enabled the 
development of more sophisticated therapeutic strategies for complex 
diseases. One notable example is the treatment of retinal disorders 
such as age-related macular degeneration. Clinical trials using retinal 
pigment epithelial (RPE) cells derived from ESCs or iPSCs have shown 
encouraging results in halting vision loss and even partially restoring 
sight in patients [41]. Similarly, researchers are exploring iPSC-derived 
dopaminergic neurons to treat Parkinson’s disease, aiming to replace 
the degenerated neurons responsible for motor symptoms [42]. These 

Stem cell type Properties Role Source Origin Mechanism of action

ESCs
Pluripotent (can differentiate into 

any cell type). 
High proliferative capacity.

Tissue regeneration.
Disease modeling. 

Research applications.

Blastocyst-stage 
embryos.

Derived from early-stage 
embryos (blastocyst).

ESCs differentiate into various cell types through 
signaling pathways such as Wnt, notch, and BMP 

signaling, depending on the environmental cues and 
culture conditions. Their pluripotency is regulated by 

transcription factors like Oct4 and Sox2.

IPSCs

Pluripotent.
Genetically reprogrammed from 

somatic cells.
Avoids ethical concerns 
associated with ESCs.

Disease modeling.
Regenerative 

medicine.
Patient-specific 

therapies.

Adult somatic cells 
(e.g., fibroblasts, skin 

cells).

Derived from differentiated 
adult cells reprogrammed 
back to pluripotent state.

Reprogramming of somatic cells is induced by the 
expression of specific transcription factors (e.g., Oct4, 
Sox2, Klf4, c-Myc) that reset the epigenetic landscape 

to a pluripotent state.

MSCs

Multipotent (can differentiate 
into bone, cartilage, fat, and 

muscle).
Immune-modulatory properties.

Regenerative 
medicine.

Wound healing.
Cartilage and bone 

repair.

Bone marrow, adipose 
tissue, umbilical cord, 

dental pulp.

Derived from mesodermal 
tissue (connective tissue).

MSCs secrete growth factors and cytokines that 
modulate immune responses, promote tissue repair, 

and can differentiate into mesodermal lineages 
(bone, cartilage, muscle). They act through paracrine 

signaling and immune modulation.

HSCs

Multipotent (produce blood 
cells).

Long-term self-renewal 
capability.

Blood regeneration.
Treatment of blood 

disorders (e.g., 
leukemia).

Bone marrow, peripheral 
blood, umbilical cord 

blood.

Derived from 
hematopoietic tissues (bone 

marrow).

HSCs differentiate into all types of blood cells (red blood 
cells, white blood cells, platelets) through hierarchical 
differentiation, with self-renewing divisions ensuring 

constant replenishment of the blood system.

NSCs

Multipotent (can differentiate 
into neurons, astrocytes, and 

oligodendrocytes).
Neurogenic capacity.

Neural regeneration.
Brain and spinal cord 

repair.

Brain (e.g., 
hippocampus), spinal 

cord, retina.

Derived from ectodermal 
tissue (nervous system).

NSCs differentiate into neurons and glial cells through 
signaling pathways such as notch and Wnt. They are 

crucial for neurogenesis during development and 
hold potential for repairing damaged neural tissue in 

neurodegenerative diseases.

Epithelial stem 
cells

Multipotent (differentiate into 
various epithelial cell types).

Essential for tissue homeostasis.

Skin regeneration.
Wound healing.
Tissue repair.

Skin, cornea, respiratory 
epithelium.

Derived from ectodermal 
tissue (epithelial layer).

Epithelial stem cells are responsible for the regeneration 
of epithelial tissues. They undergo asymmetric division to 
maintain the stem cell pool while producing differentiated 

cells for tissue renewal and repair.

Endothelial 
stem cells

Multipotent (can differentiate 
into endothelial cells).

Regenerative capacity for blood 
vessels.

Vascular regeneration.
Wound healing.
Angiogenesis.

Bone marrow, adipose 
tissue, peripheral blood.

Derived from mesodermal 
tissue (vascular 
endothelium).

Endothelial stem cells contribute to angiogenesis by 
differentiating into endothelial cells, forming new 

blood vessels, and secreting factors that promote tissue 
repair and vascularization.

Germline stem 
cells

Self-renewing.
Potential to differentiate into 
germ cells (sperm and eggs).

Reproductive cell 
regeneration.

Fertility treatments.

Testes (male), ovaries 
(female).

Derived from germline 
tissue.

Germline stem cells divide asymmetrically to maintain 
a stem cell pool while differentiating into germ cells. 

They are crucial for reproduction and could be used in 
fertility treatments.

Cardiac stem 
cells

Multipotent (can differentiate 
into cardiomyocytes, endothelial 
cells, and smooth muscle cells).

Cardiac regeneration.
Repairing heart tissue 

after injury.

Heart (e.g., atrial and 
ventricular regions).

Derived from mesodermal 
tissue (cardiac lineage).

Cardiac stem cells promote tissue repair by 
differentiating into heart muscle cells (cardiomyocytes) 

and endothelial cells. They also secrete paracrine 
factors that support regeneration after myocardial 

infarction or heart failure.

Table 2: Stem cells, their properties, role, source, origin, and mechanism of action.
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Disease Stem cell type Therapeutic outcomes Challenges

Parkinson’s disease ESCs and iPSCs
Potential to replace lost dopaminergic neurons.

Improved motor function in preclinical models and 
early clinical trials.

Risk of tumor formation. 
Difficulty in ensuring long-term cell survival and 

integration with brain tissue.

Cardiovascular disease (e.g., myocardial 
infarction) MSCs and iPSCs

Improved heart function. 
Reduced scar tissue. 

Enhanced tissue regeneration in clinical trials.

Poor engraftment and integration with heart tissue. 
Risk of arrhythmias. 

Immunogenicity in allogeneic cells.

T1D MSCs and iPSCs Restoration of insulin-producing cells.
Improved blood glucose control.

Immune rejection of transplanted cells. 
Difficulty in generating functional, insulin-secreting 

beta cells.

Spinal cord injury NSCs and MSCs
Partial restoration of motor function.

Promotion of nerve regeneration in preclinical 
studies and early clinical trials.

Limited axon regeneration. 
Difficulty in creating long-lasting functional recovery.

Osteoarthritis MSCs
Reduced pain and inflammation.  
Enhanced cartilage regeneration.  

Improved joint function in clinical trials.

Limited tissue integration.  
Variability in patient response.  

Difficulty in large-scale cartilage regeneration.

Macular degeneration RPE cells derived from 
iPSCs

Improved vision stabilization.  
Partial restoration of retinal function in clinical 

trials.

Long-term survival of transplanted cells.  
Risk of immune rejection.  

Technical difficulty in cell integration.

Leukemia and other blood disorders HSCs
Restoration of healthy blood cells.  

Effective bone marrow transplantation to treat 
leukemia and lymphoma.

Risk of GVHD.  
Need for immunosuppressive therapy in allogeneic 

transplants.

Muscle degeneration (e.g., Duchenne muscular 
dystrophy)

Muscle stem cells (e.g., 
satellite cells)

Muscle regeneration.  
Improved muscle strength and function in 

preclinical models.

Limited engraftment in muscle tissue.  
Difficulty in achieving large-scale tissue regeneration.

Liver diseases (e.g., cirrhosis and acute liver 
failure)

Hepatic stem cells and 
MSCs

Improved liver function.  
Reduced need for liver transplantation.  

Liver tissue regeneration in clinical trials.

Low efficiency of engraftment.  
Risk of tumor formation.  

Immune rejection.

Autoimmune diseases (e.g., multiple sclerosis, 
and rheumatoid arthritis) MSCs

Reduced inflammation.  
Immunomodulation.  

Improved disease markers and patient function in 
clinical trials.

Variability in patient responses.  
Immune rejection risks.  

Long-term safety concerns.

Wound healing (Chronic ulcers, burns) MSCs and fibroblasts
Accelerated tissue regeneration.  

Enhanced wound closure.  
Reduced scarring and inflammation.

Risk of fibrosis.  
Difficulty in controlling the differentiation of stem 

cells into the desired tissue type.

Neurological disorders (e.g., stroke and 
amyotrophic lateral sclerosis (ALS)) NSCs and MSCs

Restoration of neuronal function.  
Neuroprotection and tissue repair in stroke and ALS 

models.

Limited neuronal regeneration.  
Difficulty in achieving functional recovery.  

Immune rejection in some cases.

Organ transplantation (e.g., kidney, liver, and 
heart) MSCs and HSCs

Prevention of organ rejection.  
Enhanced engraftment and tissue repair.  

Reduced need for immunosuppressive therapy.

Difficulty in large-scale production.  
Long-term efficacy and safety concerns.  

Risk of immune rejection.

Table 3: Stem cell-based therapies, therapeutic outcomes, and challenges.

Figure 3: Multipotent nature of MSCs in regenerative medicine. Reproduced from [35].
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advancements highlight the ability of PSCs to generate specialized cells 
for targeted therapeutic interventions.

Organoids, 3D miniaturized versions of organs derived from stem 
cells, represent another cutting-edge application of stem cell-based 
therapies. While still in experimental stages, organoids are being 
utilized to model diseases, test drugs, and explore the feasibility of 
organ regeneration. For instance, liver organoids are being developed 
to treat liver failure, while pancreatic organoids hold potential for 
managing diabetes by replacing insulin-producing beta cells [43]. In 
2021, scientists successfully transplanted lab-grown organoids into 
animals, demonstrating the possibility of integrating these constructs 
into functional tissue networks, a crucial step toward clinical translation 
in humans [44].

Despite these advancements, significant challenges remain in the 
clinical application of stem cell-based therapies. Issues such as immune 
rejection, tumorigenicity, scalability, and high costs continue to hinder 
widespread adoption [45, 46]. Nonetheless, innovative approaches 
are emerging to overcome these obstacles. Universal donor stem cells, 
engineered to evade immune detection, are being developed to reduce 
the need for immunosuppression [47]. Meanwhile, bioprinting and 
scaffold-based technologies are improving the scalability and structural 
integration of stem cell-derived tissues [48]. As the field advances, 
stem cell-based therapies are poised to revolutionize medicine by 
offering curative treatments for previously untreatable diseases, from 
neurodegenerative disorders to organ failure.

Therapeutic Translation of Stem Cell Research
HSC therapy: Proven success in blood disorders

HSCs are among the most well-established tools in regenerative 
medicine, primarily used to treat hematological malignancies and 
blood disorders [49]. The transplantation of HSCs, often referred to as 
bone marrow transplantation, has been a standard of care for decades 
for conditions such as leukemia, lymphoma, and aplastic anemia [50]. 
By replenishing the blood-forming system, HSC therapy allows for the 
eradication of diseased cells, followed by the regeneration of healthy 
blood and immune cells. Advances in matching donor-recipient 
compatibility and improved conditioning regimens have significantly 
enhanced survival rates and reduced complications like GVHD [51].

Recent developments have focused on genetically modifying 
HSCs to address genetic disorders such as sickle cell anemia and 
beta-thalassemia [52]. Using CRISPR-Cas9 or other gene-editing 
technologies, researchers have corrected disease-causing mutations 
in patient-derived HSCs [53]. For instance, trials led by CRISPR 
Therapeutics and Vertex Pharmaceuticals have shown promising 
results in treating these conditions by engineering HSCs to produce 
functional hemoglobin [54, 55]. These advancements highlight the 
potential for HSCs to go beyond traditional transplantation and offer 
curative solutions for inherited blood disorders.

MSCs: For immune modulation and tissue repair

MSCs have emerged as a versatile tool in the treatment 
of inflammatory and degenerative diseases, owing to their 
immunomodulatory and regenerative properties [56]. MSCs can 
secrete bioactive molecules that suppress inflammation and promote 
tissue repair, making them suitable candidates for conditions such as 
osteoarthritis, GVHD, and Crohn’s disease [57]. For example, MSCs 
have been approved in some regions for treating severe GVHD in 
children, providing a viable alternative to conventional therapies that 

fail to manage the condition effectively [58].

In degenerative joint diseases, MSC-based products like “stem cell 
injections” are being explored for cartilage regeneration. In clinical 
trials, MSCs have demonstrated the ability to reduce pain and improve 
joint function in osteoarthritis patients [40]. Moreover, researchers 
are investigating their role in cardiovascular diseases by using MSCs 
to repair damaged heart tissue following myocardial infarction [59]. 
These therapeutic applications exemplify the broad potential of MSCs 
across a range of medical conditions.

PSCs: For regenerative therapies

PSCs, including ESCs and iPSCs, have enabled new frontiers in 
regenerative medicine due to their ability to differentiate into any cell 
type [60]. These cells are particularly promising for treating diseases 
where cell replacement is critical, such as neurodegenerative disorders 
and retinal diseases. For example, clinical trials using RPE cells 
derived from ESCs or iPSCs have demonstrated significant potential 
in halting or reversing vision loss in patients with age-related macular 
degeneration [61].

PSCs are also being used to address Parkinson’s disease, where 
dopaminergic neurons derived from iPSCs are transplanted into 
patients to replace lost neurons [62]. Preliminary results from these 
trials indicate improved motor symptoms, showcasing the viability of 
this approach. As iPSCs can be derived from a patient’s own cells, they 
circumvent the ethical concerns associated with ESCs and reduce the 
risk of immune rejection, making them a cornerstone of personalized 
medicine [63].

Organoids: As tools for disease modeling and therapeutics

Stem cell-derived organoids, miniature 3D structures mimicking 
human organs, are transforming the landscape of disease modeling and 
therapeutic research [64]. Organoids provide an unparalleled platform 
to study the pathophysiology of complex diseases and test potential 
treatments in vitro. For instance, brain organoids have been used to 
model neurological disorders such as Alzheimer’s disease and autism, 
while liver organoids are being employed to study drug toxicity and 
liver regeneration [65, 66].

Therapeutically, organoids hold promises for replacing damaged 
or failing tissues. For example, pancreatic organoids derived from stem 
cells are being explored as a potential treatment for T1D by generating 
insulin-producing beta cells [67]. Liver organoids, on the other 
hand, could offer a solution for patients with end-stage liver disease, 
reducing dependence on donor organs [68]. While clinical translation 
remains challenging, the integration of organoid technology with 
bioengineering and transplantation research is rapidly advancing.

Stem cell-based gene therapy for inherited disorders

Gene therapy using stem cells is revolutionizing the treatment of 
genetic diseases by enabling precise correction of underlying mutations 
[69]. In this approach, patient-derived stem cells are genetically 
modified to repair the faulty gene and subsequently transplanted 
back into the patient. For example, lentiviral-mediated gene therapy 
for adrenoleukodystrophy, a severe neurodegenerative disorder, 
has demonstrated significant success in clinical trials by restoring 
functional proteins in HSCs [70, 71].

Similarly, iPSCs are being employed to develop personalized 
therapies for rare genetic diseases like spinal muscular atrophy [72]. 
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By reprogramming a patient’s cells into iPSCs, researchers can study 
the disease in vitro, identify potential treatments, and even correct the 
mutation before differentiating the iPSCs into functional cell types for 
transplantation [73]. These examples illustrate how the combination 
of stem cell technology and gene editing is paving the way for curative 
therapies for previously untreatable conditions.

From infarction to function: Stem cells transforming 
cardiology

Stem cell research in cardiology has shown significant potential 
for addressing heart diseases, particularly those caused by myocardial 
infarction and heart failure, where cardiomyocytes are lost due to 
ischemic injury [74]. Since the adult heart has limited regenerative 
capacity, stem cell-based approaches aim to repair or replace damaged 
heart tissue. Early studies focused on using MSCs and bone marrow-
derived stem cells (BMSCs) due to their regenerative and paracrine 
signaling capabilities [75]. These cells release growth factors and 
cytokines that promote angiogenesis, reduce inflammation, and 
improve cardiac function. For example, clinical trials such as the 
REPAIR-AMI (Randomized Evaluation of Stem Cell Therapy for Acute 
Myocardial Infarction) trial demonstrated that BMSCs injected into 
the myocardium improved left ventricular ejection fraction in patients’ 
post- myocardial infarction [76].

Recent advancements have shifted the focus toward PSCs, including 
ESCs and iPSCs, due to their ability to differentiate into cardiomyocytes 
[77]. IPSC-derived cardiomyocytes have shown promise in preclinical 
models, where they integrate into host heart tissue, restore contractile 
function, and improve overall cardiac performance [74]. One notable 
example is the use of iPSC-derived cardiac patches, which are 
engineered tissue constructs containing cardiomyocytes and vascular 
cells. Studies have shown that these patches can be transplanted into 
infarcted areas of the heart to enhance myocardial repair [78]. In 
Japan, a pioneering clinical study transplanted a sheet of iPSC-derived 
cardiomyocytes into a heart failure patient, marking a significant step 
toward therapeutic applications [79].

Challenges remain in translating these therapies to routine clinical 
use, including ensuring long-term engraftment, avoiding arrhythmias, 
and addressing immune rejection. Bioengineering approaches, such 
as 3D bioprinting and the use of biodegradable scaffolds, are being 
combined with stem cells to improve the structural integration and 
functional recovery of heart tissue [80]. Furthermore, research into 
gene editing, such as CRISPR-Cas9, is exploring ways to enhance the 
survival and functionality of stem cell-derived cardiomyocytes in harsh 
ischemic environments [81]. As these technologies advance, stem 
cell-based therapies hold immense promises for revolutionizing the 
treatment of cardiovascular diseases, potentially providing curative 
solutions for conditions that were previously considered irreversible.

Closing the gap: Bioengineered scaffolds and stem cells in 
wound care

Stem cell research in regeneration and wound healing has provided 
transformative insights into enhancing tissue repair and promoting 
recovery in acute and chronic injuries [82]. Adult stem cells, such as 
MSCs, are a cornerstone of this field due to their regenerative and 
immunomodulatory capabilities. MSCs, derived from sources such 
as bone marrow, adipose tissue, and umbilical cord, promote wound 
healing through paracrine signaling, secretion of growth factors, and 
differentiation into tissue-specific cells [83]. A key example is their 
use in chronic non-healing wounds like diabetic foot ulcers. In a study 

by Dash et al. [84], MSC-derived exosomes were found to accelerate 
wound healing by enhancing angiogenesis and epithelialization, 
offering a non-invasive alternative to direct cell transplantation.

PSCs, for example iPSCs, have further expanded the therapeutic 
landscape for regeneration and wound healing. iPSCs can differentiate 
into skin-specific cell types, such as keratinocytes and fibroblasts, 
enabling their use in skin grafting and tissue engineering [85]. 
For instance, iPSC-derived keratinocytes integrated seamlessly 
into damaged skin, promoting regeneration without significant 
immune rejection [86]. Additionally, iPSCs have been used to create 
bioengineered skin equivalents, which can be applied to large burn 
injuries or deep tissue wounds. These constructs mimic the natural 
architecture of human skin and provide a functional and aesthetic 
restoration in preclinical and early clinical trials [87].

Stem cell-based therapies are also being explored for more complex 
wound healing scenarios, such as tissue regeneration after severe burns 
or traumatic injuries. In these cases, bioengineered scaffolds seeded 
with stem cells play a crucial role in providing structural support 
and guiding cell proliferation and differentiation [88]. For example, 
MSCs embedded in collagen scaffolds to treat deep dermal burns 
in animal models. The approach led to reduced scarring, faster re-
epithelialization, and improved tensile strength of regenerated skin 
[89]. These findings highlight the synergistic potential of combining 
stem cell therapy with advanced biomaterials to optimize regenerative 
outcomes.

Despite the progress, significant challenges remain in translating 
stem cell-based wound healing therapies to widespread clinical use. 
Issues such as cell survival, scalability, and regulatory hurdles need 
to be addressed [90]. Moreover, the potential for tumorigenesis, 
particularly with PSCs, requires stringent quality control measures. 
Current research is addressing these challenges by focusing on cell-free 
therapies, such as the use of MSC-derived exosomes and secretomes, 
which retain the therapeutic effects of stem cells without the associated 
risks [91]. With ongoing advancements in stem cell biology and tissue 
engineering, stem cell-based approaches to regeneration and wound 
healing are poised to redefine standards of care for a wide range of 
injuries and chronic conditions.

Regenerating the brain: Stem cell innovations in neurological 
disorders

Stem cell research has opened groundbreaking avenues for treating 
neurological disorders, many of which involve irreversible damage 
to the central nervous system (CNS). MSCs and NSCs have been 
extensively studied for their neuroprotective and regenerative effects 
[92]. MSCs, in particular, exhibit potent paracrine signaling, secreting 
neurotrophic factors that reduce inflammation and promote neural 
repair [93]. In a clinical trial, MSCs demonstrated promising outcomes 
in multiple sclerosis patients, significantly reducing immune-mediated 
demyelination and supporting remyelination of damaged neurons. These 
findings underscore the potential of MSC-based therapies to modulate 
neuroinflammation in autoimmune neurological conditions [94].

IPSCs have revolutionized the field of neurology by enabling 
the generation of patient-specific neurons, glia, and other CNS cell 
types [95]. This approach offers personalized regenerative solutions 
for diseases like Parkinson’s disease, where dopaminergic neurons 
are progressively lost. Clinical trials led by Takahashi et al. [96], 
transplanted iPSC-derived dopaminergic progenitor cells into 
Parkinson’s patients, demonstrating improved motor symptoms 

https://doi.org/10.47275/2953-4763-441


Citation: Nair SS, Bharadwaj V, Maddineni C, Raj TYA (2025) Stem Cell Therapies Overcoming Challenges and Shaping the Future of Disease Treatment. 
Prensa Med Argent, Volume 111:3. 441. DOI: https://doi.org/10.47275/2953-4763-441

Pages: 8-14Prensa Med Argent, Volume 111:3

without severe adverse effects. This pioneering study highlights how 
iPSCs can be harnessed for cell replacement therapies, addressing 
the root cause of neurodegeneration rather than merely alleviating 
symptoms.

Stem cell therapies are also being explored for treating SCI, which 
often lead to permanent motor and sensory deficits [97]. NSCs hold 
particular promise in this domain due to their ability to integrate into 
damaged CNS tissue and differentiate into neurons, astrocytes, and 
oligodendrocytes [98]. A study by Hosseini et al. [99], showed that NSC 
transplantation into animal models of SCI led to significant functional 
recovery, attributed to both neural replacement and remyelination of 
spared axons. Translating these findings into human trials, companies like 
Asterias Biotherapeutics have reported encouraging outcomes with NSC-
derived therapies in restoring motor function in SCI patients [100].

In neurodegenerative disorders such as Alzheimer’s disease, where 
neuronal death and synaptic loss play a central role, stem cell-based 
approaches are being evaluated for their potential to slow disease 
progression and restore cognitive function [101]. Recent work by 
Marsh and Blurton-Jones [102] demonstrated that NSCs transplanted 
into animal models of Alzheimer’s disease not only survived but 
also improved cognitive outcomes by enhancing synaptic density 
and modulating neuroinflammation. Additionally, stem cell-derived 
exosomes containing microRNAs and growth factors have shown 
promise in preclinical studies for reducing amyloid-beta plaques 
and tau tangles, key hallmarks of Alzheimer’s disease. These findings 
highlight the versatility of stem cell-based therapies in addressing both 
structural damage and underlying pathology in neurological diseases.

Building organs from cells: Stem cells in transplantation 
medicine

Stem cell research is revolutionizing organ transplantation by 
addressing the critical shortage of donor organs and reducing the risk 
of immune rejection [103]. Stem cells, particularly iPSCs and MSCs, 
are being explored to engineer bioartificial organs and tissues. IPSCs, 
with their ability to differentiate into any cell type, hold the potential to 
generate patient-specific organoids for transplantation. For example, 
successfully created functional liver organoids using iPSCs, which were 
able to perform key metabolic functions when transplanted into animal 
models [104]. Such breakthroughs indicate the possibility of lab-grown 
organs becoming a viable alternative to organ donation.

Another critical application is in creating vascularized organs, 
which has been one of the greatest challenges in organ transplantation 
[105]. Stem cell-derived endothelial cells are being used to create networks 
of blood vessels within organ constructs. In a study by, researchers used 
iPSCs to develop vascularized kidney organoids capable of filtering 
waste and producing urine-like fluid. These findings bring us closer to 
engineering fully functional replacement organs, potentially eliminating 
the need for dialysis in kidney failure patients [106].

MSCs are also gaining traction for their immunomodulatory 
properties, which can help reduce organ rejection [107]. By suppressing 
the immune response and promoting tolerance, MSCs are being used 
as an adjunct therapy in transplantation. Clinical trials have shown that 
MSCs infused into kidney transplant patients can reduce the need for 
long-term immunosuppression. These cells act by modulating T-cell 
activity and enhancing graft acceptance, making them a valuable tool 
in improving transplant outcomes [108].

In addition to organogenesis, stem cells are being used to 
repair and regenerate damaged organs, reducing the need for full 

transplantation [109]. For example, researchers have used MSCs to 
restore liver function in patients with cirrhosis and acute liver failure. 
A study by Sun et al. [110], demonstrated that MSC transplantation 
could promote hepatocyte regeneration and improve liver function in 
animal models. Similar approaches are being developed for heart, lung, 
and pancreas repair, expanding the scope of regenerative therapies for 
end-stage organ diseases.

Despite the progress, challenges such as scalability, vascularization, 
and functional integration of bioengineered organs remain. To 
overcome these hurdles, bioengineering techniques like 3D bioprinting 
are being combined with stem cell technology. For instance, 
3D-printed scaffolds seeded with stem cells are being developed to 
create structurally accurate and functional organs, such as lungs and 
hearts. With these innovations, stem cell research is paving the way 
for personalized and sustainable solutions to the organ shortage crisis, 
offering new hope to patients on transplant waiting lists [111].

Stem cells in action: Pioneering clinical trials and future 
possibilities

Translational stem cell therapy has progressed significantly in 
clinical settings, with numerous studies focusing on the application of 
stem cells for treating various diseases. One of the most notable areas 
of clinical research is in neurodegenerative diseases like Parkinson’s 
disease. The Parkinson’s Disease Stem Cell Trial, led by scientists at 
the University of California, used ESCs to develop dopaminergic 
neurons that were transplanted into patients’ brains [112]. This study 
demonstrated improved motor function and provided early evidence 
that stem cell-derived therapies could help replenish lost neurons. 
Although the study showed promising results, concerns over tumor 
formation and immune rejection remain key challenges in translating 
these therapies to broader clinical practice.

In cardiovascular medicine, stem cell therapies have been 
investigated for their potential to repair damaged heart tissue following 
myocardial infarction. The REPAIR-AMI trial used BMSCs to treat 
patients with acute myocardial infarction [113]. Results showed 
improvements in left ventricular function and a reduction in infarct 
size, offering a new approach for repairing heart muscle. Other studies, 
such as the ESCORT trial, explored the use of MSCs to enhance heart 
regeneration, providing evidence that MSCs promote tissue repair 
through paracrine effects [114]. Despite these advances, variability in 
patient responses and the need for more robust long-term data remain 
significant barriers to widespread clinical adoption.

Stem cell therapies are also being tested for treating autoimmune 
and inflammatory disorders. The MSC in systemic sclerosis trial is one 
such example where MSCs were administered to patients with systemic 
sclerosis, a condition characterized by fibrosis and immune system 
dysfunction [115]. The results showed improvements in skin scores and 
lung function, suggesting that MSCs can modulate immune responses 
and help in tissue regeneration. Clinical trials for multiple sclerosis and 
Crohn’s disease have also highlighted the immunomodulatory potential 
of MSCs, with studies demonstrating reduced inflammation and 
improved disease markers [116]. These results suggest that stem cells 
could be an alternative to traditional immunosuppressive treatments, 
potentially offering a safer and more effective option for patients.

In the field of orthopedics, stem cell therapy has been tested in 
clinical trials to treat musculoskeletal injuries and degenerative diseases 
like osteoarthritis. One such trial is the Stem Cell for Knee Osteoarthritis 
(SCROA) study, which tested the efficacy of MSC injections in patients 
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with knee osteoarthritis [117]. The findings indicated that MSC-based 
treatments led to reduced pain and improved joint function, with some 
patients experiencing cartilage regeneration. Similar trials have been 
conducted for SCI, where stem cells are being investigated for their 
ability to promote nerve regeneration and functional recovery. While 
these studies show great promise, challenges such as ensuring long-
term stability of transplanted cells, avoiding complications like fibrosis, 
and scaling production remain pivotal to the success of stem cell-based 
therapies in clinical practice.

Stem cell therapies are being tested in the treatment of various 
forms of cancer, particularly for hematologic malignancies. The 
MSCs for hematopoietic regeneration trial explores the use of MSCs 
in enhancing bone marrow recovery after stem cell transplantation in 
leukemia patients [118]. MSCs are known to promote hematopoiesis 
and immune modulation, and this trial showed that MSCs can help 
reduce the incidence of GVHD, a common complication in HSC 
transplantation. The results underscore the potential of MSCs to 
improve patient outcomes by supporting bone marrow recovery 
and modulating immune responses, though long-term follow-up is 
necessary to ensure safety and efficacy.

In the realm of ophthalmology, stem cell therapies have made 
significant strides in treating degenerative retinal diseases. The retinal 
cell transplantation study evaluated the safety and efficacy of RPE 
cells derived from human iPSCs in patients with age-related macular 
degeneration and Stargardt disease [119]. Clinical trials, such as the 
one conducted by StemCells Inc., have shown that transplantation of 
RPE cells can stabilize vision and even partially restore retinal function 
[120]. These promising results indicate that stem cell-derived therapies 
may offer new hope for patients with retinal diseases that currently lack 
effective treatments. However, challenges such as ensuring long-term 
cell survival and preventing immune rejection remain.

Stem cell therapies have also been tested in the field of liver diseases, 
particularly in treating cirrhosis and acute liver failure. The stem cell 
therapy for acute liver failure trial explored the use of autologous 
BMSCs to improve liver function in patients with severe liver failure 
[121]. Results showed that MSCs promoted liver regeneration, 
improved liver function, and reduced the need for liver transplantation 
in some patients. These findings suggest that stem cell-based treatments 
may become an alternative to organ transplantation, particularly for 
patients who are not candidates for a liver transplant. However, the 
effectiveness and long-term safety of such therapies require further 
investigation in larger, multicenter trials.

In the area of diabetes, particularly T1D, stem cell-based therapies 
are being explored to regenerate insulin-producing beta cells in the 
pancreas. The stem cell therapy for T1D trial tested the use of stem cell-
derived pancreatic islet cells in patients with T1D [122]. Preliminary 
studies, such as those conducted by ViaCyte, demonstrated that stem 
cell-derived islet cells can successfully integrate into the pancreas and 
restore insulin production, leading to improved blood sugar control 
[123]. While these results are promising, challenges such as ensuring 
the long-term survival and function of the transplanted cells, as well 
as addressing issues of immune rejection, need to be overcome before 
these therapies can be widely used in clinical practice.

Translational Stem Cell Therapy: Challenges and 
Future Directions

Stem cell therapy has demonstrated remarkable promise in treating 
a wide array of diseases, from neurodegenerative disorders to cardiac 

and musculoskeletal conditions. However, the journey from research 
to clinical application faces numerous challenges that hinder its full 
translational potential (Table 4). A major hurdle lies in ensuring the 
safety and efficacy of stem cell-based treatments. PSCs, such as iPSCs, 
carry the risk of teratoma formation if undifferentiated cells are 
transplanted [124]. Additionally, adult stem cells, including MSCs, 
often exhibit variability in their therapeutic potential depending on 
their source, donor characteristics, and culture conditions [125]. To 
address these issues, stringent quality control measures and advanced 
purification techniques are being developed, such as automated cell 
sorting and real-time molecular monitoring to detect undifferentiated 
or defective cells.

Another key challenge is immune rejection, particularly when using 
allogeneic (donor-derived) stem cells. Even when MSCs exhibit low 
immunogenicity, repeated infusions can trigger immune responses, 
reducing the therapy’s effectiveness [126]. Innovative approaches 
like developing “universal donor” stem cells through gene editing are 
being pursued to overcome this limitation. For example, CRISPR-
Cas9 technology has been used to knock out major histocompatibility 
complex proteins in stem cells, creating immune-evading cell lines 
[127]. These universal stem cells can potentially eliminate the need for 
immunosuppressive drugs and broaden access to stem cell therapies.

Scalability and reproducibility present additional obstacles in the 
clinical translation of stem cell therapy. Large-scale production of 
clinical-grade stem cells requires advanced biomanufacturing facilities 
and compliance with good manufacturing practice standards [128]. 
To meet this demand, bioreactor technologies are being optimized to 
cultivate stem cells in controlled environments while maintaining their 
functionality. Innovations like microfluidic bioreactors and 3D cell 
culture systems enable more efficient and scalable production, ensuring 
a consistent supply of high-quality cells for therapeutic applications 
[129]. Such sustainable approaches reduce costs and enhance the 
feasibility of widespread adoption of stem cell therapies.

A significant challenge lies in ensuring proper integration of stem 
cell-derived tissues with the host environment [130]. For example, 
in cardiac therapies, transplanted stem cell-derived cardiomyocytes 
often fail to form robust electrical connections with the native 
myocardium, leading to arrhythmias. To address this, bioengineering 
solutions such as the use of tissue scaffolds and electrical stimulation 
devices are being integrated with stem cell therapy. These approaches 
mimic the physiological conditions of the human body, guiding 
stem cell differentiation and improving the functional integration of 
transplanted cells [131]. Similarly, advancements in 3D bioprinting 
enable the creation of patient-specific scaffolds that enhance structural 
and functional compatibility.

Another area of focus is reducing the risk of tumorigenesis, 
particularly with PSCs. Researchers are leveraging genetic engineering 
and small molecule inhibitors to suppress pathways that may lead to 
uncontrolled cell proliferation [132]. For example, inhibitors targeting 
the MYC oncogene, commonly associated with tumorigenesis in iPSCs, 
are being integrated into differentiation protocols. Additionally, cell-
free therapies using stem cell-derived exosomes and secretomes offer 
a safer alternative, delivering therapeutic benefits without the risks 
associated with live cell transplantation [133]. These acellular products 
retain the regenerative and immunomodulatory properties of stem 
cells, providing a promising direction for safer therapies.

Ethical and regulatory hurdles also play a significant role in delaying 
the clinical translation of stem cell therapies [134]. The use of ESCs 
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has been met with ethical concerns, prompting the shift toward iPSCs, 
which avoid these controversies. However, regulatory frameworks 
must evolve to keep pace with advances in stem cell technologies. 
Streamlined approval processes, harmonized global regulations, 
and increased funding for clinical trials are crucial to accelerate the 
transition of innovative therapies from bench to bedside. Public 
engagement and education are also essential to address misconceptions 
and foster acceptance of stem cell-based treatments [135].

Looking ahead, the future of stem cell therapy lies in interdisciplinary 
collaboration among stem cell biology, bioengineering, and data 
science. Artificial intelligence and machine learning are being harnessed 
to optimize cell culture conditions, predict therapeutic outcomes, and 
identify biomarkers for patient selection. Furthermore, combining 
stem cell therapy with gene editing and advanced biomaterials can 
address current limitations and open new frontiers in personalized 
and regenerative medicine. By embracing innovation and sustainable 
approaches, the field is poised to overcome existing challenges and 
deliver transformative therapies for a wide range of diseases.

Conclusions
Stem cell therapy holds immense promises for the treatment 

of a wide range of human diseases, offering potential solutions to 
previously untreatable conditions. From neurodegenerative diseases 
like Parkinson’s and Alzheimer’s, to cardiovascular disorders, diabetes, 
and even certain cancers, stem cells have demonstrated their capacity 
to repair damaged tissues, regenerate organs, and improve patient 
outcomes. With advances in PSC technologies, such as iPSCs, as well as 

the use of adult stem cells like MSCs, we are witnessing significant strides 
in developing personalized treatments that address the root causes of 
these diseases, rather than just managing symptoms. Clinical trials are 
increasingly showing promising results, offering hope for patients and 
families affected by chronic and life-threatening conditions.

However, the translation of stem cell therapies into widespread 
clinical use is not without its challenges. Issues such as immune 
rejection, ethical concerns, scalability of production, and long-term 
safety need to be carefully addressed. Continued research, rigorous 
clinical trials, and innovation in gene editing, cell manufacturing, and 
immune tolerance are crucial to overcoming these hurdles. As these 
challenges are met, stem cell therapies have the potential to not only 
improve individual patient welfare but also transform the healthcare 
landscape, providing more effective, sustainable, and personalized 
treatments for a broad range of diseases. With ongoing advancements, 
stem cell therapy is poised to significantly enhance the quality of life 
and overall health outcomes for millions of people around the world.
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