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 Abstract 

Regenerative medicine is rapidly evolving toward a precision-based discipline in 
which therapeutic strategies are tailored to each patient's molecular and genomic 
profile. At the center of this transformation are stem cells, whose regenerative and 
immunomodulatory properties, combined with advances in precision medicine, 
are redefining approaches to the treatment of complex diseases. The integration 
of multi-omics technologies including genomics, transcriptomics, proteomics, 
metabolomics, and epigenomics with artificial intelligence (AI) has expanded our 
understanding of stem cell biology, enabling more accurate biomarker discovery, 
improved patient stratification, and the rational design of personalized 
regenerative therapies. Recent technological advances have further accelerated 
progress in this field. Genome engineering approaches such as CRISPR, base 
editing, and prime editing, together with gene therapy, synthetic biology, organoid 
technology, extracellular vesicles, cell-free therapeutics, 3D bioprinting, digital 
twins, and organ-on-chip platforms, are reshaping both experimental research and 
clinical translation. Collectively, these innovations are improving the precision, 
safety, and therapeutic potential of stem cell-based interventions. This review 
provides a comprehensive overview of the molecular characteristics of stem cells, 
the role of multi-omics and AI in precision regenerative medicine, and the 
emerging technologies driving next-generation regenerative therapeutics. It further 
examines current and potential applications of stem cell–based therapies across 
a broad spectrum of diseases, including cancer, neurological, cardiovascular, 
metabolic, musculoskeletal, autoimmune, ocular, and rare genetic disorders. 
Particular attention is given to the opportunities and challenges facing low- and 
middle-income countries (LMICs), where limitations in infrastructure, funding, 
regulatory capacity, manufacturing, and skilled workforce continue to restrict 
clinical implementation despite growing research activity. By integrating recent 
advances in stem cell biology, precision medicine, immunology, and translational 
biotechnology, this review presents a comprehensive perspective on the current 
state of regenerative medicine while highlighting the scientific, clinical, and policy 
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priorities needed to advance safe, effective, and equitable stem cell therapies 
worldwide. 
 

Introduction: 
1.1 The Evolution of Regenerative Medicine 
The classic idea of treating a disease has evolved. 
Now, the focus is on restoring damaged tissue and 
the associated organ’s function, rather than just 
managing symptoms. To repair, replace, or 
regenerate damaged cells and tissues, regenerative 
medicine brings together stem cells, biomaterials, 
tissue engineering, and sophisticated 
biotechnological approaches. Consequently, new 
treatment prospects have been created for diseases 
that were previously hard, if not impossible, to 
treat, including chronic, degenerative, or inherited 
conditions(McKinley et al., 2023; Rasekh et al., 
2025). 
Clinically, it was the successful administration of 
hematopoietic stem cell transplantation that 
provided proof of concept for regenerative 
medicine, establishing that stem cells could 
effectively restore tissue function and promote 
tissue regeneration(Lee & Hong, 2020). The 
isolation of human embryonic stem cells in 1998 
and the development of induced pluripotent stem 
cells (iPSCs) in 2006 were major milestones in the 
history of the regenerative medicine field that 
made it possible to obtain renewable sources of 
pluripotent stem cells for applications in 
regenerative medicine, disease modelling, drug 
discovery and development, toxicity testing, and 
personalized treatment(Liu et al., 2020). 
The fast-paced development of molecular biology 
and high-throughput technologies has further 
supported the growth of regenerative medicine. 
The rapid progress in genomics, transcriptomics, 
proteomics, and epigenomics has helped us better 
understand the molecular processes involved in 
stem cell self-renewal and differentiation as well as 
in tissue regeneration (Ma et al., 2024). Likewise, 
the emergence of genome editing techniques using 
CRISPR and associated tools, the development of 
single-cell sequencing approaches, organoid 
technologies, tissue engineering, and three-
dimensional (3D) bioprinting technology has 
opened up the possibility for the creation of 

precision regenerative therapies customized to 
individual patients (Rasool et al., 2026). This 
progress has also led to the adoption of the 
precision medicine principle in which each 
patient’s genetic makeup, molecular properties, 
clinical course of illness, and exposure to 
environmental elements is considered as a whole 
for the purpose of selecting therapeutic strategies 
and improving disease outcomes. Thus, the use of 
stem cell biology in the context of multi-omics 
technologies and the application of precision 
medicine have led to the concept of precision 
regenerative medicine, which refers to tailoring 
regenerative therapy based on the individual 
patient characteristics. By applying this patient-
specific approach, it has been hoped that 
therapeutic efficiency could be maximized and 
adverse events minimized (Zayed et al., 2026). 
Despite these advances in regenerative medicine, 
the benefit derived from the treatment has been 
unevenly distributed globally. The developed 
world has seen the rapid progress of stem cell-
based regenerative medicine owing to its 
commitment to investing in research, establishing 
regulatory frameworks, enhancing production 
capacity, and translating basic scientific discoveries 
into clinical practice, all of which have contributed 
to improved translation of stem cell-based 
regenerative medicine(Marchal, 2025). On the 
other hand, many low- and middle-income 
countries (LMICs) have been unable to take full 
advantage of recent scientific and clinical advances 
in stem cell-based therapy because of their limited 
resources in areas such as funding, laboratory 
infrastructure, training for scientific human 
resources, and capacity for accessing cutting-edge 
genomic and genomic-related techniques (Boakye 
Serebour et al., 2024). The efforts to ensure equity 
will be important so that the fruits of advances in 
regenerative medicine reach more patients 
worldwide. 
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1.2 Stem Cells as the Foundation of Precision 
Therapeutics 
Stem cells are the foundation of regenerative 
medicine because they can regenerate themselves 
and differentiate into different types of cells. 
Therefore, stem cells can be used to replace cells 
or tissues that have been damaged, to repair cells 
or tissues, or to restore normal function of cells or 
organs in a wide variety of disease states (Casado-
Díaz, 2022). As a result of these features, they are 
widely considered to have promising clinical 
prospects in regenerative treatments, and the 
ultimate aim of stem cell-based treatment is to cure 
the causes of disease and injury rather than 
treating the symptom(Casado-Díaz, 2022). 
Currently, five principal categories of stem cells 
have been described: embryonic stem cells (ESCs), 
adult stem cells, mesenchymal stem cells (MSCs), 
induced pluripotent stem cells (iPSCs) and 
perinatal stem cells. In the context of precision 
medicine, iPSCs provide a useful approach 
because they are derived from a person's own 
tissues, therefore are less likely to cause an 
immune response, or ethical controversy. MSCs 
have also gained attention because of their 
regenerative, immunomodulatory and anti-
inflammatory properties, and are considered 
promising therapy for the treatment of 
autoimmune diseases, musculoskeletal, 
cardiovascular and inflammatory diseases (Aboul-
Soud et al., 2021). 
In recent years, with the increasing focus on the 
concept of precision medicine and personalized 
treatment, the use of stem cells in regenerative 
therapies to fit each patient's unique needs, is 
gaining increasing attention. Because the concept 
of precision medicine emphasizes on an 
individual's genetic variation, environmental 
factors, lifestyle habits and molecular features, 
combining these elements will allow the 
development of stem cell-based regenerative 
treatments customized to the specific profile of 
each patient (Yildirim et al., 2025). For instance, 
iPSCs derived from a patient can be a platform for 
modeling disease, drug testing, identifying the 
toxicity, development of individualized therapies 
and other research projects in clinical 
precision(Aboul-Soud et al., 2021). 

In recent years, multi-omics technologies, 
including genomics, transcriptomics, proteomics 
and epigenomics, have provided new insights into 
the molecular pathways regulating stem cells and 
their involvement in tissue maintenance and 
regeneration(Ma et al., 2024). These technologies 
can be used to identify biomarkers of disease 
progression or prognosis, therapeutic targets and 
molecular pathways that could be altered or 
targeted. In addition, new and improved genome 
editing platforms, such as CRISPR-Cas systems, 
can be used to correct the genetic variants that 
cause diseases before stem cells are used for 
treatments, which can improve the safety and 
precision of the procedure(Rasool et al., 2026). 
Although advances in these technologies have 
made them widely used in high-income countries, 
implementing these therapies is difficult for low- 
and middle-income countries because access to 
sophisticated equipment such as next generation 
sequencing technology and advanced laboratory 
platforms and facilities, manufacturing 
technologies, infrastructure and regulatory systems 
(Doxzen et al., 2024). Increasing the science-based 
capacities, regulatory controls, and equitable 
accessibility to high-impact precision stem cell 
technologies will be crucial to help extend these 
treatments to all health systems. 
 
1.3 Why Omics Technologies Matter 
The shift towards precision therapeutics within 
the regenerative medicine landscape has been 
propelled by the development of multi-omics 
technologies. Stem cells form the basis of tissue 
engineering, and regenerative medicine, and 
omics technologies have broadened the 
understanding of the intricate molecular 
machinery controlling stem cell dynamics, disease 
progression, and clinical outcomes(Casado-Díaz, 
2022). Multi-omics technologies have produced 
massive molecular data which has revolutionized 
the transition from conventional regenerative 
medicine to a more personalized and personalized 
medicine, shifting from a "one- size-fit-all 
approach” in regenerative medicine to a predictive 
and patient- centered regenerative medicine(Zhou 
et al., 2026). 



 
Volume 4, Issue 3, 2026 
                                                                                             ISSN: (e) 3007-1607 (p) 3007-1593 

https://fmhr.net                                      | Rasool et al., 2026 | Page 3104 

Genomics, transcriptomics, proteomics, 
epigenomics and metabolomics each provide 
distinct information. Integration of the different 
data provides a global picture of cell and disease 
function, helping to detect variants associated with 
a disease or condition of interest, understand 
changes in gene and protein expression, analyze 
dysregulated signaling pathways, and discover 
biomarkers that can predict disease progression 
and therapeutic response. These molecular 
markers are important in improving our 
understanding of stem cell biology and the 
optimization of stem cell-based therapeutic 
interventions(Vitorino, 2024). 
Multi-omics technologies have transformed the 
use of stem cells in regenerative medicine, leading 
to a more personalized medicine, by providing 
new insights into disease mechanisms and 
potential therapeutic targets. For example, genetic 
information can be used to identify unique genetic 
differences among individuals and predict disease 
susceptibility, response to treatment, and potential 
side effects, while changes in the transcriptome 
and proteome can be used to better understand 
how stem cells differentiate, how tissues 
regenerate, and how cells interact with their 
microenvironment during these processes(Zayed 
et al., 2026). 
Recently, the advancement of single-cell 
sequencing and spatial omics has provided 
unprecedented resolution in the analysis of 
cellular heterogeneity and interactions with 
cellular microenvironments, which are important 
in stem cell selection and quality control during 
cell manufacturing and in identifying novel 
molecular targets that can be modulated for 
therapeutic interventions(Ruta et al., 2024). 
Moreover, integration of artificial intelligence (AI) 
and advanced bioinformatics in multi-omics 
technologies has enhanced the utility of 
multiomics in stem cell-based therapeutics. AI 
approaches have facilitated the identification of 
clinically relevant multi-omics signatures, 
prediction of therapeutic outcomes, and the 
development of evidence-based therapeutic 
approaches through an enhanced understanding 
of stem cell behavior and their interaction with 
their microenvironment. Integrating genomic, 

transcriptomic, proteomic, metabolomic and 
other information to identify multi-omics 
signatures that can be used to predict disease 
outcomes and clinical response has resulted in 
multi-omics being more clinically relevant in the 
development of personalized stem cell-based 
therapies(Wei et al., 2023). 
Although there are advantages of using multi-
omics technologies in regenerative medicine, 
challenges still persist in their implementation 
into standard clinical and research practice in 
many low- and middle-income countries (LMICs) 
due to high cost, low availability of platforms for 
next-generation sequencing, limited 
bioinformatics expertise, inadequate data storage 
and sharing, and many other reasons(Yek et al., 
2022). 
 
1.4 Why Focus on Low- and Middle-Income 
Countries (LMICs) 
In the last two decades, regenerative medicine, 
stem cell biology, and multi-omics have progressed 
at a rapid rate. However, this success has not been 
evenly distributed globally. Most of it has 
happened in high-income nations, mainly thanks 
to long-term funding for biomedical science, 
sophisticated laboratory environments, favorable 
regulatory environments, and well-developed 
translational research pipelines. All of these have 
helped to move regenerative approaches from the 
bench to the bedside faster. 
Conversely, most low- and middle-income 
countries (LMICs) still face major challenges that 
slow the development of regenerative science and 
prevent the delivery of new regenerative 
treatments to patients(Tahir & Tahir, 2025). It is 
important to consider the LMICs, not only 
because they encompass the majority of the 
world’s population, but also because many people 
in these countries suffer from diseases (chronic 
diseases, infectious diseases, inherited disorders, 
and injuries) that may cause death or result in 
disability, where regenerative medicine may have 
an advantage(Grace, 2023). Still, funding for 
regenerative sciences is limited. Additionally, poor 
laboratory conditions, lack of scientific talent, 
fragmented regulations, and poor access to high-
throughput sequencing and bioinformatics are 
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limiting both the ability to do regenerative science 
and the delivery of regenerative therapies. This 
may lead to disparities in accessing precision 
medicines across the world(Huang & Guo, 2022). 
Even so, there are still opportunities in the LMICs 
in regenerative medicine. Genetically diverse 
populations, unique diseases, and growing 
investments in science and biotechnology may be 
an advantage for regenerative sciences. Moreover, 
there are new opportunities for global research, 
collaboration, technology transfer, and training 
that support regenerative science. These include 
the application of stem cell science and omic-based 
health care. With the help of proper regulations, 
funding, and scientific environments, the LMICs 
can become innovators, not just adopters, of 
regenerative therapies(Ogbogu & Albrecht, 2025). 
For this reason, regenerative medicine needs to be 
considered from the view of LMICs, so that we can 
identify both the opportunities for advancing 
regenerative sciences and the obstacles that 
prevent the global delivery of regenerative 
treatments, in order to allow the LMICs to access 
precision medicine and stem cell–based therapies. 
This review summarizes the opportunities and 
obstacles that stem cell science, multi-omics, and 
precision medicine may have for advancing 
regenerative therapies in LMICs by considering 
scientific advancements, technology, regulations, 
and economics. 
 
1.5 Scope and Objectives of the Review 
The integration of stem cell biology, multi-omics 
tools, and precision medicine is increasingly 
facilitating personalized treatment plans for 
regenerative medicine. However, despite rapid 
advancements in this area, the clinical application 
of stem cell therapies goes beyond new scientific 
breakthroughs. It requires an enabling 
environment consisting of sufficient research 
capacity, appropriate policies and regulatory 
frameworks, a skilled workforce, and equitable 
access to regenerative health care. While high-
income countries have made substantial progress 
in many of these areas, challenges such as 
inadequate financial resources hamper 
regenerative research and translation of findings 
into routine clinical applications in many low- and 

middle-income countries (LMICs). To understand 
the state of regenerative medicine, it is important 
to take a holistic approach that encompasses both 
scientific discoveries, but also the healthcare 
infrastructure, regulatory and policy environment 
that enable their successful translation to the clinic 
(Doxzen et al., 2024). 
In this review, we provide an overview of the role 
of stem cells in the context of precision 
regenerative medicine, highlighting how stem cell 
biology is coupled with emerging multi-omics (eg, 
genomics, transcriptomics, proteomics, 
metabolomics, epigenomics, etc.) approaches to 
facilitate more personalized regenerative therapies. 
We also summarize how other recent 
technological advances such as genome editing, 
tissue engineering, organoids, extracellular 
vesicles, artificial intelligence, and other related 
emerging technologies contribute to the current 
state of the art of regenerative medicine(Hoang et 
al., 2025). Our review highlights the current 
application of stem cell-based regenerative 
strategies in various major diseases and also 
summarizes our current understanding of the 
molecular basis of their therapeutic efficacy(Han 
et al., 2025). 
Finally, we consider the unique challenges to 
regenerative medicine in LMICs and identify the 
scientific, technological, regulatory, 
socioeconomic, and healthcare environment for 
precision regenerative medicine to facilitate the 
growth and application of regenerative medicine 
in resource-limited settings. In doing so, we 
identify the opportunities for capacity building, 
global collaboration, and technology transfer to 
facilitate regenerative medicine innovation in the 
LMICs. We identify research gaps, and the current 
and future directions to develop and improve 
precision regenerative medicine that is both safe 
and effective in resource-limited regions(Anaya et 
al., 2025; Russa & Mtebe, 2026). 
 
2. Stem Cell Biology: The Foundation of 
Regenerative Therapeutics 
2.1 Fundamental Properties of Stem Cells 
Self-renewal and differentiation are the two 
characteristics that differentiate stem cells from 
the rest. Stem cells have a remarkable ability to 
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maintain their biological functions, and to 
maintain tissue throughout the life cycle. Due to 
these properties, stem cells can be used in 
regeneration and personalized medicine (Varzideh 
et al., 2023). Self-renewal is the property of stem 
cells in the process of self-replication (a series of 
cell division) while maintaining biological 
properties of the cell. Self-renewal allows stem cells 
to maintain their numbers, and thus providing 
them a steady supply to maintain and restore 
healthy tissues and cells after damage. 
Differentiation is another characteristic of stem 
cells that is triggered by environmental and 
intrinsic factors. It allows stem cells to generate 
new types of cells that can replace and/or recover 
damaged and injured tissues. It should be noted 
that not all stem cells participate in regeneration 
only by cell differentiation. Some MSCs may have 
the capacity to release various factors that have 
regenerative and immunoregulatory effects, 
including anti-inflammatory and angiogenic 
factors, that promote intrinsic tissue repair and 
regeneration. Therefore, self-renewal and 
differentiation are the main features of stem cells 
used in regenerative medicine(Harrell et al., 2021; 
Semba et al., 2020). 
Self-renewal and differentiation are tightly 
regulated by each other and controlled by a 
signaling network and microenvironment within 
the niche (a niche in which stem cells live) to 
maintain the proper number of stem cells and 
their properties. Thus, self-renewal and 
differentiation are two main features of stem cells 
and may lead us towards advanced cell therapies 
and the use of stem cells combined with various 
omic technologies to implement the concept of 
personalized medicine (Aphkhazava et al., 2025). 
 
2.2 Stem Cell Potency 
The term "potency" defines a stem cell’s capacity to 
differentiate and become the various types of 
specialized cells in the body. According to potency, 
stem cells are divided into the following: 
• Totipotent 
• Pluripotent 
• Multipotent 
• Oligopotent 
• Unipotent 

Knowing how powerful a stem cell population 
becomes important since it establishes whether it 
can be used in a particular research or therapeutic 
context. Knowledge of these categories sets a 
foundation for choosing the appropriate kind of 
stem cell for the study of regenerative medicine, 
disease, tissue engineering and even precision 
medicine(Riveiro & Brickman, 2020). 
 
2.2.1 Totipotent Stem Cells 
Totipotent stem cells exhibit the highest potential 
of being differentiated and can give birth to both 
the embryo and also the extraembryonic tissues 
including the placenta. They occur only at the 
earliest stage of embryo development; these cells 
can provide a great source for research on embryo 
and embryo development (Poliwoda et al., 2022). 
 
2.2.2 Pluripotent Stem Cells 
Pluripotent stem cells are able to differentiate into 
almost every single type of cell that is derived from 
the three embryonic germ layers of an individual, 
although they are not capable of forming the 
placenta or any other extraembryonic cells. There 
are two categories of Pluripotent stem cells, 
namely the Embryonic Stem Cells (ESCs) and the 
Induced Pluripotent stem cells (iPSCs). These cells 
are applied to disease modelling, drug discovery, 
developmental biology and even in generating of 
regenerative therapies for medical 
conditions(Shah & Khan, 2021). 
 
2.2.3 Multipotent Stem Cells 
Multipotent stem cells have a more restricted 
differentiation potential and can give rise to 
multiple related cell types from the specific 
tissue/organ. For instance, Hematopoietic stem 
cells may differentiate into all blood cell types and 
Mesenchymal stem cells (MSCs) differentiate into 
bone, cartilage, fat, and muscle cells. These cells 
have a significant role to play in tissue homeostasis 
and repair processes, thus are used in regenerative 
medicine and cell based therapies (Yadav, 2025). 
 
2.2.4 Oligopotent Stem Cells 
Oligopotent stem cells have greater restricted 
potency when compared to multipotent cells, in 
that they are able to produce only a restricted 
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number of closely related cell types of a single 
tissue or organ system. Such examples include the 
progenitor cells that differentiate into a given 
blood or immune cells lineage when the cells have 
to become specialized in a specific manner for 
proper functioning(Rosner et al., 2023). 
 
2.2.5 Unipotent Stem Cells 
They have the most reduced potential of giving rise 
to only one type of the specialized cells with self-
renewal ability. For example, skeletal muscle 
satellite cells and epidermal stem cells that play an 

important role in tissue homeostasis and 
regeneration(Mannino et al., 2022). 
Stem cell potency forms an important basis of cell 
selection for both research as well as clinical 
purposes. Generally, stem cells with broad 
differentiation potential possess more flexibility in 
development, while cells with restricted potency 
are targeted towards tissue-specific homeostasis. 
Knowledge of the stem cell potency levels thus 
plays a key role in the design of a stem cell – based 
therapy and precision regenerative 
medicine(Hussen et al., 2024). 

 
Table 1: Classification of Stem Cells According to Developmental Potency, Differentiation Capacity, and 
Clinical Applications 

Potency Differentiation Capacity Example Clinical Relevance 
Totipotent All embryonic and 

extraembryonic tissues 
Zygote, early blastomeres Developmental biology 

Pluripotent All cell types of the three 
germ layers 

ESCs, iPSCs Disease modeling, gene editing, 
regenerative therapies 

Multipotent Multiple cell types within 
one lineage 

Hematopoietic stem cells, 
MSCs 

Tissue regeneration, cell therapy 

Oligopotent A few closely related cell 
types 

Myeloid and lymphoid 
progenitors 

Hematopoiesis and immune 
regeneration 

Unipotent One specialized cell type Muscle satellite cells, 
epidermal stem cells 

Tissue maintenance and wound 
healing 

 
2.3 Types of Stem Cells 
Stem cells differ from each other with regard to 
their source of origin, biological features, and 
clinical applications. Therefore, each stem cell has 
its own pros and cons, and choosing the optimal 
stem cell for application in research and therapy 
depends on the goal of that research or therapeutic 
approach. 
 
2.3.1 Embryonic Stem Cells (ESCs) 
ESCs are pluripotent cells derived from the inner 
cell mass of the blastocyst stage of an embryo. This 
property gives them the ability to differentiate into 
any cell type arising from all three embryonic germ 
layers. Due to their high potential of 
differentiation and the fact that they self-renew 
indefinitely, ESCs are a valuable resource for 
research, regenerative medicine, drug 
development, and disease modeling. On the other 
hand, due to ethical concerns about embryo 
destruction, possible immune rejection following 

transplantation, and the risk of teratomas, their 
clinical applications are limited(Lewis et al., 2020; 
Ren et al., 2025). 
 
2.3.2 Adult Stem Cells (ASCs) 
ASCs are also known as somatic stem cells; they 
are tissue-specific stem cells found in many organs, 
such as the skin, adipose tissue, bone marrow, and 
central nervous system. They play a role in the 
growth and maintenance of the specific tissue in 
the body(Alkhatib, 2024). In contrast to ESCs, 
they are multipotent; i.e., they can only 
differentiate into a limited number of cell types. 
ASCs have the advantages of availability, low 
immunogenicity, and low ethical concerns. They, 
however, have limited differentiation potential 
and their proliferative capacity can decrease with 
age; these disadvantages can limit their 
regenerative efficacy(Alkhatib, 2024). 
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2.3.3 Mesenchymal Stem Cells (MSCs) 
MSCs are multipotent stromal cells that can be 
obtained from several tissue types, such as 
umbilical cord, adipose tissue, bone marrow, and 
dental pulp. Aside from their ability to 
differentiate into bone, cartilage, and adipose 
tissue, MSCs possess immunomodulatory and 
anti-inflammatory effects which are mainly 
attributed to their ability to secrete paracrine 
factors. Due to their safety profile, low 
immunogenicity, and regenerative potential, 
MSCs are extensively studied in clinical trials for 
treating various diseases such as autoimmune 
diseases, inflammatory disorders, osteoarthritis, 
and cardiovascular diseases (Costela-Ruiz et al., 
2022; Kou et al., 2022). 
 
2.3.4 Induced Pluripotent Stem Cells (iPSCs) 
iPSCs are pluripotent cells obtained by 
reprogramming somatic cells using specific 
transcription factors. Like ESCs, these cells can 
differentiate into nearly all the human cell types, 
while circumventing many of the ethical concerns 
with ESCs. Their ability to be patient specific 
makes them valuable in areas such as drug 
screening, disease modeling, gene therapy, and 
personalized regenerative medicine. Nevertheless, 
issues like genomic instability, heterogeneity in 
reprogramming efficiency, and the potential for 
tumorigenicity have slowed their use in clinical 
practice (Dhaiban et al., 2025; Mao et al., 2022). 

2.3.5 Perinatal Stem Cells 
Perinatal stem cells are obtained from various 
perinatal tissue types, such as the amniotic 
membrane, amniotic fluid, placenta, and 
umbilical cord. These cells are easily accessible, 
have a low immune response, and are free of many 
of the ethical concerns related to embryonic cells. 
These cells show great therapeutic and 
regenerative potential and have drawn a 
significant amount of attention for possible tissue 
engineering and immune-mediated disorder 
treatments. While there has been a growing 
interest in the therapeutic use of these cells, there 
are currently no standardized isolation protocols 
in place. More clinical trials are also needed to 
establish the long-term safety and efficacy of these 
cells (Kulus et al., 2021). 
In conclusion, stem cell types are biologically 
different and can differ in their suitability for 
therapeutic and research applications. Therefore, 
the choice of appropriate stem cell involves taking 
into consideration several factors, such as the 
biological and therapeutic properties of the cells, 
the goal of therapy, ethical concerns, and their 
immunological compatibility. The consideration 
of these factors will further the advancement of 
personalized regenerative medicine to meet the 
needs of different patients (Maraldi & Russo, 
2022). 

 
Table 2: Comparison of Major Stem Cell Types, Biological Characteristics, and Clinical Applications 

Stem 
Cell 
Type 

Source Potency Major Advantages 
Major 

Limitations 
Major 

Applications 

ESCs Blastocyst Pluripotent 
Unlimited 
differentiation 

Ethical 
concerns, 
teratoma risk 

Disease 
modeling, 
regenerative 
medicine 

ASCs Adult tissues Multipotent 
Easy isolation, low 
ethical concerns 

Limited 
differentiation 

Tissue repair 

MSCs 
Bone marrow, 
adipose tissue, 
umbilical cord 

Multipotent 
Immunomodulatory, 
low immunogenicity 

Limited lineage 
potential 

Orthopedics, 
autoimmune 
diseases 
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iPSCs 
Reprogrammed 
somatic cells 

Pluripotent 
Patient-specific, 
avoids embryo use 

Genomic 
instability, 
tumorigenicity 

Precision 
medicine, 
gene therapy 

Perinatal 
Stem 
Cells 

Placenta, 
umbilical cord, 
amniotic tissues 

Multipotent 
Readily available, low 
immunogenicity 

Standardization 
challenges 

Tissue 
engineering, 
wound healing 

 
2.4 Stem Cell Niches 
A stem cell niche refers to a specialized 
microenvironment that controls a stem cell's 
survival, self-renewal, quiescence, proliferation, 
and differentiation. Stem cells do not exist in 
isolation but constantly interact with their niche 
to maintain the normal function and regenerative 
capacity of tissues(Yushkov et al., 2025). 
The stem cell niche comprises a combination of 
cell types, such as stromal cells, endothelial cells, 
immune cells, fibroblasts, and neighboring 
differentiated cells, and extracellular components, 
such as the extracellular matrix (ECM), growth 
factors, and cytokines. Cells communicate with 
each other directly through cell–cell contact and 
indirectly via soluble molecules (Farahzadi et al., 
2023). 
The ECM is a network of structural proteins, 
including collagen, laminin, and fibronectin, 
which forms a three-dimensional scaffold that 
maintains the structural integrity and mechanical 
stability of the niche. Growth factors, including 

transforming growth factor-β (TGF-β), fibroblast 
growth factors (FGFs), vascular endothelial growth 
factor (VEGF), and epidermal growth factor 
(EGF), as well as various cytokines, regulate stem 
cell function through complex signaling networks. 
Mechanical signals, such as matrix stiffness, fluid 
shear stress, and tensile forces, also play important 
roles in directing stem cell fate and 
function(Abdul-Al et al., 2021). 
The precise interplay between cellular, molecular, 
and mechanical components within the niche 
regulates the balance between stem cell self-
renewal and differentiation, thus maintaining 
tissue homeostasis. Disruption of the niche 
architecture or composition can lead to loss of 
regenerative capacity and contribute to aging, 
fibrosis, degenerative diseases, and cancer. 
Understanding the complex dynamics of stem cell 
niches is therefore essential for developing 
effective regenerative therapies and novel stem 
cell–based treatments(Busch et al., 2024). 
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Figure 1. Stem cell niche as a specialized microenvironment regulating stem cell fate. 

 
The stem cell niche comprises cellular 
components, extracellular matrix, cytokines, 
growth factors, and mechanical cues that 
collectively regulate stem cell quiescence, self-
renewal, proliferation, differentiation, and tissue 
homeostasis through dynamic cell–cell and cell–
matrix interactions. 
 
2.5 Self-Renewal and Differentiation 
Stem cell self-renewal and differentiation 
represent the hallmark characteristics that define 
the stem cell state and function. Self-renewal refers 
to the ability of stem cells to undergo repeated cell 
division while remaining undifferentiated, thereby 
maintaining the stem cell reservoir. This process 
allows stem cells to persist in tissues and produce 
specialized cell types for tissue maintenance and 
repair when needed (Borjesson & Overmann, 
2022). 
Stem cells can divide in two ways that impact self-
renewal and differentiation. In symmetric 
division, stem cells produce two identical stem 
cells or two committed progenitor cells, thereby 
either expanding the stem cell pool or increasing 
the number of cells available for tissue growth and 
repair, respectively. Asymmetric division, which 
results in one daughter stem cell and one daughter 

committed progenitor cell, preserves the stem cell 
reservoir while generating cells for tissue 
regeneration(Mannino et al., 2022). 
After cell division, stem cells begin to undergo 
lineage commitment, a process by which 
pluripotent or multipotent stem cells become 
progressively restricted in their developmental 
potential to generate specific cell types. This is 
accompanied by cell fate specification, which 
determines the ultimate identity of the cell as it 
transitions from an immature, undifferentiated 
state to a terminally differentiated, specialized 
phenotype. During this transition, cells undergo 
coordinated changes in gene expression and 
epigenetic status, allowing stem cells to follow 
defined developmental programs and differentiate 
into specific cell lineages, such as neural, 
mesenchymal, or hematopoietic cells, in response 
to specific internal and external cues (Aphkhazava 
et al., 2025). 
Stem cell self-renewal and differentiation are 
tightly regulated by the stem cell niche and by 
highly conserved signaling pathways including 
Wnt/β-catenin, Notch, Hedgehog, TGF-β/BMP, 
PI3K/AKT, JAK/STAT, and Hippo-YAP 
pathways. These pathways play a crucial role in 
maintaining stem cell quiescence, survival, 
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proliferation, self-renewal, and differentiation, 
thereby enabling stem cells to adapt to changes in 
the local microenvironment and maintain tissue 
homeostasis. Aberrant activation or inhibition of 
these pathways can lead to tissue dysfunction, 
aging, developmental disorders, fibrosis, and 
cancer. Thus, a thorough understanding of the 
molecular mechanisms that control stem cell self-
renewal and differentiation is essential for 
developing regenerative and precision medicine 
approaches. The next section focuses on the major 
signaling pathways and their role in regulating 
stem cell behavior (Ahmadi et al., 2026; Zgeib, 
2025). 
 
3. Molecular Basis of Stem Cell Function 
3.1 Genetic Regulation 
Stem cell behavior whether cells stay 
undifferentiated, self-renew, or commit to 
becoming a specific cell type is governed by genetic 
regulation. This occurs within gene regulatory 
networks that keep stem cells in a pluripotent state 
while simultaneously triggering genes that define 
particular cell lineages when stimulated by signals, 
including those from development and the 
environment. Genetic regulation is critical for 
maintaining stem cells in proper numbers during 
tissue homeostasis and for their controlled 
differentiation during development and 
repair(Estrada-Meza et al., 2022; Krishnan et al., 
2021). 
Core genes such as OCT4, SOX2, and NANOG 
are the transcription factors that control the self-
renewal and pluripotency of stem cells. They do 
this by upregulating genes involved in maintaining 
pluripotency and downregulating genes involved 
in cell differentiation. Other transcription factors 
including KLF4 and c-MYC cooperate with OCT4 
and SOX2, forming the Yamanaka factors, to 
induce reprogramming of somatic cells into 
induced pluripotent stem cells (iPSCs) (Park et al., 
2024). These transcription factors influence the 
rate of self-renewal and/or differentiation by 
controlling their target genes(Aguirre et al., 2023). 
The interplay between promoters, enhancers, 
transcription factors, and gene regulatory 
networks must also be carefully regulated. When 
stem cells differentiate, genes associated with 

pluripotency tend to be downregulated and genes 
involved in cell differentiation become 
upregulated in a tightly controlled order. Genetic 
regulation is, thus, a key feature of stem cell 
biology. This control ensures the generation of a 
large population of differentiated cells while 
mitigating against the risk of aberrant 
differentiation and malignant transformation(Ray-
Jones & Spivakov, 2021). 
Next-generation sequencing, single-cell 
sequencing, and genome-wide association studies 
have been instrumental in our current knowledge 
of the genetic control of stem cells. These 
technologies have helped identify genetic factors 
regulating stem cells, stem cell signatures, and 
polymorphisms associated with the development 
of certain diseases. Additionally, gene-editing 
technologies including CRISPR/Cas9 provide 
new approaches for the correction of disease-
associated genetic mutations and the engineering 
of stem cells (Saba et al., 2021). 
Understanding the genetic regulation of stem cells 
is therefore important in order to facilitate stem 
cell therapy. Integrating knowledge from these 
technologies with stem cell biology will help 
researchers better understand tissue growth and 
development while also serving as a framework for 
regenerative medicine of the future (Rajalekshmi 
& Agrawal, 2025). 
 
3.2 Epigenetic Regulation 
Epigenetic regulation controls the stem cell 
identity, self-renewal, survival, and differentiation 
without changing its DNA sequence. It functions 
via reversible modifications to control which genes 
are active and which are inactive, thereby 
maintaining stem cells as stem cells and facilitating 
the differentiation of stem cells into a particular 
cell type in response to intrinsic signals or cues 
from the environment. These modifications play a 
role in embryonic development, tissue 
regeneration, and reprogramming somatic cells to 
become pluripotent stem cells (He et al., 2021). 
These mechanisms include: 
• DNA methylation 
• Histone modification 
• Chromatin remodeling 
• Non-coding RNAs 
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DNA methylation is typically found in promoter 
regions and functions to inhibit the transcription 
of a gene. Histone modification involves the 
alteration of histone proteins via methylation and 
acetylation. Histone methylation typically restricts 
transcription while acetylation promotes 
transcription by regulating the accessibility of 
DNA (Giallongo et al., 2021). Chromatin 
structure also influences the transcription of a 
gene by modifying the chromatin and controlling 
DNA accessibility. Non-coding RNAs like 
microRNAs (miRNA) and long non-coding RNAs 
(lncRNAs) control gene expression post-
transcriptionally. This can affect self-renewal of 
stem cells as well as their lineage differentiation or 

tissue regeneration. During reprogramming of 
cells, epigenetic remodeling restores the epigenetic 
status of a pluripotent stem cell in somatic cells 
(Ali et al., 2026). 
Epigenomic profiling and high throughput 
sequencing have improved our knowledge of 
epigenetics of stem cells. Integration with other 
omic data sets, like genomics and transcriptomics, 
has enabled the discovery of new epigenetic factors 
and molecular markers related to stem cells and 
their therapy. These advances will lead to the 
further development of epigenetic therapy to 
improve the safety and efficiency of stem cell-based 
regenerative medicine(Tedesco et al., 2022). 

 

 
Figure 2. Major Signaling Pathways Regulating Stem Cell Fate in Precision Regenerative Medicine 

 
A limited number of critical signaling pathways 
interact to direct stem cell fate. These pathways 
influence everything from self-renewal, 
proliferation, survival, commitment, and 
differentiation. For example, the Wnt/β-catenin 
pathway maintains stem cell identity in terms of 
self-renewal. The Notch and Hedgehog pathways 
are important for regulating stem cell fate 
determination, as well as basic development. The 
TGF-β/BMP pathway has a significant role in 
guiding lineage decisions. Additionally, the 
PI3K/AKT and MAPK pathways regulate cell 
survival and proliferation, which are particularly 
critical during tissue regeneration. The 
JAK/STAT pathway transmits cytokine signals 

involved in regenerative processes, while the 
Hippo-YAP pathway influences organ size, 
Mechan transduction, and the expansion of stem 
cells. Overall, the interplay among these diverse 
signaling cascades dictates tissue regeneration 
capacity as well as the success of regenerative 
therapies. 
 
3.4 Transcription Factors 
Transcription factors are critical players in the 
regulation of gene expression, essential for 
controlling stem cell behavior and identity. They 
maintain the intricate balance between self-
renewal and differentiation, allowing stem cells to 
remain pluripotent or commit to a specialized 
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lineage. Among many, a core set of transcription 
factors – OCT4, SOX2, NANOG, KLF4, and c-
MYC – are essential for maintaining stem cell 
pluripotency and mediating reprogramming 
(Varzideh et al., 2023). 
 
3.4.1 OCT4 
OCT4 (POU5F1) is a key transcription factor that 
plays a major role in regulating embryonic stem 
cell pluripotency and self-renewal. It ensures the 
maintenance of stem cells in their undifferentiated 
state by controlling the expression of pluripotency 
genes, while its down-regulation or abnormal 
expression drives stem cells to differentiate into 
specific cell types. Therefore, tightly controlled 
OCT4 expression is crucial for the proper 
regulation of stem cells (Bakhmet & Tomilin, 
2021). 
 
3.4.2 SOX2 
SOX2 interacts with OCT4 to control genes 
involved in stem cell pluripotency and self-
renewal. In addition to its role in regulating stem 
cells, SOX2 is critical for neural development and 
is also required for maintaining induced 
pluripotent stem cells (iPSCs) (Zhu et al., 2021). 
 
3.4.3 NANOG 
NANOG is an important transcription factor 
involved in stem cell pluripotency; it inhibits 
spontaneous stem cell differentiation and helps 

maintain the undifferentiated state. Alongside 
OCT4 and SOX2, NANOG regulates the core 
transcriptional network that maintains the 
pluripotency of stem cells (Niu et al., 2021). 
 
3.4.4 KLF4 
KLF4 (Krüppel-like factor 4) regulates stem cell 
self-renewal, proliferation, differentiation, and 
homeostasis. It is one of the Yamanaka factors 
used for generating iPSCs from somatic cells and 
is involved in tissue regeneration and repair 
(Lacorazza, 2025). 
 
3.4.5 c-MYC 
c-MYC is a transcription factor that regulates a 
variety of genes involved in cell-cycle progression, 
protein production, cell metabolism, and cell 
proliferation. It is another Yamanaka factor that is 
critical for generating iPSCs from somatic cells. 
However, given its oncogenic potential, c-MYC 
expression requires careful control to ensure the 
safety of stem cell-based therapies (Meir & Li, 
2021). 
These transcription factors function as a 
regulatory network that controls stem cell fate by 
regulating pluripotency, self-renewal, and 
differentiation. Studies on these transcription 
factors have significantly contributed to stem cell 
biology and continue to support the development 
of regenerative medicine and precision 
therapeutics (Illi & Nasi, 2023). 

 
Table 3. Key Transcription Factors Regulating Stem Cell Pluripotency, Self-Renewal, and Differentiation 

Transcription 
Factor 

Primary Function Role in Stem Cell Biology 

OCT4 Maintains pluripotency Self-renewal and suppression of differentiation 

SOX2 Regulates pluripotency genes Stem cell maintenance and neural development 

NANOG 
Prevents spontaneous 
differentiation 

Sustains the undifferentiated state 

KLF4 
Controls proliferation and self-
renewal 

Cellular reprogramming and tissue 
regeneration 
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c-MYC 
Promotes proliferation and 
metabolism 

Enhances iPSC generation; associated with 
tumorigenic risk 

 
4. Omics Technologies Driving Stem Cell 
Research 
4.1 Genomics 
Genomics has revolutionized the study of stem 
cells, providing unprecedented understanding of 
the molecular processes that govern stem cell 
identity, pluripotency, differentiation, and tissue 
regeneration. Next-generation sequencing (NGS) 
techniques allow for the identification of genetic 
variations, regulatory genes, and molecular 
pathways that regulate stem cell behavior and fate 
(Zhou et al., 2024). This knowledge has enhanced 
disease modeling, biomarker discovery, patient 
stratification, and personalized regenerative 
therapy development, making genomics a 
cornerstone of precision regenerative 
medicine(Gulati et al., 2025). 
 
4.1.1 Whole Genome Sequencing (WGS) 
Whole genome sequencing (WGS) involves 
sequencing the entire genome, including both 
coding and non-coding regions. In the context of 
stem cell research, WGS is used to identify genetic 
variants, structural variations, chromosomal 
abnormalities, and mutations that could 
potentially affect stem cell function, genomic 
stability, or safety in clinical applications. It is also 
used for the quality-control of stem cell lines and 
supports the development of patient-specific 
regenerative therapies (Merkle et al., 2022). 
 
4.1.2 Whole Exome Sequencing (WES) 
Whole exome sequencing (WES) focuses solely on 
the exons, which are the protein-coding regions of 

the genome, where most disease-causing 
mutations reside. Compared to WGS, WES is less 
expensive while still offering high diagnostic yield 
in diseases with genetic components. In 
regenerative medicine, WES aids in disease 
modeling, biomarker discovery, and the 
identification of candidates for personalized stem 
cell therapies (Kumar et al., 2025). 
 
4.1.3 Genome-Wide Association Studies 
(GWAS) 
Genome-wide association studies (GWAS) scan 
the genomes of large groups of individuals to 
identify genetic variants associated with particular 
traits, disease susceptibility, regenerative potential, 
and therapeutic outcomes. In stem cell research, 
GWAS has helped uncover genetic variants 
associated with stem cell properties, regenerative 
capabilities, and disease susceptibility. GWAS 
findings inform biomarker discovery, therapeutic 
target identification, and personalized 
regenerative medicine strategies (Salybekov et al., 
2021). 
Genomics contributes to the foundation of 
precision regenerative medicine through accurate 
genetic profiling, enhanced safety of stem cell-
based therapies, and support for tailored 
therapeutic strategies. Combined with other omics 
technologies, genomics provides a comprehensive 
insight into stem cell biology and aids in the 
translation of regenerative therapies into clinical 
practice (Hu & Lazar, 2022). 

 
Table 4. Genomic Technologies and Their Applications in Stem Cell Research and Precision Regenerative 
Medicine 

Technology Primary Purpose Application in Stem Cell 
Research 

Contribution to Precision 
Medicine 

Whole Genome 
Sequencing (WGS) 

Complete genome 
analysis 

Detects genomic variants 
and structural alterations 

Personalized therapy and 
genomic safety 
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Whole Exome 
Sequencing (WES) 

Analysis of coding 
regions 

Identifies disease-causing 
mutations 

Biomarker discovery and 
patient stratification 

Genome-Wide 
Association Studies 
(GWAS) 

Association of genetic 
variants with disease 

Identifies susceptibility 
loci and therapeutic 
targets 

Precision risk prediction 
and individualized 
treatment 

 
4.2 Transcriptomics 
Transcriptomics is defined as the study of the full 
complement of RNA transcripts that are produced 
by the genome, thus providing a dynamic snapshot 
of which genes are being expressed under specific 
biological conditions at specific times. Unlike 
genomics, which describes the genetic capacity of 
a cell, transcriptomics focuses on the genes that are 
actively expressed. This information has been 
instrumental in our understanding of stem cell 
heterogeneity, lineage specification, and cellular 
responses in the context of tissue regeneration. 
Consequently, transcriptomics is becoming an 
integral part of precision regenerative medicine 
(Ogi & Jin, 2023). 
 
4.2.1 RNA Sequencing (RNA-seq) 
RNA sequencing (RNA-seq) allows for high-
sensitivity, comprehensive profiling of coding and 
non-coding RNA transcripts. RNA-seq has been 
extensively used in the context of stem cell 
research to study genes involved in stem cell 
maintenance, track differentiation, and identify 
biomarkers related to tissue regeneration. These 
transcriptomic data are used to enhance disease 
modeling and provide insights on how to design 
targeted regenerative therapies (Ogi & Jin, 2023). 
 
4.2.2 Single-Cell RNA Sequencing (scRNA-seq) 
Single-cell RNA sequencing (scRNA-seq) allows 
for profiling of gene expression at the single-cell 
level, which is important in identifying rare cell 

populations and assessing cellular heterogeneity 
not evident in bulk tissue analysis. The use of this 
technique has revolutionized stem cell research 
and is used to trace cell lineages, characterize 
differentiation pathways, and identify genes 
involved in development and regeneration. 
Additionally, scRNA-seq allows for biomarker 
identification and provides a means of assessing 
and optimizing stem cell-based therapies and 
tissue engineering approaches (Jovic et al., 2022). 
 
4.2.3 Spatial Transcriptomics 
Spatial transcriptomics is an integrated analysis of 
gene expression and spatial information to map 
RNA transcripts onto an intact tissue sample while 
retaining spatial resolution. Such data can provide 
valuable information regarding cell–cell 
interactions, stem cell niches, and tissue 
morphology in the context of regeneration. In 
regenerative medicine, spatial transcriptomics is 
being used to better understand tissue 
regeneration and to direct stem cell-based therapy 
to sites of injury to promote regeneration 
(Williams et al., 2022). 
In summary, transcriptomic technologies provide 
a dynamic picture of gene expression and its 
correlation with cellular and tissue function. 
When used in combination with genomics and 
other multi-omics analyses, transcriptomic 
approaches can provide biomarker discovery, 
target identification, and the development of 
precision regenerative medicine. 

 
Table 5. Transcriptomic Technologies and Their Applications in Stem Cell Research and Precision 
Regenerative Medicine 

Technology Primary Purpose Application in Stem Cell 
Research 

Contribution to Precision 
Medicine 

RNA-seq Global transcript 
profiling 

Differential gene 
expression, biomarker 
discovery 

Personalized therapeutic target 
identification 
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Single-cell RNA-
seq 

Cell-specific 
transcriptomics 

Cellular heterogeneity, 
lineage tracing 

Precise cell characterization and 
patient stratification 

Spatial 
transcriptomics 

Spatial gene 
expression mapping 

Stem cell niche and 
tissue architecture 
analysis 

Optimization of regenerative 
therapies and tissue-specific 
interventions 

 
4.3 Proteomics 
Proteomics is defined as the study of the full 
complement of proteins expressed by the genome 
within a cell, tissue, or organ, providing direct 
insight into cellular function. Since proteins are 
primarily responsible for the vast majority of 
biological processes, proteomics has become very 
useful in studying the biology of stem cell 
signaling, regulation, differentiation, and tissue 
regeneration. In regenerative medicine, 
proteomics can identify protein biomarkers, 
therapeutic targets, and molecular changes related 
to stem cell function and regeneration, which 
makes proteomics a vital component of precision 
regenerative medicine (Mihai et al., 2021). 
 
4.3.1 Mass Spectrometry (MS) 
Mass spectrometry (MS) is the main tool in the 
proteomic analysis to identify, quantify, and 
characterize thousands of proteins, including post-
translational modifications, at one time. MS-based 
proteomics is used in stem cell research for 
comprehensive analysis of the proteomic changes 
associated with stem cell self-renewal, 
differentiation, and maintenance of stem cell 
potency. These protein expression profiles provide 
insight into the molecular regulation of stem cell 

biology, in addition to being useful for biomarker 
discovery, as well as the monitoring of disease 
progression and response to therapy (Zayed et al., 
2026). 
 
4.3.2 Protein Interaction Networks 
Protein interaction networks describe the 
functional relationships of proteins that 
collectively mediate biological processes. Since 
most cellular functions rely on the coordinated 
action of many interacting proteins, protein 
networks have become an important tool to 
elucidate the signaling molecules that regulate 
stem cell proliferation, differentiation, and tissue 
regeneration. Proteomic interaction networks 
integrated with other multi-omics data sets can be 
used to gain a systems view of stem cell biology and 
identify new therapeutic targets and to optimize 
regenerative therapy. 
In general, proteomics can complement genomic 
and transcriptomic analyses by providing 
information regarding cellular function and 
protein activity. The combination of proteomics 
with other omics technologies can provide a better 
insight into regenerative biology and can be used 
to inform and develop stem cell therapy (Uversky 
& Giuliani, 2021). 

 
Table 6. Proteomic Technologies and Their Applications in Stem Cell Research and Precision 
Regenerative Medicine 

Technology Primary Purpose 
Application in Stem Cell 
Research 

Contribution to Precision 
Medicine 

Mass 
Spectrometry 
(MS) 

Protein 
identification and 
quantification 

Protein profiling, biomarker 
discovery, post-translational 
modification analysis 

Therapeutic target 
identification and treatment 
monitoring 

Protein 
Interaction 
Networks 

Analysis of protein–
protein interactions 

Signaling pathway mapping, 
regulatory network analysis 

Identification of key 
molecular targets and 
personalized therapeutic 
strategies 

 
 

 
 



 
Volume 4, Issue 3, 2026 
                                                                                             ISSN: (e) 3007-1607 (p) 3007-1593 

https://fmhr.net                                      | Rasool et al., 2026 | Page 3117 

4.4 Metabolomics 
Metabolomics focuses on the entire collection of 
small-molecule metabolites in cells and tissues, 
giving a direct, in-the-moment look at how cells are 
functioning and metabolizing. Since a stem cell's 
job is deeply tied to how its metabolism works, 
studying its metabolites can tell us a lot about the 
processes behind stem cell self-renewal, 
differentiation, and repairing tissues. Studying 
metabolism and finding metabolites can help 
researchers figure out how to control stem cells, 
leading to better, more specific stem cell therapies 
in regenerative medicine (Bremers, 2026). 
 
4.4.1 Metabolic Profiling 
Metabolic profiling uses a quantitative 
measurement of small molecules in a stem cell, 
tissue, or body fluid to analyze the metabolic 
profile of different stem cell stages such as 
pluripotency, self-renewal, and differentiation. 
Identifying stem cell metabolites also can help 
researchers see how stem cell metabolism changes 
after exposure to a disease or to treatments. This 

allows us to better know how stem cells work and 
repair tissues (Bispo et al., 2021). 
 
4.4.2 Metabolic Flux Analysis 
Metabolic flux studies the movement and flow of 
metabolites within a living cell to look at how 
metabolic processes are changing. In stem cell 
research, this technique is used to find out what 
metabolites play a role in stem cell maintenance, 
specialization, and differentiation. These studies 
help researchers make cell cultures better, identify 
important metabolic pathways, and make stem 
cell-based treatments work better. 
When used with the data of genomics, 
transcriptomics, proteomics, and other fields of 
omics, the study of small-molecule metabolites is 
used to figure out how cells react to both normal 
and abnormal conditions. The use of this data can 
be useful for finding biomarkers and better 
understanding how cell metabolism is controlled, 
leading to better and more specific stem cell-based 
therapies in regenerative medicine (Morganti et 
al., 2022). 

 
Table 7. Metabolomic Technologies and Their Applications in Stem Cell Research and Precision 
Regenerative Medicine 

Technology Primary Purpose Application in Stem Cell 
Research 

Contribution to Precision 
Medicine 

Metabolic 
Profiling 

Quantification of 
cellular metabolites 

Identification of metabolic 
signatures during self-renewal 
and differentiation 

Biomarker discovery and 
therapeutic monitoring 

Metabolic 
Flux Analysis 

Measurement of 
metabolic pathway 
activity 

Analysis of metabolic 
reprogramming and energy 
utilization 

Optimization of regenerative 
therapies and prediction of 
treatment response 

 
4.5 Epigenomics 
Epigenomics is used to study the patterns of 
epigenetic markers that control whether genes are 
turned on or off, but the markers are not actually 
changes in DNA itself. The markers do not change 
the DNA, and they are what control how stem cells 
maintain their identity, maintain themselves, and 
develop into specific cell types. Studying these 
markers can help researchers better understand 
stem cell growth, development, and development 
of certain tissues. Epigenomics also helps 
researchers figure out how stem cells work and 

develop better regenerative medical treatments 
(Singla et al., 2023). 
 
4.5.1 DNA Methylation Profiling 
DNA methylation profiling studies which DNA 
bases have been methylated (added to a methyl 
group). Methylation does not change the DNA but 
it does help control how genes are expressed and 
helps cells make a choice to become a particular 
type of stem cell. In stem cell research, DNA 
methylation is used to help distinguish between 
the various stages of pluripotent stem cells and 
how they differentiate into cells of the body. It 
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helps researchers understand the development of 
different tissues and stem cells. It can also be used 
to study cell cloning, find disease biomarkers, and 
analyze the quality and safety of stem cells for 
therapeutic use (Li et al., 2025). 
 
4.5.2 Chromatin Accessibility and Histone 
Modification Analysis 
Analyzing chromatin structure is a technique to 
help researchers see how stem cells' genes are 
turned on and off. These techniques include 
assays such as ATAC-seq to determine which parts 
of the genome are open for the transcription of 
RNA and ChIP-seq to determine the locations of 
histones, transcription factors, and other proteins 
on the DNA. Studying chromatin structure is used 

to help researchers better understand how to 
control stem cells, how they differentiate into 
specialized cell types, and how tissues are repaired. 
It can also be used to determine where genes are 
controlled and potential ways to control genes for 
regenerative treatments (Na et al., 2025). 
The study of epigenetics is used to better 
understand how genes are controlled in response 
to normal and abnormal conditions. It is a useful 
complement to the study of genes and messenger 
RNA (mRNA). When integrated with other omics 
data, it can help researchers find new biomarkers 
and better understand how stem cells are 
controlled, leading to better regenerative medical 
treatments. 

 
Table 8. Epigenomic Technologies and Their Applications in Stem Cell Research and Precision 
Regenerative Medicine 

 
4.6 Multi-omics Integration 
It takes more than a single type of omics data to 
understand how stem cells work. Even though 
each type of omics data gives us useful knowledge, 
looking at the multiple different types together 
provides a wider look at the gene activity and 
pathways controlling stem cell maintenance, 
specialization, cellular identity, and tissue 
maintenance. Each type of omics data helps 
researchers learn something specific about cells 
and when these types of data are combined they 
are used to show the complicated interactions of 
gene activity that determine stem cell function and 
repair. Using the different types of omics data 

provides a much clearer understanding of stem cell 
activity than using just a single type of data 
(Theodorakis et al., 2024). 
Multi-omics has been used for the last 10 years to 
learn more about the different variations in stem 
cell populations, the way the cells become 
specialized, and tissue repair. The technique helps 
researchers find biomarkers and therapies for stem 
cells. Integrating multi-omics with bioinformatics 
and artificial intelligence can help researchers 
better predict how stem cells will behave and be 
used to help guide clinical practice and make 
regenerative treatments (Chen et al., 2023). 

 

Technology Primary Purpose 
Application in Stem Cell 
Research 

Contribution to Precision 
Medicine 

DNA 
Methylation 
Profiling 

Genome-wide 
methylation analysis 

Monitoring pluripotency, 
differentiation, and cellular 
reprogramming 

Epigenetic biomarkers and 
quality assessment 

ATAC-seq / 
ChIP-seq 

Analysis of chromatin 
accessibility and histone 
modifications 

Identification of regulatory 
elements and transcriptional 
networks 

Therapeutic target 
discovery and personalized 
regenerative therapies 
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Figure:3 Integrated Multi-Omics and Artificial Intelligence Framework for Precision Regenerative 

Medicine 
 
Stem cells or patient-derived biological samples 
undergo comprehensive multi-omics profiling, 
including genomics, transcriptomics, proteomics, 
metabolomics, and epigenomics, to capture 
complementary molecular information across 
different biological levels. These datasets are 
integrated using advanced bioinformatics and 
artificial intelligence approaches to identify 
biomarkers, characterize signaling networks, 
predict therapeutic responses, and uncover 
mechanisms governing stem cell self-renewal, 
differentiation, and tissue regeneration. This 
systems-level strategy supports patient 
stratification, personalized regenerative therapies, 
therapeutic target discovery, and accelerated 
clinical translation, providing a foundation for 
precision regenerative medicine across diverse 
healthcare settings. 
 
5. Genetic Engineering and Advanced 
Biotechnology 
The development of stem cell therapy is being 
propelled forward by recent technological 
advances in genetic engineering and 

biotechnology. The ability to precisely control 
cellular activity using genome editing, synthetic 
biology, organoid culture, and tissue engineering 
has improved disease modeling, drug 
development, and individualized therapies 
(Hussen et al., 2024). As a result, the move from 
stem cell therapy to clinical applications has 
improved, further facilitating the development of 
precision regenerative medicine. 
 
5.1 CRISPR-Cas Systems 
CRISPR-Cas systems have transformed genome 
editing by providing the potential for more 
specific, precise, and affordable gene 
manipulation than previous gene editing 
technology. These systems utilize a guide RNA to 
direct a CRISPR-associated (Cas) nuclease to 
specific DNA targets, where it causes a cut. This 
cut facilitates the deletion or insertion of genetic 
material, which in turn facilitates gene correction 
or silencing. CRISPR-Cas is utilized in stem cell 
research to correct genetic mutations associated 
with disease; study genes; model the human 
disease; and create patient-specific, tailored 
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treatments for the cells. When used in 
conjunction with induced pluripotent stem cells 
(iPSCs), CRISPR-Cas technologies can enhance 
the practice of personalized regenerative medicine 
by enabling more precise gene correction and 
decreasing off-target effects to improve the safety 
of the therapeutic agent (Liu et al., 2022; Wang & 
Doudna, 2023). 
 
5.2 Base Editing 
Base editing is another genome editing technology 
that allows for the precise editing of individual 
DNA bases without producing a double-strand 
DNA break, as was required for CRISPR-Cas 
systems. Base editing enables high-fidelity editing 
while lowering DNA damage and off-target 
modifications compared with CRISPR-Cas-based 
methods. It can be used to correct single-
nucleotide variants linked to genetic diseases. Base 
editing is a promising tool in regenerative 
medicine for safer and more precise therapy 
(Aliciaslan et al., 2026). 
 
5.3 Prime Editing 
Prime editing is another gene editing tool that 
does not require DNA donor template or cause 
double-strand DNA break. This system uses Cas9 
nickase fused with reverse transcriptase and a 
pegRNA (prime editing guide RNA) that directs 
Cas9 to make the nicks and prime the template for 
the reverse transcription of new DNA into the 
target genome. Prime editing is a highly precise 
and flexible genome editing approach. Prime 
editing can be used to correct pathogenic 
mutations, study gene function, and design safer 
stem cell therapies (Zhao et al., 2023).  
 
5.4 Gene Therapy 
Gene therapy is a therapeutic approach aimed at 
addressing genetic or acquired diseases by the 
introduction, deletion, or modification of genetic 
material. Stem cells, which are able to self-renew, 
can be differentiated into the specific cell type 
required, and hence, make them a desirable 
platform for gene delivery. Gene therapy in 
combination with stem cell therapy has been 
applied to diseases affecting inherited blood 
diseases, immune diseases, metabolic disorders, 

neurodegenerative disease, and many others. This 
integration helps to further the field of 
personalized regenerative medicine (Cring & 
Sheffield, 2022). 
 
5.5 Synthetic Biology 
Synthetic biology is a multidisciplinary area of 
science that draws on the engineering principle to 
design, create, and construct biologically 
engineered systems that have predictable 
functions and are not present in nature. Through 
genetic circuit, regulatory circuit, and 
programmable genetic switches, stem cells can be 
modified to self-multiply, differentiate, or secrete 
therapeutics in response to certain biological 
events. As a result of the advances in this field, 
researchers have developed a better and more 
precise approach to cellular therapy and smart 
therapeutics of the future (Kortemme, 2024). 
 
5.6 Organoids 
Organoids are 3D tissue cultures generated from 
stem cells that resemble the structure and 
functionality of real organs. The organoid models 
have great utility to study human development, 
disease, and drug response. Patient-derived 
organoids can be applied in patient-specific disease 
modeling and drug testing, serving as a useful tool 
for translational research and precision medicine 
(Zhao et al., 2022). 
 
 
5.7 3D Bioprinting 
3D bioprinting represents a cutting-edge approach 
to regenerative medicine that utilizes 3D bioinks 
made of stem cells, biomaterials, and bioactive 
molecules to produce 3D structures of tissues 
(Loukelis et al., 2024). This method provides an 
accurate copy of a tissue structure for the purpose 
of tissue repair and regeneration, organ 
replacement, disease modeling, and patient-
specific regenerative medicine (Tang et al., 2022). 
 
5.8 Tissue Engineering 
Tissue engineering is a multidisciplinary field that 
combines stem cells, biomaterials scaffolds, and 
bioactive molecules in order to restore, replace, 
and/or regenerate damaged or dysfunctional 
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tissues. Biomaterial scaffolds are used to recreate 
the native ECM environment of the tissue of 
interest in order to induce attachment, 
proliferation, differentiation, and functionality of 
the seeded cells after transplantation. 
Biomaterials, scaffolds and bioprinting 

approaches have been used for bone, cartilage, 
skeletal muscles, neural tissues and epithelial 
tissues, making the field of tissue engineering one 
of the most promising areas of regenerative 
medicine (Zhao et al., 2021). 

 
Table 9. Emerging Technologies and Their Applications in Stem Cell Research and Precision Regenerative 
Medicine 

Technology Primary Function Stem Cell Application Clinical Significance 

CRISPR-Cas Genome editing 
Gene correction, 
disease modeling 

Precision 
regenerative 
medicine 

Base Editing Single-base correction 
Monogenic disease 
repair 

High-precision gene 
therapy 

Prime Editing Precise genome modification Mutation correction 
Safer personalized 
therapies 

Gene Therapy 
Gene 
replacement/modification 

Stem cell-based gene 
delivery 

Treatment of 
inherited diseases 

Synthetic Biology 
Programmable cell 
engineering 

Controlled 
differentiation 

Smart regenerative 
therapeutics 

Organoids 3D tissue models 
Disease modeling, drug 
screening 

Personalized 
medicine 

3D Bioprinting Fabrication of living tissues Tissue reconstruction Organ regeneration 

Tissue Engineering Stem cells + scaffolds Functional tissue repair 
Clinical tissue 
replacement 

6. Stem Cells and Precision Medicine 
The combination of stem cells, multi-omics, and 
genome engineering has led to advancements in 
the field of precision medicine in regenerative 
therapy, and to the development of patient-specific 
treatments. Nowadays, the clinical applications of 
stem cells in regenerative therapy for tissue repair 
and replacement have extended to patient-specific 
precision medicine by incorporating genomic 
information, molecular biomarkers, and clinical 
parameters into the treatment protocols for better 
personalized treatment outcomes (Azim et al., 
2026). While stem cell approaches are utilized for 
disease modeling and regenerative therapeutic 
approaches, multi-omics is integrated as the basis 
for precision medicine to better characterize 
patients, diagnose disease states, and inform 
clinical treatment decision. These advances enable 
stem cell and precision medicine approaches to 
move the field of regenerative medicine toward a 

more personalized approach to patient care (Luce 
& Jean-Charles, 2025). 
 
6.1 Personalized Cell Therapy 
Personalized cell therapy is an emerging field in 
regenerative medicine where stem cells from a 
patient are used to repair or replace the specific 
cells in the patient that are either not functioning 
properly or have been damaged. With the 
development of induced pluripotent stem cells 
(iPSCs), genome engineering approaches, and 
tissue engineering approaches, individual patients 
can now receive genetically matched personalized 
cell therapy that minimizes the possibility of 
immune system rejection of donor cells and tissue 
replacement. Stem cell-based cell therapies have 
been applied in treating genetic conditions, 
cardiovascular disease, and neurological disease, 
and have potential in treating musculoskeletal 
tissue injury and degenerative disease to promote 
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regeneration and personalized treatment 
outcomes (Clavellina et al., 2023). 
 
6.2 Precision Diagnostics 
Precision diagnostics combines the application of 
stem cell models and disease modeling in 
regenerative medicine approaches with multi-
omics techniques in order to detect and better 
characterize various diseases. The identification of 
patient-specific molecular and cellular disease 
mechanisms allows for the detection of a disease 
in patients before symptoms develop. Patient-
specific stem cell models can help better 
characterize disease mechanisms to aid in the early 
diagnosis and treatment, as well as guide 
personalized clinical decisions (Lopes et al., 2025). 
 
6.3 Pharmacogenomics 
Pharmacogenomics is the analysis of how genetic 
variations affect an individual's response to a drug 
or therapy. With the development of stem cell-
based disease modeling, pharmacogenomic studies 
can be used to assess drug efficacy, drug safety, and 
personalized pharmacological dose for each 
individual patient, enabling personalized drug 
treatment with minimized side effects, and 
optimized pharmacological treatments for 
regenerative medicine therapy (Palasantzas et al., 
2023). 
 
6.4 Biomarker Discovery 
The combination of stem cell disease modeling 
approaches with genomics, transcriptomics, 
proteomics, and metabolomics can help identify 
and validate biomarkers of tissue regeneration, 
disease progression, and drug response to assist in 
patient stratification, treatment monitoring, and 
to predict disease outcomes, leading to 

personalized and precision regenerative medicine 
(Subhan). 
6.5 Patient-Specific iPSC Models 
Patient-specific iPSC models are the gold standard 
in precision medicine since they allow for the 
maintenance of the patient's genetic background 
together with the cells' pluripotent capacity. In 
addition, patient-specific iPSC models can be 
applied in disease modeling, drug screening, 
genome editing, and toxicity testing prior to 
clinical use. Therefore, patient-specific iPSC 
models enable precision of treatment with a lower 
dependence on traditional animal models and 
immortalized cell lines (Aboul-Soud et al., 2021). 
 
6.6 Digital Medicine and Artificial Intelligence 
Digital medicine and artificial intelligence (AI) are 
also applied in the broader framework of precision 
regenerative medicine to increase the possibilities 
for disease management. AI tools can integrate, 
process, and mine clinical data, images and multi-
omics data for the identification of disease 
signatures and biomarkers, prediction of stem cell 
fate, and selection of personalized treatments. 
These tools have the potential to improve clinical 
decision-making, refine patient stratification and 
prognoses, and hasten the clinical translation of 
stem cell therapies (Silva-Sousa et al., 2025). 
Overall, stem cell technologies, multi-omics, 
genome editing, and digital medicine have 
changed the face of precision medicine as they 
enable more personalized approaches for 
diagnosis, treatment, and management of diseases. 
We anticipate that the continued developments 
and applications in the stem cell field, multi-
omics, genome engineering, and digital medicine 
will lead to better patient outcomes, less 
complications, and better patient access to 
precision regenerative medicine across the globe.
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Figure 4. Stem cells anchor the field of precision regenerative medicine conjunction with multi-omics 
technologies (genomics, transcriptomics, proteomics, metabolomics, and epigenomics), scientists can 
interrogate patient stem cells, including iPSCs, MSCs, and ESCs. Combining these data can facilitate 
improved diagnostics, streamlined CRISPR editing of genes, and the use of AI-driven digital medicine to 
detect new biomarkers, disease modeling, patient stratification, and treatment decision making. Together, 
these tools empower development of patient-specific cell therapies that can enhance therapy outcomes, reduce 
toxicity, facilitate biomarker discovery, and maximize clinical outcomes. 
 
7. Clinical Applications of Stem Cells in 
Precision Regenerative Medicine 
Progress in stem cell research, multi-omics 
technologies, and genetic engineering have 
allowed for the expansion of the regenerative 
medical possibilities of the use of stem cells in the 
treatment of patients. Stem cell–based therapies 
could be used to repair or replace damaged tissue, 
to regulate immune responses, and to restore 

function of damaged organs. Stem cell therapy, if 
applied together with the precision medicine 
approach, can allow the stem cell–based therapy to 
be personalized to each individual patient based 
on the individual's molecular and clinical features, 
which would lead to an increased therapeutic 
efficacy and safety. 
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7.1 Cancer 
Stem cell–based therapies are also increasingly 
utilized for cancer research and in precision 
oncology. For example, patient-derived tumor 
organoids, engineered immune cells, and iPSC-
derived cancer cell lines allow the investigation of 
tumor biology, testing of drug response and the 
identification of therapeutic targets. 
Hematopoietic stem cell transplantation is the 
current standard treatment for a number of 
hematological malignancies, while multi-omics 
and genomic profiling are employed in treatment 
selection and prognosis (El-Tanani et al., 2025). 
 
7.2 Neurological Disorders 
Stem cell–based therapies are currently being 
evaluated for neurological disorders such as 
Parkinson's disease, Alzheimer's disease, 
amyotrophic lateral sclerosis (ALS), and spinal 
cord injury. Neural stem cells, mesenchymal stem 
cells (MSCs), and neurons derived from iPSCs 
could be used to replace injured tissue, diminish 
neuroinflammation, and promote the recovery of 
neurological functions. Furthermore, stem cell-
derived models could be applied in disease 
modeling and the testing of personalized 
treatments (Rahimi Darehbagh et al., 2024). 
 
7.3 Cardiovascular Disease 
Cardiovascular diseases remain one of the leading 
causes of morbidity and mortality globally, and the 
regenerative therapy of the heart is thus of 
particular interest in stem cell research. Studies are 
currently exploring how well mesenchymal stem 
cells, cardiac progenitor cells, and induced 
pluripotent stem cell-derived cardiomyocytes can 
repair heart tissue, rebuild blood vessels, and 
restore function after a heart attack. Precision 
medicine also helps identify which patients are 
most likely to respond positively to these 
treatments (Bakinowska et al., 2024; Tsai & Sun, 
2024). 
 
7.4 Diabetes 
A major hurdle in diabetes care is the need for 
functional beta cells, which produce insulin. 
Researchers have developed methods using stem 
cells to generate pancreatic beta cells from 

pluripotent stem cells, offering new prospects for 
regeneration. When these cell types are coupled 
with patient-derived iPSCs and the latest advances 
in genetic engineering, they may help create new 
personalized treatments that better regulate blood 
glucose and reduce the need for long-term insulin 
therapy (Kerper et al., 2022; Wang et al., 2022). 
 
7.5 Musculoskeletal Disorders 
Stem cells have proven useful in treating a wide 
range of musculoskeletal conditions, ranging from 
osteoarthritis to cartilage damage to broken bones 
to tendon diseases to torn muscle fibers. 
Mesenchymal stem cells are useful in these cases 
because they have the ability to differentiate into 
bone, cartilage, and connective tissue, among 
other things. Additionally, the development of 
biomimetic scaffolds using 3D bioprinting and 
tissue engineering is improving tissue regeneration 
and promoting functional recovery (Pal et al., 
2024; Trapana et al., 2024). 
 
7.6 Autoimmune Diseases 
The immunomodulatory properties of 
mesenchymal stem cells have been explored not 
only to treat regenerative diseases but also to treat 
autoimmune diseases like rheumatoid arthritis, 
lupus, and multiple sclerosis. These treatments 
might be helpful in lowering the immune response 
against disease and promoting tissue healing. 
Precision medicine is used to identify patients who 
are most likely to benefit from the therapy(Zeng et 
al., 2022). 
 
7.7 Ophthalmology 
The ease of access to this organ combined with its 
partial immune privilege make the eye a good 
target for regenerative therapies. Stem cell-based 
treatments for eye diseases like degenerative 
retinal disease, macular degeneration, corneal 
damage, and certain genetic eye conditions are 
currently being tested. Furthermore, stem cell 
disease models created from a patient's own cells 
could be utilized for disease modeling and 
personalized therapy (Ajgaonkar et al., 2023). 
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7.8 Rare Genetic Disorders 
Single gene disorders lend themselves well to 
regenerative medicine. Patient-derived iPSCs and 
genome editing have been used by scientists to 
investigate rare disease pathogenesis, to test 
potential drug compounds, and to develop 
individualized therapies. Significant progress has 
been made in treating sickle cell disease, beta 
thalassemia, Duchenne muscular dystrophy, and 
certain metabolic diseases. These medical 
applications demonstrate the breadth of 

regenerative medicine and its efficacy against a 
variety of conditions. By integrating multi-omics 
technologies and genome engineering into 
regenerative medicine strategies, clinicians and 
researchers may be able to provide more precise, 
safe, and effective treatment options for patients. 
Ongoing developments in both pre-clinical and 
clinical translational research will hopefully speed 
up the incorporation of stem cell-based precision 
medicine into clinical practice (Parvatam et al., 
2025; Sun et al., 2017). 

 
Table 10. Clinical Applications of Stem Cells in Precision Regenerative Medicine 

Disease Area Stem Cell Type(s) Primary Therapeutic Goal 
Precision Medicine 
Contribution 

Cancer HSCs, iPSCs, organoids 
Hematopoietic restoration, 
drug screening 

Precision oncology and 
biomarker-guided therapy 

Neurological 
Disorders 

Neural stem cells, MSCs, 
iPSC-derived neurons 

Neural repair and 
neuroprotection 

Patient-specific disease 
modeling 

Cardiovascular 
Disease 

MSCs, cardiac progenitor 
cells, iPSC-cardiomyocytes 

Cardiac regeneration and 
angiogenesis 

Individualized treatment 
optimization 

Diabetes ESC/iPSC-derived β-cells 
Restoration of insulin 
production 

Personalized regenerative 
therapy 

Musculoskeletal 
Disorders 

MSCs 
Bone, cartilage, tendon, 
and muscle repair 

Tissue engineering and 
biomaterial integration 

Autoimmune 
Diseases 

MSCs 
Immunomodulation and 
tissue repair 

Precision immunotherapy 

Ophthalmology 
ESC/iPSC-derived retinal 
cells 

Retinal and corneal 
regeneration 

Personalized ocular 
therapeutics 

Rare Genetic 
Disorders 

Patient-derived iPSCs 
Gene correction and 
disease modeling 

Genome editing and 
individualized therapy 

 
8. Immunology of Stem Cell Therapy 
The efficacy of stem cell-based regenerative 
therapies relies on not only regenerative potential 
but also immune-mediated interactions. Stem cells 
cross-talk with innate and adaptive immune cells 
and modulate immune responses, inflammation, 
tissue repair, and immune tolerance. These stem 
cell–immune interactions are key to optimizing 
engraftment, preventing rejection, and achieving 
therapeutic outcomes in precision regenerative 
medicine (Li et al., 2021). 
 
8.1 Stem Cell–Immune Interactions 
Stem cells interact with innate and adaptive 
immune cells including macrophages, dendritic 

cells, NK cells, T cells, and B cells, and with 
immune mediators to modulate inflammation, 
tissue repair, and regeneration. The immune-
mediated inflammatory profile is an important 
regulator of stem cell efficacy in regenerative 
medicine (Sadeghi et al., 2025). 
 
8.2 Immunomodulation 
Immunomodulation is a key mechanism by which 
stem cells exert therapeutic effects, mediated by 
the secretion of cytokines, chemokines, growth 
factors, and extracellular vesicles to regulate 
inflammation, repair tissue, and restore immune 
homeostasis. Immunomodulatory effects of stem 
cells are increasingly recognized as a promising 
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therapeutic strategy to treat inflammatory, 
autoimmune, and degenerative conditions and 
reinforce the application of stem cells in precision 
regenerative medicine (Li et al., 2023). 
 
8.3 MSC Immunobiology 
Mesenchymal stem cells (MSCs) are the most 
investigated population of cells for immune 
regulation in regenerative medicine. MSCs inhibit 
T- and B-cell responses, impair dendritic cell 
differentiation, and alter the polarization of 
macrophages. Low expression of class II MHC and 
costimulatory molecules reduces their 
immunogenicity, making MSCs suitable for 
clinical translation for allogeneic administration 
and treatment of inflammatory and autoimmune 
diseases (Maldonado et al., 2023). 
8.4 Immune Rejection 
While stem cells can be powerful tools for 
regenerative medicine, immune rejection remains 
a major hurdle in clinical translation. Immune 
recognition of the transplant can cause graft 
rejection, resulting in impaired graft survival and 
loss of therapeutic efficacy. Current strategies to 
reduce immunogenicity include HLA matching, 
immunomodulation, genome editing, and patient-
specific iPSCs (Dhaiban et al., 2025). 
 

8.5 Inflammatory Microenvironment 
The inflammatory microenvironment is critical for 
stem cell therapy and is a key factor determining 
cell viability, cell homing, cell differentiation, and 
tissue integration. Although controlled 
inflammation promotes regeneration, chronic 
inflammation is deleterious and prevents cell 
survival and regeneration. Ongoing development 
of biomaterials, immunomodulatory agents, and 
tissue engineering strategies that modulate the 
inflammatory microenvironment is expected to 
facilitate more effective cell therapy in regenerative 
medicine (Chen et al., 2026). 
Immunomodulation by stem cells is essential for 
the clinical efficacy of cell therapy and represents 
a crucial component of regenerative medicine. 
Harnessing an interdisciplinary approach that 
combines stem cell science with immunology, 
omics technologies, and precision medicine can 
enable the generation of immune-compatible stem 
cell derivatives and improved regenerative 
outcomes, advancing the future of regenerative 
medicine. The study of immune interactions 
between stem cells and host tissues is essential to 
the future clinical success of stem cell–based 
regenerative approaches, including overcoming 
barriers to effective immunomodulation and 
transplant. 
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Figure 5. Immunomodulatory mechanisms of mesenchymal stem cells (MSCs) in precision regenerative 
medicine. MSCs regulate both innate and adaptive immune response by suppression of T and B cells, 
inhibition of DC maturation, inhibition of NK cell cytotoxic activity, and regulation of macrophage 
phenotype from the pro-inflammatory M1 to anti-inflammatory M2. These regulatory mechanisms reduce 
inflammation, repair tissues, facilitate tolerance of immunity, and lead to the development of the precision 
regenerative medicine. 
 
9. Translational Challenges in Low- and Middle-
Income Countries (LMICs) 
Despite the rapid developments in stem cell 
research, the availability of multi-omics data, and 
the advent of precision medicine, the use of these 
new technologies in daily practice still varies in 
different regions of the world. Low- and middle-
income countries (LMICs) face significant 
scientific, economic and healthcare barriers to 
regenerative medicine. Overcoming these barriers 
will increase access to and benefits of precision 
medicine, especially for stem cell-based therapies, 
around the globe (Ogbogu & Albrecht, 2026). 
 
9.1 Infrastructure 
A well-established research laboratory, Good 
Manufacturing Practice (GMP) facility, hospital 

with advanced clinical care units and genomic 
sequencing capability are important for 
regenerative medicine to become an available 
technology. Limited laboratory infrastructure is a 
common concern in many LMICs, making the 
development, clinical testing and translation of 
stem cell therapies a major challenge. 
Strengthening research infrastructure in LMICs 
and facilitating access to advanced technologies 
will accelerate the progress in this area of 
regenerative medicine (Doxzen et al., 2024). 
 
9.2 Funding 
The conduct of stem cell research and 
implementation of regenerative and precision 
medicine requires continuous funding for basic 
and translational research as well as technology 
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development. However, limited funds for 
research, lack of local funds and dependence on 
foreign funding along with other national health 
priorities are delaying the progress in the research 
and clinical translation of stem cell therapies. In 
order to facilitate the research and 
implementation of stem cell therapies, 
governments and international organizations are 
required to prioritize regenerative medicine 
research, funding and implementation with 
greater collaboration and public–private 
partnership (Moreno et al., 2026). 
 
9.3 Workforce 
The advancement of regenerative medicine will 
depend on a skilled and diverse research 
workforce, including stem cell biologist(s), 
clinicians, bioinformatician(s), engineer(s), 
regulatory and translational specialist(s). There is a 
lack of human resources in the field of stem cell 
sciences in many LMICs and few opportunities for 
advanced training. Efforts to strengthen education 
and training and the creation of capacity will be 
the keys to developing a workforce that will sustain 
regenerative medicine research (Doxzen et al., 
2024). 
 
9.4 Regulatory Frameworks 
Effective regulation is necessary for the safe and 
ethical application of stem cell technologies and 
their translation to clinical use. This includes cell 
and gene manufacturing, clinical trials, the use of 
genome editing and clinical trials using other 
translational technologies. While regulatory 
frameworks are developing, many LMICs do not 
have adequate regulation of regenerative medicine 
practices, making translation to clinical use and 
production difficult. In this regard, harmonized 
regulation and guidelines will enable safe 
innovation while building public confidence 
(Rouce & Grilley, 2025). 
 
9.5 Ethical Issues 
There are several concerns about the ethical, legal 
and social implications of stem cell therapies in 
the areas of genomic data, biobanks, genome 
editing and embryonic stem cell (ESC) research 
and therapy. Different countries have different 

rules and capacities when it comes to ethical 
regulation of these technologies. The 
establishment of appropriate regulations that align 
with international best-practices to ensure good 
practices and build public confidence will require 
greater emphasis in research governance (Marei, 
2025). 
 
9.6 Cell Manufacturing 
To translate stem cell therapies to clinical 
applications, the stem cell products should be 
manufactured under Good Manufacturing 
Practice conditions with consistent quality and 
safety. Access to modern technology and GMP-
certified facilities is limited in many LMICs. 
Increasing regional production will reduce the 
dependence on imported stem cell products and 
will increase the availability and affordability of 
stem cell therapies (Mukherjee, 2025). 
 
9.7 Biobanking 
High-quality samples are key for the advancement 
of precision and regenerative medicine and 
biomarker discovery. However, the establishment 
of biobanks with adequate sustainability and 
governance policies, data management, 
infrastructure and sample viability remains a 
challenge. National and regional biobanks with 
adequate funding and good governance will 
promote the quality of translational research and 
collaboration internationally (Valdés & Lecaros, 
2024). 
 
9.8 Quality Control 
Ensuring safety and efficacy in stem cell 
manufacturing requires rigorous quality control 
measures covering genomic stability, donor 
screening, cell characterization, sterility assurance, 
and product consistency checks. The scarcity of 
quality control resources and lack of quality 
assurance standards in many LMICs can negatively 
affect the quality, efficacy, and safety of stem cell 
products. Implementing international quality 
standards will be helpful in achieving regulatory 
approvals and improving clinical outcomes (Wang 
& Du, 2026). 
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9.9 Cost 
Expensive genomic sequencing, genome editing, 
cell manufacturing, and personalized treatment 
costs are barriers that impede the expansion of 
regenerative medicine in LMICs. Decreasing costs 
for regenerative medicine by means of technology, 
localization of the production, and the production 
scale will be crucial for affordability and long-term 
success of precision regenerative medicine 
(Yamada et al., 2021). 
 
9.10 Access to Precision Medicine 
Limited access to precision medicine in LMICs 
has been noted because of insufficient 
reimbursement for genomic and regenerative 
technologies, the lack of trained professionals, as 
well as a dearth in genomics laboratories and 
molecular diagnostics infrastructure. Increasing 
the capacity for precision diagnostics, digital 
health, and genomic medicine will be essential in 
improving availability of new regenerative 
medicine interventions (Turner et al., 2025). 
 
9.11 Health Equity 
The achievement of health equity is the 
foundation of implementing precision 
regenerative medicine. Geographic and 
socioeconomic inequities and variations in access 

to health care remain impediments to the 
availability of stem cells and molecular diagnostics 
for many underserved populations. Efforts to 
reduce disparities, in the areas of access to 
affordability, technology transfer, sustainable 
funding, and international health initiatives will 
have to be initiated to achieve equity through 
governmental, academic, non-governmental, 
private, and international collaborations. 
To address the obstacles confronting LMICs, it 
will take coordinated collaboration from 
governments, the public sector, healthcare and 
research communities, regulatory authorities, and 
the private sector. By investing strategically in 
healthcare and research infrastructure, health 
workforce education and training, regulatory 
infrastructure, local capacity building for stem cell 
production and technology transfer via South–
South and public–private partnerships, and 
international research collaborations, countries 
can accelerate the translation and deployment of 
precision regenerative medicine, which will 
ultimately result in safer and equitable healthcare 
outcomes for all LMICs. Tackling these barriers 
will ensure that new scientific findings lead to 
effective therapies that are widely available and will 
also help to address disparities in regenerative 
healthcare worldwide. 
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Figure 6. Translational challenges and enabling strategies for precision regenerative medicine in low- and 
middle-income countries (LMICs). Precision regenerative medicine in LMICs is impeded by interconnected 
challenges, including lack of infrastructure, funding, personnel, regulations and ethics, lack of stem cell 
manufacturing/biobanking, lack of QC, expenses, limitations on access to precision medicines, and 
inequalities in health. To accelerate translation of stem cell therapies safely, efficiently and with equitable 
access, coordinated investment and implementation of these enabling approaches are essential: improved 
infrastructure, sustainable funding, improved personnel training and recruitment, harmonized regulations 
and ethics, GMP stem cell manufacturing, biobanks, quality control and management, access to precision 
medicines, international collaboration. 
 
10. Opportunities in Low- and Middle-Income 
Countries (LMICs) 
These challenges notwithstanding, LMICs are rich 
opportunities for the further development of 
precision regenerative medicine. The genetic 
heterogeneity of LMIC populations could provide 
the opportunity for identifying disease-specific 
biomarkers and disease progression indicators, 
and discovering novel treatments. Furthermore, 
the size and genetic heterogeneity of these 

populations allow for translational and clinical 
studies that are difficult or impossible to carry out 
in homogenous populations found elsewhere. 
Public-private partnerships, South-South 
collaborations and international research 
collaborations could help to build scientific 
capacity, transfer of technology and resources 
between regions and countries and facilitate their 
exchange. The development of artificial 
intelligence, digital platforms and regional stem 
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cell manufacturing hubs provide opportunities for 
practical, scalable and cost-effective means of 
addressing some of the limitations to access, 
affordability and deployment of stem cell based 
precision regenerative medicine in resource 
constrained settings (Aguilar-Gallardo & Bonora-
Centelles, 2024). 
11. Emerging Technologies 
In the future, precision regenerative medicine will 
undoubtedly be transformed by novel 
technologies, particularly with regard to disease 
modelling, therapeutic development, and clinical 
translation. These include single-cell multi-omics 
and spatial omics technologies, which provide new 
information on cellular diversity, tissue 
architecture, and disease mechanisms; artificial 
intelligence, which facilitates multi-omics 
integration, biomarker discovery, and predictive 
modeling for personalized medicine; digital twins 
and new editing technologies such as CRISPR, 
which improve therapeutic development and 
precision; and cell-free therapeutic modalities, 
such as extracellular vesicles and exosomes, as well 
as organ-on-a-chip technology for more 
physiological modeling of human systems, and for 
drug discovery and therapeutic development (Yiu 
et al., 2025). 
 
12. Knowledge Gaps and Future Directions 
Although major strides have been made in the 
field of precision regenerative medicine, further 
research must be conducted to address some of the 
scientific and translational hurdles before the full 
potential of these approaches can be realized in 
clinical practice. Specifically, the large-scale 
validation in the clinic, standardization of multi-
omics data acquisition and analysis, long-term 
safety and efficacy evaluations, as well as 
biomarker development will need to be furthered. 
This will require an expansion in research 
platforms, biobanks, computational infrastructure 
and bioinformatics expertise, especially in LMICs, 
to further support and facilitate clinical 
implementation. In addition, regulatory and 
governmental standardization and international 
collaborations will need to be prioritized for 
promoting innovation, increasing accessibility and 

global implementation of precision regenerative 
medicine (Dahiya et al., 2025). 
 
13. Conclusion 
The convergence of stem cell sciences and multi-
omics, AI, and bioinformatics with precision 
regenerative medicine could transform modern 
medicine by facilitating more personalized 
approaches to therapy. It may enable us to 
understand disease mechanisms, identify 
predictive biomarkers, develop better patient 
stratification, and maximize therapeutic efficacy 
and safety. 
Despite the fact that the translation of precision 
regenerative medicine poses unique challenges for 
LMICs, LMICs also have certain advantages—such 
as their genetic diversity, large populations, and 
expanding research capabilities. To fully realize the 
potential of precision regenerative medicine in 
LMICs, more efforts need to be made to invest in 
infrastructure, harmonization, capacity building, 
access, and international/regional collaboration. 
We can bridge the gap from molecular to clinical 
translation and ultimately enable a future where 
precision regenerative medicine brings better 
healthcare to all, regardless of where they live in 
the world. 
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