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Abstract—Type 1 diabetes mellitus (T1D) is a chronic autoimmune disorder characterized by the
selective destruction of pancreatic B-cells, leading to absolute insulin deficiency and lifelong
dependence on exogenous insulin therapy. Despite advances in glucose monitoring and insulin
delivery, these approaches fail to restore endogenous f-cell mass or address disease progression.
Consequently, regenerative strategies aimed at preserving, replacing, or regenerating functional
p-cells have emerged as promising therapeutic alternatives. This review comprehensively discusses
current and emerging therapeutic strategies for pancreatic p-cell regeneration in T1D. Key
mechanisms of P-cell regeneration, including B-cell proliferation, neogenesis, transdifferentiation of
non-f cells, and redifferentiation of dedifferentiated B-cells, are explored in detail. Pharmacological
approaches targeting immune modulation, B-cell proliferation, survival, senescence, and incretin
signaling are highlighted, along with advances in targeted drug delivery and combination therapies.
In addition, stem cell-based strategies involving mesenchymal, pluripotent, hematopoietic stem cells,
and stem cell-derived exosomes are examined for their regenerative and immunomodulatory
potential. Gene therapy and gene-editing technologies, including CRISPR/Cas9-based approaches,
are discussed as innovative tools for reprogramming non-f cells, enhancing B-cell survival, and
correcting genetic defects. Finally, the review addresses current challenges and future directions,
emphasizing the need to overcome autoimmune destruction, improve functional maturation, ensure
long-term graft survival, and enhance clinical scalability.

Index Terms—Type 1 diabetes mellitus, f-cell regeneration, Neogenesis, Transdifferentiation,
Redifferentiation, Therapeutic Strategies.

I Introduction

The body's immune system targets and kills pancreatic B cells, resulting in type 1 diabetes, a chronic
disease [1]. The vital internal organ processes of blood glucose control and food digesting are
supplied by the pancreas endocrine and exocrine compartments. Acinar cells produce different
digesting enzymes, and ductal cells carry them to the duodenum, forming the exocrine compartment.
Five different types of hormone-secreting cells make up the endocrine compartment: 3 cells, which
are produced by insulin (Ins), a cells, which are produced by glucagon (Gceg), & cells, which are
produced by somatostatin (Sst), PP cells, which are produced by pancreatic polypeptide (Ppy), and ¢
cells, which are produced by ghrelin (Ghrl) [2]. It performs regulatory functions and monitors
variations in blood glucose. There are two methods to regenerate pancreatic  cells[3]. The first is
preventing B cell loss, which includes preventing apoptosis/necrosis and B cell dedifferentiation.
Endogenous regeneration (which stimulates B cell proliferation, induces transdifferentiation and
transdetermination of other cells to [ cells, reactivates pancreatic endocrine progenitors, and
facilitates differentiation into B cells in vivo) and exogenous supplementation (which promotes stem
cell differentiation into B cells, induces mature cell reprogramming into B cells in vitro, and then
transplants the obtained cells to diabetic patients) are the second strategy for supporting newborn
cells [4-6]. A new strategy for managing insulin insufficiency in diabetes, in addition to traditional
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treatments, is the proliferation of preexisting B-cells [7-8]. The growth and repair of B-cells can aid
in controlling type 1 diabetes . A mechanism controls the renewal of B-cells. Functional B-cell
regeneration depends on an understanding of the diversity and development of B-cell populations
[9-10].

Mechanism of 3 cell regeneration

Neogenesis - -cell neogenesis refers to the process of generating new insulin-producing pancreatic
B-cells. It is considered a promising therapeutic strategy for diabetes mellitus, where B-cell failure
plays a central role [11]. Neogenesis can occur through several mechanisms: the proliferation of
existing B-cells, the differentiation of stem cells, the trans-differentiation of non-f cells, and the
re-differentiation of dedifferentiated B-cells [12]. Stimulating B-cell proliferation is one of the most
direct approaches, where signaling pathways such as AKT, ERK/MAPK, and mTORCI1 regulate cell
cycle proteins to promote expansion of B-cell mass; for example, osteocalcin and inhibition of
microRNA-7a have been shown to enhance proliferation and insulin secretion [13].

Proliferation - The division of preexisting pancreatic B-cells to increase their numbers is referred to
as proliferation of B-cells.Increasing the mass of pancreatic -cells has the potential to restore insulin
production in both type 1 and type 2 diabetes, making it a promising therapeutic path [14]. B-cells
reproduce aggressively in their early years but become mostly inactive as they get older, with
replication rates falling to around 0.1%. Cell cycle machinery, such as cyclin-dependent kinases
(CDKs) and their cyclin partners, which trigger cell division when activated, strictly controls
proliferation [15]. Numerous pharmacological methods for inducing proliferation have been
uncovered via research. Compounds like harmine, for instance, block DYRKI1A, which increases
calcineurin/NFAT signaling and B-cell multiplication. B-cell proliferation has also been linked to
other kinase targets, including glucokinase, adenosine kinase, and salt-inducible kinases (SIKs) [16].
Moreover, growth factors and hormones like prolactin, insulin, GLP-1 receptor agonists, epidermal
growth factor (EGF), and liver-secreted proteins like SerpinB1 have demonstrated the capacity to
stimulate B-cell proliferation [17].

Transdifferentiation - One possible method for p-cell regeneration in diabetes is
transdifferentiation, also known as lineage reprogramming, which is the conversion of one mature
cell type into another [18]. Since they share a developmental origin with B-cells, non-B-cell types
such hepatocytes, biliary cells, gastrointestinal cells, and pancreatic a, d, acinar, and ductal cells are
excellent candidates for reprogramming . Usually, the expression of important transcription factors
like as Pdx1, MafA, Ngn3, NeuroD1, and Pax4 or therapies with small molecules, growth factors
(e.g., EGF, GLP-1, gastrin, TGF-a), and medications like GABA or artemisinins are used to induce
transdifferentiation. Hepatocytes and biliary epithelial cells can be forced toward a B-cell phenotype
by activating Wnt signaling and overexpressing Pdx1 and NeuroD1, while pancreatic a-cells can
become B-cells when Arx is inhibited or Pax4 is overexpressed [19]. Similar to this, Pdx1, MafA,
and Ngn3 can reprogrammed intestinal and gastric cells into B-like cells, however their phenotypes
are frequently unstable and lacking. Efficiency reports range from 10-20% for pancreatic ductal
cells to up to 70% for acinar cells, 30% for gastrointestinal cells, 5-20% for biliary cells, and
10-30% for hepatocytes [20].

Re-Differentiation - It is possible to redifferentiate dedifferentiated human B-cell-derived (BCD)
cells in vitro by focusing on the signaling pathways that cause them to lose their identity [21]. The
use of shRNAs to inhibit important mediators of the NOTCH, WNT, TGFp, and ZEBI pathways
resulted in a mesenchymal-to-epithelial transition (MET), reactivation of B-cell gene expression, and
cell growth halt. The re-establishment of B-cell identity is supported by the downregulation of AKT
and MYC, activation of FOXO1, microRNAs like miR-200c and miR-375, and cell cycle inhibitors
(p21, p27, and p57) that were present during this process [22]. A soluble factor mixture known as
the Redifferentiation Cocktail (RC), which included high glucose, nicotinamide, activin A, and
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exendin-4, further accelerated redifferentiation by promoting insulin gene expression and
glucose-responsive insulin secretion. The insulin content of these cells remained around 10% of that
of normal B-cells, even though up to 60% of cells could be made to redifferentiate [23]. Crucially, in
diabetic mice, these redifferentiated cells were able to reverse hyperglycemia, indicating potential
for treatment. Inhibition of ARX further improved the efficiency of insulin-producing cell formation.
Additionally, some dedifferentiated cells activated progenitor-like transcription factors (e.g., SOX9,
NGN3, FOXA2, PAX4, ARX), indicating a transitory progenitor state during redifferentiation [24].

Figure 1
Therapeutic strategy

1. Pharmacological approach
Table 1

2. Stem cell approach

The ability of stem cells to self-renew and differentiate into various cell types is one of their unique
characteristics. Various stem cells have the ability to enhance insulin sensitivity, decrease
inflammation, enhance endothelial functions, and raise pancreatic B-cell activity. Different stem cell
involved in [ cell regeneration in type 1 diabetes [34].

Mesenchymal stem cells (MSCs)- mesenchyme stem \ stromal cells (MSCs) have shown great
promise in [ cell regeneration in diabetes because of their special blend of immunomodulatory,
paracrine, and differentiational characteristics [35]. Although their efficiency is usually lower than
that of native B-cells, MSCs, which can be derived from bone marrow, adipose tissue, and umbilical
cord, can differentiate into cells that produce insulin under certain culture conditions and express
important pancreatic transcription factors like Pdx1, Ngn3, and MafA [36]. In addition to direct
differentiation, MSCs have strong paracrine effects through the release of growth factors, cytokines,
and exosomes, such as VEGF, HGF, IGF-1, and miRNAs, which promote vascularization of the
islets and improve B-cell survival, proliferation, and insulin secretion. By inhibiting T-cell, B-cell,
and NK-cell activity and encouraging anti-inflammatory macrophage polarization, MSCs regulate
immunological responses in the setting of autoimmune diabetes, shielding pB-cells from
immune-mediated death [37-38]. Furthermore, MSCs have the ability to promote the growth of
pre-existing endogenous B-cells, which aids in the restoration of B-cell mass. Both differentiation
and paracrine pathways are responsible for the effects of MSC transplantation, which have been
shown in preclinical investigations in diabetic animal models to improve blood glucose control,
increase B-cell mass, and enhance insulin secretion [39]. Although there are still issues with
standardizing MSC sources, optimizing dosage, guaranteeing long-term engraftment, and reducing
potential risks like immune rejection or tumorigenicity, early-phase clinical trials have similarly
reported improvements in C-peptide levels, decreased insulin requirements, and overall safety [40].
MSCs are a strong contender for new diabetes treatments because, when used together, they enhance
B-cell regeneration mainly by establishing a regenerative milieu that encourages the survival,
proliferation, and functional recovery of B-cells rather than completely replacing them [41].
Pluripotent stem cells -A possible method for restoring B-cell mass in Type 1 Diabetes (T1DM) is
the differentiation of pluripotent stem cells, such as embryonic stem cells (ESCs) and induced
pluripotent stem cells (iPSCs), into insulin-producing B-like cells [42]. These cells can successfully
replace missing B-cells by secreting insulin that is sensitive to glucose [43]. Transplanting
ESC-derived P-cells has been shown in recent clinical developments, such as Vertex
Pharmaceuticals’ VX-880, to restore endogenous insulin production, as indicated by measurable
C-peptide levels [44]. In certain cases, this can allow patients to reduce or stop using exogenous
insulin. Early research on autologous iPSC-derived islet transplantation has also demonstrated
long-term insulin independence, underscoring the promise of customized cell treatment [45].
Encapsulation techniques have been investigated to enhance graft longevity and function by
shielding transplanted cells from immune-mediated destruction. Even with these developments, there
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are still obstacles to overcome, such as getting B-like cells to fully mature functionally, avoiding
immunological rejection, guaranteeing long-term survival, and increasing production for clinical use
[46]. All things considered, pluripotent stem cell-derived B-cells offer a viable path toward B-cell
regeneration in type 1 diabetes, with continued research aimed at maximizing durability, safety, and
efficacy [47].

Hematopoietic stem cells (HSCs)- The potential therapeutic use of hematopoietic stem cells
(HSCs) for B-cell regeneration has been studied, especially in autoimmune diabetes (Type 1
Diabetes, T1D). The primary purpose of HSCs, which are obtained from bone marrow or peripheral
blood, is to replace blood cell lineages [48]. However, they also have immunomodulatory and
paracrine actions that can support and shield pancreatic B-cells. Autologous HSC transplantation has
been demonstrated to revitalize the immune system, inhibit autoreactive T-cells, and maintain
residual B-cell function in T1D, where autoimmune destruction hinders insulin production [49]. This
can occasionally result in decreased insulin needs or temporary insulin independence. HSC
transplantation enhances glycemic control and promotes B-cell survival by secreting cytokines and
growth factors such IL-10, TGF-B, and VEGF, according to preclinical research in diabetic animal
models[50] . While it is uncommon for HSCs to directly differentiate into B-cells that produce
insulin, their ability to regulate immunological responses and encourage the growth of endogenous
B-cells helps to restore B-cell bulk . There are still issues despite encouraging outcomes, such as
patient response variability, myeloablation hazards, and the requirement for long-term efficacy
studies [51-52]. Thus, the immunological reset and supportive milieu are the main reasons that
HSC-based therapies are valued, and current research is looking into gene editing or combinatory
techniques using mesenchymal stem cells to improve B-cell regeneration [53].

Exosome-based therapy The paracrine actions of stem cells can be used to promote B-cell
regeneration in diabetics without the risks associated with direct cell transplantation. Small
extracellular vesicles called exosomes are secreted by cells such as mesenchymal stem cells (MSCs)
and hematopoietic stem cells (HSCs) [54]. Lipids, proteins, mRNAs, and microRNAs (miRNAs),
which facilitate intercellular communication, are examples of bioactive materials [55]. It has been
shown in preclinical studies that MSC-derived exosomes carry protective miRNAs like miR-21 and
miR-26a as well as crucial transcription factors like Pdx1, MafA, and Nkx6.1, which enhance
glucose-stimulated insulin secretion, raise B-cell survival, and promote proliferation. By decreasing
autoreactive T-cell activity and enhancing regulatory T-cell function, exosomes also alter the
immunological environment, shielding -cells from autoimmune destruction [56-57]. When it comes
to Type 1 Diabetes, this is very crucial. By means of VEGF, HGF, and FGF, exosomal cargo also
promotes angiogenesis, which improves islet vascularization and creates an environment that is
conducive to B-cell regeneration [58]. Customized delivery, the ability to transport therapeutic
chemicals, and a decreased risk of tumor growth or immunological rejection are some advantages of
exosomes over conventional stem cell therapy [59]. However, a number of challenges still exist,
including the need for long-term safety evaluation and scalable production, the need to optimize
dosage and administration techniques, and the variation in exosomes based on the cell source. By
itself or in combination with other regeneration methods, exosome-based therapy offers a versatile
and promising approach to B-cell survival, proliferation, and function [60].

Table 2.

3. Gene Therapy approach

A possible method for rebuilding pancreatic B-cells—which are in charge of manufacturing insulin
and preserving blood glucose homeostasis—is gene therapy. Chronic hyperglycemia is caused by the
destruction or malfunction of B-cells in diabetes, especially type 1 diabetes. Conventional therapies
like islet transplantation or insulin shots only offer short-term or incomplete fixes. However, gene
therapy uses the patient's own body to regenerate or reprogram B-cells in order to restore endogenous
insulin production [65].

Reprogramming Non f cells into B cells
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One of most promising strategies in B-cell regeneration is the Reprogramming of non f cells into
insulin producing B-like cells through gene therapy. The approach utilizes the delivery of specific
transcription factors or signaling molecules capable of altering the gene expression profile of other
pancreatic or hepatic cell types thereby inducing them to acquire- B cell like functionality. The
transcription factors MAFA (v-Maf Avian Musculoaponeurotic Fibrosarcoma Oncogene Homolog
A), NGN3 (Neurogenin 3), and PDX1 (Pancreatic and Duodenal Homeobox 1) are essential to this
reprogramming process. NGN3 controls endocrine cell differentiation, PDX1 is critical for
pancreatic development and -cell identity, and MAFA is involved in insulin transcription and p-cell
maturation [66]. In order to transfer these genetic factors into target cells, such as a-cells (which
typically produce glucagon), ductal cells, acinar cells, and even hepatocytes in the liver because they
share an endodermal origin with pancreatic cells, gene therapy uses viral vectors like
adeno-associated viruses (AAV) or adenoviruses. Interestingly, preclinical research has shown that
adenoviral delivery of PDX1, NGN3, and MAFA into pancreatic exocrine cells in mice effectively
transformed these cells into functional B-like cells that produce insulin. The therapeutic promise of
cellular reprogramming for diabetes management is further demonstrated by the fact that treatments
employing AAV-mediated delivery of PDX1 and MAFA have been demonstrated to restore glycemic
control in diabetic animal models [67].

Promoting B-cell proliferation or survival

Encouraging the growth of already-existing B-cells or improving their survival through gene therapy
is another crucial pathway in B-cell regeneration. Mature B-cells have a limited capacity for
regeneration under normal physiological conditions, but some genes can be targeted to stop
apoptosis or reactivate cell-cycle machinery. It has been demonstrated that the overexpression of
cell-cycle regulators like Cyclin D2, CDK4, and ¢c-MYC increases the mass of B-cells and promotes
their proliferation. In parallel, B-cells can be shielded from oxidative stress, inflammatory cytokines,
and autoimmune destruction by activating pro-survival and anti-apoptotic pathways via genes like
BCL-2, IGF-1, and AKT [68]. Additionally, gene delivery of incretin hormones like GIP (Gastric
Inhibitory Polypeptide) and GLP-1 (Glucagon-Like Peptide-1) can improve metabolic function,
increase insulin secretion, and improve B-cell viability. When combined, these genetic treatments
seek to preserve the long-term function of B-cells in diabetic conditions in addition to restoring their
numbers [69].

Immune modulation for autoimmunity

Encouraging the growth of already-existing B-cells or improving their survival through gene therapy
is another crucial pathway in B-cell regeneration. Under normal physiological conditions, mature
B-cells have a limited capacity for regeneration; however, certain genes can be targeted to stop
apoptosis or reactivate cell-cycle machinery [70]. Overexpression of cell-cycle regulators such as
Cyclin D2, CDK4, and ¢c-MYC has been shown to increase the mass of B-cells and stimulate their
proliferation. Genes such as BCL-2, IGF-1, and AKT can activate pro-survival and anti-apoptotic
pathways, protecting PB-cells from oxidative stress, inflammatory cytokines, and autoimmune
destruction [71]. Furthermore, gene delivery of incretin hormones such as GLP-1 (glucagon-like
peptide-1) and GIP (gastric inhibitory polypeptide) can enhance B-cell viability, boost insulin
secretion, and improve metabolic function. Together, these genetic therapies aim to both restore the
number of B-cells and maintain their long-term function in diabetic conditions [72].

4. Gene editing technology
Advances in gene editing technologies, particularly CRISPR/Cas9 and base editing tools, have
revolutionized the area of f-cell regeneration by providing precise and efficient genetic
modifications [73]. These technologies allow for the correction of monogenic mutations associated
with forms of diabetes caused by anomalies in genes such as INS (Insulin), GCK (Glucokinase), and
HNF1A (Hepatocyte Nuclear Factor 1 Alpha), therefore restoring normal PB-cell function.
Additionally, gene editing can be applied to stem cells, such as induced pluripotent stem cells
(1IPSCs) or embryonic stem cells (ESCs), to introduce transcription factors like PDX1, MAFA, and
NKX6.1, driving their differentiation into mature, insulin-secreting B-like cells suitable for
transplantation [74]. Moreover, CRISPR technology facilitates the improvement of B-cell resilience
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by targeting stress-response pathways or eliminating genes that predispose cells to death or immune
attack. Collectively, these cutting-edge gene editing technologies show significant potential for
producing patient-specific, functionally robust, and immune-compatible B-cells, paving the path for
curative therapy for type 1 diabetes [75].

Future direction and challenge

The development of precision regenerative therapies (e.g., small-molecule drugs that stimulate B-cell
proliferation or neogenesis, or gene-editing approaches to enhance B-cell survival), stem cell-derived
B-cell replacement (using human embryonic or induced-pluripotent stem cells), and bioengineering
platforms (e.g., encapsulation or 3D scaffolds) to deliver and protect new B-cells.However, there are
still significant obstacles to overcome [76]. The autoimmune destruction that underlies T1D must be
addressed in order to prevent the destruction of regenerated or transplanted B-cells, the scalability,
functional maturity, and long-term survival of newly generated B-cells in humans are still uncertain,
donor scarcity or manufacturing limitations persist, and immunoprotection (avoiding lifelong
immunosuppression), vascularization, engraftment, and safety (e.g., risk of dedifferentiation or
tumorigenesis [77]. In short, although the area has progressed from inconceivable to feasible,
coordinated advancements in immunology, stem cell biology, biomaterials, and translational

medicine are necessary to reach a therapeutic therapy that is broadly applicable [78].

Figures and Tables
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Fig.1 Mechanism involved in therapeutic Strategies for B cell regeneration [25]
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Table 1- Pharmacological approach for 3 cell regeneration

Class of drug\ Mechanism of action Example Status References
strategy
Immune Prevents autoimmune Teplizumab (anti-CD3 Teplizumab has been 26
modulation(protect destruction, protects mAB), antigen specific | shown to delay the onset
B-cell ) the surviving B-cells, vaccines (GAD), of T1D and preserve
and opens the window Treg therapies C-peptide in at-risk or
for regeneration. recently diagnosed
persons (FDA-approved
for delay).
DYRKIA Inhibitor Inhibit DYRKIA, Harmine , 5-1T B-cells replicate well in 27
trigger NFAT animal and in vitro
signaling, and promote models; safety and
B-cell proliferation. targeting barriers prevent
human application at this
time.
Protective repurposed | Decrease B-cell stress Verapamil Juvenile RCTs showed 28
agents and apoptosis through that verapamil retained
AMPK activation, C-peptide, while
TXNIP inhibition, and preclinical T1D and T2D
other. showed B-cell protection.
Incretine based Improve the function, GLP-1receptor Extensively utilized in 29
therapy survival, and agonists(Liraglutide, T2D,; preclinical T1D
production of insulin Semaglutide) research show B-cell
by B-cells DPP-4 inhibitors protecting and
(Vildagliptin) regenerative properties;
little clinical evidence
points to a supporting role.
GABA based therapy Potential a—f GABA, GABA+ Mixed effects on 30
reprogramming, GAD-Alum vaccine C-peptide; safe in small
anti-inflammatory, and RCTs; continuing trials
Immunomodulatory
Senolytic Senescence-associated Dasatinib+ Quercetin In preclinical (mouse) 31
\Senomorphics secretory phenotype T1D models, demonstrate
(SASP) suppression improved B-cell activity
and senescent p-cell and decreased
elimination inflammation; human T1D
has not yet been tested.
Target delivery \ Nano | Improved local impact, | Encapsulation systems, Shown in preclinical 32
medicine decreased systemic nanoparticles, and proof-of-concept research;
toxicity, and direct ligand-conjugates (such | no human trials have been
medication delivery to as islet-targeted conducted yet, but it is
islets prodrugs and essential for safe clinical
GLP-1-conjugated translation.
nanoparticles)
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Combination of small
molecule

Synergistic pathway
inhibition for stronger
proliferation

DYRKIA + TGEF-

B\SMAD inhibiter,

DYRKI1A + GLP-
Analogues

Ex vivo research in human 33
islets demonstrates
synergistic proliferation;
in vivo investigations
reveal increased B-cell
mass; translation is
constrained by safety
issues and off-target
consequences.

Fig. 2 — Differentiation Between Stem cell approach for p cell regeneration

Stem cell approach Source Action Preclinical Risk reference
evidence
Pluripotent stem cell | iPSCs & ESCs Produce functioning | Vertex’s VX-880 | immunosuppression, | 61
(ESCs & iPSCs) differentiated into cells that produce trial: restored tumorigenesis
insulinproducing insulin to replace C-peptide, some risk,long-term
cells destroyed B-cells. patients  reduced survival.
or stopped insulin
Mesenchymal stem | Bone marrow | Immunomodulation: | clinical studies: | Variability in | 62
cell ( MSCs) ,adipose, pro-inflammatory |HbAlc, source/dose,
umbicalcord etc cytokines, Tregs, and | 1C-peptide, fewer | heterogeneity,
B-cell protection and | hypoglycemic transient effect

regeneration

events, reduced
insulin needs (esp.
newly diagnosed

Hematopoietic  stem
cell HSCs

Bone marrow Reset
immune  system  to
reduce autoimmune 3

or rebuild

Some trials: | infection risk, | 63
partial remission, | conditioning regimen
reduced insulin | toxicity, limited safety

—cells distruction requirements
Exosome \ Vesicle from | Boost B-cell survival, Preclinical: Not standardized, 64
Extracellular vesicle | MSCs or other | adjust immunology, and improved durability unclear,
based therapies cell increase insulin glucose early research stage

sensitivity

tolerance, insulin
sensitivity, B-cell
protection;
“educated EVs”
induced insulin
& C-peptide
expression
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