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Abstract:  

Stem cells, defined by their dual capacity for self-renewal and differentiation into 

specialised cell types, have moved from a subject of basic developmental biology into one of 

the most clinically consequential domains of modern medicine. This article reviews the 

transformative potential of stem cells across regenerative medicine, disease modelling, and 

personalised therapeutics, drawing on the most recent clinical and translational literature. 

As of December 2024, 115 regulatory-approved clinical trials worldwide were testing 83 

distinct human pluripotent stem cell (hPSC)-derived products, with more than 1,200 patients 

dosed and no generalisable safety concerns identified to date. Induced pluripotent stem cells 

(iPSCs), generated by reprogramming adult somatic cells, have proven particularly 

transformative by enabling autologous cell replacement therapies that reduce or eliminate 

the need for immunosuppression, with Parkinson's disease serving as a paradigmatic 

example of this translational trajectory.  

Keywords: Stem Cells, Induced Pluripotent Stem Cells, Regenerative Medicine, Cell 

Replacement Therapy, Disease Modelling, Clinical Translation 

 

Introduction: 

Stem cells occupy a unique 

position in biology by virtue of two 

defining properties: the capacity for 

indefinite self-renewal through cell 

division, and the potential to differentiate 

into one or more specialised cell lineages 

depending on their developmental potency 

(Della Rocca et al., 2025). This 

combination of properties has long 

suggested a transformative role for stem 

cells in medicine, offering the theoretical 

possibility of repairing or replacing tissues 

damaged by injury, degeneration, or 

disease in ways that conventional 

pharmacological approaches cannot 

achieve. For much of the twentieth 

century, this potential remained largely 

confined to haematopoietic stem cell 

transplantation and basic developmental 

research. The landscape shifted decisively 

with the derivation of human embryonic 

stem cells in 1998, which enabled the 

production of therapeutically important 

human cell types in practically unlimited 

quantities, and again in 2006 with the 

discovery that adult somatic cells could be 

reprogrammed into induced pluripotent 

stem cells through the introduction of 
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defined transcription factors (Kirkeby et 

al., 2025). 

These breakthroughs have 

catalysed a rapidly expanding translational 

pipeline. What began as proof-of-concept 

laboratory demonstrations has, within the 

past decade, matured into a substantial 

global clinical trial landscape spanning 

ophthalmology, neurology, oncology, 

cardiology, and endocrinology (Kirkeby et 

al., 2025). At the same time, adult and 

tissue-resident stem cells continue to offer 

clinically validated regenerative 

applications that complement the promise 

of pluripotent stem cell technologies 

(Della Rocca et al., 2025).  

 

Classification and Sources of Stem 

Cells: 

Pluripotent Stem Cells: 

Pluripotent stem cells, comprising 

both embryonic stem cells and induced 

pluripotent stem cells, are capable of 

differentiating into derivatives of all three 

embryonic germ layers, granting them the 

broadest developmental potential of any 

stem cell class. Human iPSCs are 

generated by introducing a defined set of 

reprogramming factors, commonly 

referred to as the Yamanaka factors, into 

adult somatic cells such as skin fibroblasts, 

resetting the cell's identity to a pluripotent, 

embryonic-like state (Kirkeby et al., 

2025). Because iPSCs can be derived from 

a patient's own tissue, they offer the 

prospect of autologous cell lines, as well as 

lines generated from human leukocyte 

antigen (HLA) homozygous donors, both 

of which serve to reduce or potentially 

eliminate the need for lifelong 

immunosuppression following 

transplantation (Kirkeby et al., 2025). 

Adult and Tissue-Resident Stem Cells: 

Adult stem cells, though more 

restricted in developmental potential than 

their pluripotent counterparts, remain 

central to regenerative medicine owing to 

their established safety profile and tissue-

specific regenerative capacity. A recent 

classification framework organises these 

cells according to the embryonic germ 

layer from which their tissue of origin 

derives, distinguishing stem cells from 

ectodermal tissues, such as neural and 

dental pulp stem cells, from those of 

mesodermal origin, including 

mesenchymal and haematopoietic stem 

cells, and those of endodermal origin, such 

as liver and pancreatic progenitor 

populations (Della Rocca et al., 2025).  

 

Clinical Applications and Translational 

Progress: 

Neurological Disease: 

Neurological applications have 

emerged as one of the most advanced areas 

of pluripotent stem cell translation, with 

Parkinson's disease serving as an 

instructive case study. iPSC-derived 

midbrain dopaminergic neurons have been 

developed as a cell replacement strategy 

predicated on what has been termed the 

Replacement Effect, whereby transplanted 

cells engraft and functionally integrate into 

host neural circuitry over the long term, 

with precise control of developmental 

signalling proving essential for both safety 

and efficacy (Takahashi, 2025). Because 
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iPSC-based cell replacement enables 

autologous transplantation using a patient's 

own reprogrammed cells, proponents 

describe this approach as moving toward a 

model of "curing one's own disease with 

one's own cells," a vision with 

implications extending well beyond 

Parkinson's disease to other 

neurodegenerative and neurological 

conditions (Takahashi, 2025). 

Ophthalmology, Endocrinology, and 

Oncology: 

Beyond neurology, hPSC-derived 

products are being tested across a wide 

range of additional indications. Global trial 

data indicate that ophthalmology and 

oncology, alongside neurology, constitute 

the majority of current hPSC clinical trials, 

reflecting the relative ease of local cell 

delivery and monitoring in ocular tissue 

and the therapeutic urgency of cancer 

indications (Kirkeby et al., 2025). In 

endocrinology, stem cell-derived insulin-

producing beta cells represent a 

particularly significant application, given 

the direct clinical need in type 1 diabetes; 

device-based delivery of stem cell-derived 

beta-cell precursors has demonstrated 

measurable C-peptide production 

correlating with improved glucose-control 

metrics in a subset of recipients, 

illustrating meaningful, if still partial, 

functional restoration (Rizvanov & 

Doğan). 

Dental, Skeletal, and Hepatic 

Regeneration: 

Adult stem cells continue to 

demonstrate established regenerative 

applications outside the pluripotent stem 

cell pipeline. Dental pulp and periodontal 

ligament stem cells, both of ectodermal 

origin, have shown regenerative capacity 

for craniofacial and periodontal tissue 

repair, while mesenchymal stem cells of 

mesodermal origin remain widely 

investigated for bone, cartilage, and 

immune-modulatory applications (Della 

Rocca et al., 2025). In hepatology, 

transplantation of adult liver-derived stem 

and progenitor cells has been shown to 

ameliorate induced liver injury and prevent 

the histological progression of hepatic 

fibrosis in preclinical models, 

underscoring the continued translational 

relevance of tissue-resident adult stem 

cells alongside newer pluripotent stem cell 

technologies (Della Rocca et al., 2025). 

 

Emerging Technologies Shaping Next-

Generation Therapies: 

Gene Editing and Immune Evasion: 

A major frontier in stem cell 

therapeutics involves the integration of 

genome editing technologies to enhance 

safety, function, and immune 

compatibility. Drawing on lessons learned 

from the development of chimeric antigen 

receptor (CAR) T-cell therapy, next-

generation iPSC-based approaches are 

increasingly incorporating gene-editing 

strategies designed to reduce 

immunogenicity and enable scalable, 

allogeneic "off-the-shelf" cell products 

rather than requiring bespoke autologous 

manufacturing for every patient (Hui & 

Yamanaka, 2024). This shift toward 

allogeneic platforms addresses one of the 

central bottlenecks in stem cell translation: 
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the cost, time, and manufacturing 

complexity associated with producing 

patient-specific autologous cell products at 

clinical scale. 

RNA Engineering and Purification 

Technologies: 

Beyond gene editing, RNA-based 

engineering approaches, including 

synthetic microRNA switches for isolating 

specific target cell populations, are being 

incorporated into iPSC manufacturing 

pipelines to improve the purity and safety 

of differentiated cell products prior to 

transplantation (Hui & Yamanaka, 2024). 

A related advance is the development of 

stem-cell-derived organoids, three-

dimensional multicellular structures that 

recapitulate aspects of native tissue 

architecture and function, which are 

increasingly applied not only in disease 

modelling and drug discovery but also as 

building blocks for regenerative and 

precision-medicine applications (Yao et 

al., 2024). Complementary purification 

technologies aimed at removing residual 

undifferentiated pluripotent cells from 

final cell products are similarly critical, 

given the tumorigenic risk posed by any 

remaining pluripotent cells in a 

transplanted graft. Together, these 

bioengineering advances represent a 

maturation of the field from early proof-of-

concept transplantation studies toward 

rigorously quality-controlled, clinically 

deployable cell therapy products. 

Challenges to Full Clinical Translation: 

Despite this progress, several 

challenges continue to constrain the 

transformative potential of stem cell 

therapies. Manufacturing scalability 

remains a persistent obstacle, particularly 

for autologous approaches that require 

individualised cell line generation, quality 

control, and regulatory review for each 

patient (Hui & Yamanaka, 2024). Long-

term safety monitoring is similarly 

essential, since the accumulated clinical 

experience to date, while reassuring, spans 

a relatively short follow-up period relative 

to the intended lifelong benefit of many 

cell replacement therapies (Kirkeby et al., 

2025). Immune rejection remains a 

concern for allogeneic products in 

particular, motivating continued 

investment in gene-editing-based immune 

evasion strategies (Hui & Yamanaka, 

2024). Finally, translating the tissue-of-

origin classification framework for adult 

stem cells into standardised, indication-

specific clinical protocols will require 

further comparative trials to establish 

which stem cell source is optimal for a 

given regenerative application (Della 

Rocca et al., 2025). 

 

Conclusion: 

Stem cells have progressed from a 

foundational concept in developmental 

biology into a clinically active and rapidly 

expanding pillar of modern medicine. The 

convergence of pluripotent stem cell 

technologies, well-established adult stem 

cell applications, and an increasingly 

sophisticated bioengineering toolkit 

spanning gene editing, RNA engineering, 

and advanced purification methods has 

enabled meaningful progress toward the 

long-standing goal of regenerating 



IJAAR    Vol.11 No.2  ISSN – 2347-7075 
 

 

Dr. M. S. Siddiqui 

478 

damaged tissue with the patient's own 

cells. Neurological, ophthalmological, 

endocrine, and hepatic applications 

collectively illustrate the breadth of 

indications for which stem cell-based 

interventions are now under active clinical 

investigation. Realising the full 

transformative potential of this field will 

nonetheless depend on continued progress 

in manufacturing scalability, immune 

compatibility, and rigorous long-term 

safety evaluation, alongside sustained 

collaboration among researchers, 

clinicians, regulators, and industry 

stakeholders. 
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