International Journal of Innovative Research in Medical Science (IJIRMS)

Volume 09, Issue 11, November 2024,
https://doi.org/10.23958/ijirms/vol09-i11/1992

Review Article

L))

Overcoming Endoplasmic Reticulum Stress 1n iPSC-
Derived Beta Cells: Advancing Therapies for

Diabetes

Amalia Cinthia Meneses do Régo @', Ph.D., Irami Aratjo-Filho ©'2, Ph.D.

'Institute of Teaching, Research, and Innovation, Liga Contra o Cancer - Natal - Brazil; Full Professor of
the Postgraduate Program in Biotechnology at Potiguar University (UnP) - Natal/RN - Brazil.
2Full Professor, Department of Surgery, Potiguar University. Ph.D. in Health Science/ Natal-RN - Brazil.

*Corresponding author: Prof. Dr. Irami Araujo-Filho, MD, Ph.D.; irami. filho@uol.com.br

Received 20 September 2024;

Accepted 26 October 2024;

Published 01 November 2024

Introduction

Diabetes mellitus, a chronic metabolic disorder, is characterized by
the progressive dysfunction and failure of pancreatic beta cells,
leading to impaired glucose regulation. In type 1 diabetes (T1D),
autoimmune destruction of beta cells results in absolute insulin
deficiency, while in type 2 diabetes (T2D), a combination of insulin
resistance and gradual beta cell dysfunction contributes to
hyperglycemia !/,

Current therapies, including insulin replacement, manage
the symptoms but do not address the underlying loss of functional
beta cells. The advent of stem cell-based therapies, particularly
through induced pluripotent stem cells (iPSCs), offers a promising
solution by generating insulin-producing beta cells. However,
despite the potential of iPSCs in treating diabetes, several challenges
remain, with endoplasmic reticulum (ER) stress emerging as a
critical factor in beta cell dysfunction and death 1>,

The ER is essential for protein synthesis, folding, and quality
control, particularly in insulin-producing beta cells, where high
insulin production creates a significant demand on the ER. During
periods of cellular stress such as increased metabolic demand or
exposure to inflammatory cytokines, the ER can become
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overwhelmed, leading to an accumulation of misfolded proteins *-
5

This triggers the unfolded protein response (UPR), which is
designed to restore ER homeostasis. However, when ER stress is
prolonged or excessive, the UPR can lead to apoptosis. In the context
of diabetes, beta cells are highly susceptible to ER stress, which
accelerates their dysfunction and loss, worsening the disease.
Understanding and mitigating ER stress in iPSC-derived beta cells
is therefore crucial for improving the efficacy of stem cell-based
therapies for diabetes ¢!,

iPSCs present an exciting opportunity to generate patient-
specific beta cells, reducing the risk of immune rejection and
providing an abundant source of insulin-producing cells. These cells
are derived from reprogrammed somatic cells and can be
differentiated into various cell types, including pancreatic beta cells.
However, beta cells derived from iPSCs often exhibit functional
immaturity and heightened sensitivity to stress, particularly ER
stress 1571,

This vulnerability limits their therapeutic potential, as they
must be able to endure the demands of insulin production and
metabolic fluctuations in diabetic patients. Addressing ER stress in
iPSC-derived beta cells is therefore a major objective in advancing
the field of diabetes therapy %1,
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The objective of this review is to explore the current
understanding of ER stress in iPSC-derived beta cells and discuss
potential strategies to overcome this challenge, thereby enhancing
the viability and functionality of these cells for therapeutic
applications in diabetes. By examining the molecular mechanisms
of ER stress, potential therapeutic interventions, and innovative
bioengineering approaches, this review aims to highlight key areas
for future research and development ™!,

ER stress is a well-known contributor to beta cell
dysfunction in diabetes. In iPSC-derived beta cells, which are
expected to handle high insulin production, the ER is under
significant strain to fold large amounts of insulin protein. Failure to
properly manage this process can activate apoptotic pathways,
compromising the survival and function of these cells [*1%!.

Although iPSC-derived beta cells have shown promise in
producing insulin, they remain vulnerable to ER stress under
diabetic conditions, mirroring the challenges seen in endogenous
beta cells. Therefore, strategies aimed at reducing or preventing ER
stress are critical to improving the therapeutic success of beta cell
replacement therapies °!l.

One promising approach to managing ER stress involves
modulating the UPR pathways. Under normal conditions, the UPR
works to alleviate ER stress by enhancing protein-folding capacity,
slowing protein translation, and promoting the degradation of
misfolded proteins !'”!. However, prolonged activation of the UPR
can lead to cell death. Finding a balance between promoting cell
survival and maintaining ER function is essential for the success of
iPSC-derived beta cell therapies. By fine-tuning the UPR,
researchers hope to enhance the resilience of these cells to stress
without compromising their insulin-producing capabilities ["'13],

Molecular chaperones, proteins that assist in the folding of
nascent polypeptides and the maintenance of ER function, also offer
a potential solution to ER stress in iPSC-derived beta cells.
Enhancing the activity of these chaperones could improve the cells'
ability to handle the high protein-folding demands of insulin
production, thereby reducing ER stress |'>'*l. Chaperones such as
BiP/GRP78 have been identified as key regulators of the ER stress
response, and their upregulation in stem cell-derived beta cells could
provide a protective mechanism against stress-induced apoptosis ">
15]

In addition to molecular interventions, pharmacological
agents that alleviate ER stress have shown promise in preclinical
studies. Chemical chaperones, such as tauroursodeoxycholic acid
(TUDCA) and 4-phenylbutyrate (4-PBA), have been found to
reduce ER stress and improve beta cell survival '+,

These compounds work by stabilizing protein folding and
reducing stress signals within the ER. Incorporating these agents into
the treatment regimen for iPSC-derived beta cells could enhance
their functionality and increase their longevity post-transplantation,
particularly in the challenging metabolic environments
characteristic of diabetes I">'7],
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Another critical factor in managing ER stress is the
microenvironment where iPSC-derived beta cells are grown.
Traditional 2D culture systems often fail to replicate the complex
architecture and signaling cues in vivo, leading to increased ER
stress 110181,

Advances in 3D culture systems and bioengineered scaffolds
offer more physiologically relevant environments, promoting the
maturation of beta cells and reducing ER stress. By mimicking the
native pancreatic microenvironment, these technologies could
enhance the maturation and function of iPSC-derived beta cells,
making them more robust for clinical applications ['""!,

The role of oxidative stress in conjunction with ER stress is
also an important area of investigation. ER stress is often
accompanied by generating reactive oxygen species (ROS), which
can further damage cells. By targeting both ER and oxidative stress,
researchers can develop combined therapeutic strategies to improve
the survival and function of iPSC-derived beta cells. When used with
ER stress modulators, antioxidants may synergistically protect beta
cells from the dual insults of protein misfolding and oxidative
damage 2],

Genetic engineering techniques, such as CRISPR/Cas9,
offer additional avenues for mitigating ER stress in iPSC-derived
beta cells. By editing genes that regulate ER function and the UPR,
researchers can develop beta cell lines more resistant to stress-
induced apoptosis. This approach enhances the functionality of
iPSC-derived beta cells and increases their resilience in the diabetic
microenvironment. Genetically modified beta cells with enhanced
ER resilience could significantly advance the development of
durable, long-lasting cell-based therapies for diabetes "',

The differentiation protocols that generate beta cells from
iPSCs are also being refined to improve their functionality and stress
tolerance. Current protocols often result in immature beta cells that
lack full glucose responsiveness '/, By optimizing these protocols
and incorporating strategies that enhance ER function, researchers
can produce more robust beta cells capable of handling the demands
of insulin production in vivo. These improvements are crucial for
ensuring the success of stem cell-based therapies in clinical settings
120-22]

Ultimately, the long-term viability of iPSC-derived beta cell
therapies depends on their ability to withstand the metabolic stresses
of the diabetic environment. Transplanted beta cells must survive
and continue functioning effectively, secreting insulin in response to
glucose fluctuations . Enhancing ER resilience, along with
strategies to optimize differentiation and protect against oxidative
stress, will be vital to the success of these therapies 1%,

This review aims to provide a comprehensive overview of
the current understanding of ER stress in iPSC-derived beta cells and
explore potential strategies to overcome this challenge. By
addressing ER stress, researchers can significantly improve the
viability and functionality of these cells, bringing stem cell-based
therapies for diabetes closer to clinical reality.
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Figure 1: This figure illustrates the cellular mechanisms involved in endoplasmic reticulum (ER) stress and its link to mitochondrial
dysfunction, inflammation, and cell death pathways. Aging and a-synuclein accumulation trigger TGFB2, leading to extracellular matrix
(ECM) remodeling, myocilin accumulation, and ER stress. The unfolded protein response (UPR) is activated, engaging key proteins such
as BiP, XBP1s, and ATF4. ER stress induces mitochondrial dysfunction via the activation of caspases and the Bid pathway, leading to
apoptosis. Inflammation is exacerbated by cytokines such as IL-1 and IL-8, with contributions from microglial activation. The
accumulation of LC3-II and impaired autophagy further intensify neurotoxicity and retinal ganglion cell (RGC) death.

Source: Chen X, Shi C, He M, Xiong S, Xia X. Endoplasmic reticulum stress: molecular mechanism and therapeutic targets. Signal Transduct
Target Ther. 2023 Sep 15;8(1):352. doi: 10.1038/s41392-023-01570-w.
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Figure 2: This figure illustrates the cellular and molecular pathways leading to ER stress in pancreatic beta cells, with a focus on
transcriptional dysregulation and autophagy impairment. Key transcription factors (TFs) like PDX1, NKX6.1, and NKX2.2 lose function,
contributing to beta cell identity loss and impaired insulin secretion. The accumulation of unfolded proteins in the ER triggers an ER
stress response mediated by ATF6 and XBP1. This stress is exacerbated by impaired autophagy, leading to amino acid starvation,
lipofuscin body formation, and the accumulation of LAMP1+ vesicles. Persistent ER overload compromises the ER stress response,
contributing to beta cell senescence and dysfunction in protein synthesis, exacerbating metabolic dysregulation in diabetes.

Source: Shrestha S, Erikson G, Lyon J, Spigelman AF, Bautista A, Manning Fox JE et al. Aging compromises human islet beta cell function and
identity by decreasing transcription factor activity and inducing ER stress. Sci Adv. 2022 Oct 7;8(40):eabo3932. doi: 10.1126/sciadv. abo3932.
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Methods

This comprehensive review was conducted to explore the impact of
endoplasmic reticulum (ER) stress in induced pluripotent stem cell
(iPSC)-derived pancreatic beta cells and its implications for diabetes
mellitus therapies. A systematic search of relevant literature was
performed across multiple databases, including PubMed, Scopus,
Embase, Web of Science, SciELO, and Google Scholar, from the
databases' inception to the present. The search strategy was designed
using specific MeSH terms and keywords such as: "Endoplasmic
Reticulum Stress," "Induced Pluripotent Stem Cells," "Pancreatic
Beta Cells," "Unfolded Protein Response," and "Diabetes Mellitus."
Boolean operators (AND, OR) were applied to refine the search
results and optimize the identification of studies that explored
cellular stress mechanisms, therapeutic implications, and strategies
for mitigating ER stress in iPSC-derived beta cells. The review
included a range of study designs, including randomized controlled
trials, cohort studies, case-control studies, cross-sectional analyses,
case series, systematic reviews, meta-analyses, and preclinical
studies that evaluated ER stress and the unfolded protein response
(UPR) in iPSC-derived pancreatic beta cells. These studies focused
on identifying mechanisms by which ER stress affects beta cell
function and insulin secretion, as well as therapeutic approaches to
alleviate this stress in the context of diabetes treatment. The
inclusion criteria were based on relevance to the study's objectives,
emphasizing mechanisms of ER stress, its role in beta cell
dysfunction, and therapeutic strategies for enhancing the resilience
of iPSC-derived beta cells. Two independent reviewers screened
titles and abstracts to ensure the study selection was unbiased and
comprehensive. Any discrepancies between the reviewers were
resolved through discussion or, if needed, by consultation with a
third reviewer. The reviewers were blinded to the study details
during selection to minimize potential biases. Data extraction
followed a standardized process, collecting essential information
such as study design, population characteristics, interventions, and
outcomes relevant to ER stress and its effects on iPSC-derived
pancreatic beta cells. A thematic analysis was employed to
synthesize the findings, organizing results into central themes such
as the molecular pathways involved in ER stress, the activation of
the UPR, the role of autophagy, and the effects of ER stress on beta
cell viability and insulin secretion. The analysis also focused on
therapeutic interventions to reduce ER stress in diabetes, exploring
potential pharmacological and genetic strategies for improving beta
cell function. This review aims to provide a comprehensive
overview of the current understanding of ER stress in iPSC-derived
pancreatic beta cells. It will focus on identifying knowledge gaps
and suggesting future research directions to improve diabetes
therapies.

Results and Discussion

Stem cell-based therapies have revolutionized the potential for
treating diabetes mellitus, mainly through induced pluripotent stem
cells (iPSCs) that generate patient-specific insulin-producing beta
cells. This approach can address type 1 and type 2 diabetes by
replacing or regenerating lost or dysfunctional beta cells. However,
despite this promise, several significant barriers remain 527!,

Among these, endoplasmic reticulum (ER) stress is one of
the most critical challenges that must be addressed to improve the
survival, functionality, and overall therapeutic efficacy of iPSC-
derived beta cells. This comprehensive discussion delves deeper into
the current understanding of ER stress in these cells, explores the
gaps that remain in research, and highlights emerging strategies to
overcome this challenge for clinical applications 228!,

Beta cells are specialized for the high-volume production
and secretion of insulin, a protein that must be properly folded and
processed in the ER to function correctly. Under normal
physiological conditions, the ER ensures the correct folding,
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trafficking, and secretion of insulin and other proteins. However,
under metabolic stress such as chronic hyperglycemia and
inflammation associated with diabetes, the ER becomes
overwhelmed by the demand for insulin production, accumulating
misfolded proteins 7%,

This triggers ER stress and activates the unfolded protein
response (UPR), a signaling network to restore ER homeostasis.
While the UPR can be beneficial in the short term by enhancing
protein folding capacity and reducing protein synthesis, prolonged
activation leads to cell death through apoptosis. This dynamic is
particularly problematic for beta cells derived from iPSCs, which are
often more immature and less capable of handling such stress than
their endogenous counterparts 2531,

One of the critical reasons for the focus on ER stress in
iPSC-derived beta cells is the vulnerability of these cells to the
metabolic conditions they face post-transplantation. Even though
iPSC-derived beta cells can be programmed to produce insulin, they
often lack full maturation, making them highly sensitive to the
environmental stressors of the diabetic milieu, such as elevated
glucose levels and oxidative stress 2311,

Studies have shown that beta cells derived from iPSCs are
prone to ER stress and apoptosis under these conditions, limiting
their potential as a long-term treatment option. This vulnerability
underscores the need to develop strategies that can modulate ER
stress responses and enhance the resilience of these cells in the harsh
metabolic environment of diabetic patients %3],

Researchers have explored several therapeutic strategies to
address ER stress in iPSC-derived beta cells, including modulating
the UPR. The UPR is a complex signaling network comprising three
primary pathways: IRE1, PERK, and ATF6. These pathways reduce
the burden of misfolded proteins by enhancing the ER's capacity for
protein folding, slowing overall protein synthesis, and promoting the
degradation of misfolded proteins %I,

However, if ER stress is not resolved, these pathways initiate
apoptotic signaling, mainly through upregulating pro-apoptotic
factors like CHOP. Therefore, therapeutic strategies that fine-tune
the UPR-activating its protective aspects without triggering cell
death are critical for improving the viability of iPSC-derived beta
cells. Researchers are exploring both pharmacological and genetic
approaches to achieve this delicate balance *2-34I,

Molecular chaperones play a central role in maintaining ER
function by assisting in the proper folding of proteins. Chaperones
such as BiP/GRP78 are integral to the UPR's ability to prevent the
accumulation of misfolded proteins within the ER. Enhancing the
expression or activity of these chaperones has been shown to
mitigate ER stress and improve beta cell survival 33,

In iPSC-derived beta cells, this approach promises to boost
their resilience to the high insulin production demands placed on
them after transplantation. Small molecules or gene-editing
technologies could be employed to upregulate chaperones,
providing a buffer against ER stress and enabling beta cells to
function more effectively in the diabetic environment ¥,
Additionally, increasing chaperone activity may facilitate the
maturation process of iPSC-derived beta cells, making them more
functionally similar to adult beta cells I,

Pharmacological interventions have also been a research
focus to alleviate ER stress in beta cells. Chemical chaperones, such
as tauroursodeoxycholic acid (TUDCA) and 4-phenylbutyrate (4-
PBA), have been shown to stabilize protein folding and reduce ER
stress in various cellular models "I,

These compounds hold significant potential in the context of
stem cell-derived beta cell therapies, as they could protect beta cells
from the metabolic and oxidative stress encountered post-
transplantation “*!. These pharmacological agents in the early stages
after beta cell transplantation could be precious, as this is when the
cells are most vulnerable to environmental stressors. Moreover,
combining chemical chaperones with other therapeutic agents, such
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as antioxidants or anti-inflammatory drugs, may offer a multifaceted
approach to protecting iPSC-derived beta cells and enhancing their
long-term viability 1421,

The culture environment in which iPSC-derived beta cells
are developed is another critical factor in their ability to handle ER
stress. While useful for basic research, traditional two-dimensional
(2D) culture systems do not accurately replicate the pancreatic islet's
complex three-dimensional (3D) architecture or the mechanical and
biochemical cues that beta cells experience in vivo ¥4,

Beta cells grown in 2D culture environments are often
immature and more susceptible to ER stress because they lack the
supportive signals needed for proper development and function.
Recent advances in bioengineering, including creating 3D culture
systems and biomimetic scaffolds, have provided new opportunities
to enhance the maturation and function of iPSC-derived beta cells
1361, By mimicking the 3D microarchitecture of the pancreatic niche,
these systems can reduce ER stress and promote better beta cell
maturation. 3D culture systems may enhance cell-to-cell interactions
and signaling, which is essential for maintaining proper beta cell
function and insulin secretion 6471,

The role of oxidative stress in exacerbating ER stress has
been another area of active investigation. In beta cells, the
accumulation of misfolded proteins in the ER can lead to the
generation of reactive oxygen species (ROS), which causes further
cellular damage. This creates a cycle in which oxidative stress and
ER stress feed into each other, ultimately leading to beta cell
dysfunction and death 31,

Addressing both oxidative and ER stress through combined
therapeutic strategies may offer a more comprehensive solution for
preserving the function of iPSC-derived beta cells. Antioxidant
therapies, combined with interventions aimed at modulating the
UPR and enhancing the chaperone function, could help protect beta
cells from the dual insults of oxidative damage and protein
misfolding 51,

Genome-editing technologies, particularly CRISPR/Cas9,
offer another promising avenue for reducing ER stress in iPSC-
derived beta cells. By selectively targeting genes involved in the
UPR and ER homeostasis, it may be possible to create beta cell lines
more resistant to ER stress-induced apoptosis 1.

This could include knocking out pro-apoptotic genes like
CHOP or upregulating genes that enhance protein folding and
degradation. Genome editing can potentially improve the function
of iPSC-derived beta cells and strengthen their resilience to the
metabolic challenges associated with diabetes *!l. This approach
represents a significant advancement in developing durable, long-
term solutions for diabetes treatment, as it allows for the precise
manipulation of cellular stress pathways %1571,

Another critical challenge that must be addressed is the
functional immaturity of iPSC-derived beta cells. Despite
improvements in differentiation protocols, these cells often lack the
full glucose responsiveness and insulin-secreting capacity of mature
beta cells. Immature beta cells are more prone to ER stress and are
less capable of managing the demands of insulin production in vivo
[53,54]

Optimizing differentiation protocols to produce more mature
and stress-resistant beta cells is essential for enhancing their
therapeutic potential. This could involve fine-tuning growth factors,
signaling molecules, and culture conditions to promote beta cell
maturation and ensure that the cells are better equipped to handle the
metabolic pressures of diabetes **.

The long-term success of iPSC-derived beta cell therapies
also depends on the ability of these cells to maintain their function
in the host environment over time. Transplanted beta cells must
survive and continue to secrete insulin in response to fluctuations in
blood glucose levels 1522,

Enhancing the ER resilience of these cells will be a crucial
component of ensuring their long-term viability. However, ER stress
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is not the only challenge transplanted beta cells face. Immune
rejection, inflammatory damage, and metabolic overload are also
significant threats to the survival and function of beta cells in the
diabetic milieu %%,

Future therapeutic strategies must integrate multiple
approaches, including immune modulation, metabolic support, and
ER stress reduction, to create a supportive environment for beta cell
survival. Encapsulation technologies, for example, may provide a
physical barrier that protects beta cells from immune attack while
allowing for the exchange of nutrients and insulin ¥/,

The future of iPSC-derived beta cell therapies lies in
integrating these various strategies. Pharmacological agents, genetic
modifications, bioengineering techniques, and advanced culture
systems must be combined to create a comprehensive approach to
overcoming ER stress and improving beta cell viability *5%!,

Importantly, future research must continue to investigate the
molecular mechanisms that underlie ER stress in beta cells, as these
pathways may reveal new therapeutic targets. By addressing ER
stress's root causes and enhancing iPSC-derived beta cells'
resilience, researchers can bring stem cell-based therapies closer to
clinical reality %!,

ER stress is one of the most pressing challenges in
developing iPSC-derived beta cell therapies for diabetes. While
significant progress has been made in understanding the molecular
pathways involved in ER stress and identifying potential therapeutic
interventions, many gaps remain 1326,

The ability to modulate the UPR, enhance molecular
chaperone activity, and optimize the culture and transplantation
environment will be vital to improving the viability and function of
iPSC-derived beta cells P!, As research in this field continues to
evolve, there is great potential for stem cell-based therapies to
revolutionize diabetes treatment, offering hope for millions of
individuals worldwide. By integrating pharmacological, genetic, and
bioengineering approaches, researchers can overcome the
challenges posed by ER stress and unlock the full potential of iPSC-
derived beta cell therapies 161,

Impact of the Inflammatory Microenvironment on ER Stress

A critical aspect often underexplored in the discussion of ER stress
is the inflammatory microenvironment that exists in individuals with
diabetes, especially in T1D. Chronic inflammation, characterized by
elevated levels of pro-inflammatory cytokines such as TNF-a, IL-
1B, and IFN-y, can exacerbate ER stress in beta cells #3611,

These cytokines directly disrupt ER homeostasis,
accumulating misfolded proteins, worsening ER stress, and
accelerating apoptosis. Understanding the impact of inflammation
on iPSC-derived beta cells is crucial, as the diabetic environment is
inherently  inflammatory.  Anti-inflammatory  interventions,
combined with strategies to mitigate ER stress, could significantly
improve the success of beta cell transplantation. Targeting pathways
like NF-kB, activated by inflammatory cytokines and contributing
to ER stress, offer a promising approach to protect transplanted cells
from inflammatory damage 367!,

Autophagy and Its Role in Regulating ER Stress

Autophagy, the process by which cells degrade damaged organelles
and misfolded proteins, is closely linked to the regulation of ER
stress. When the UPR is unable to resolve ER stress, autophagy can
be activated to help clear misfolded proteins and restore cellular
homeostasis. However, if autophagy is impaired, the accumulation
of damaged proteins in the ER can exacerbate ER stress 15!,

In the context of iPSC-derived beta cells, enhancing
autophagic pathways may offer a therapeutic strategy to mitigate ER
stress and protect cells from apoptosis. Studies suggest that
stimulating autophagy in beta cells can reduce ER stress and
improve cell survival, making autophagy modulation a promising
adjunct to therapies targeting the UPR (66681,
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Engineering Cells for Enhanced Resistance to ER Stress
Another promising approach involves the genetic engineering of
iPSC-derived beta cells to enhance their resistance to ER stress.
Using technologies like CRISPR/Cas9, researchers can edit genes
involved in the UPR and ER stress pathways to create more resilient
cells under conditions of metabolic stress *7%,

For instance, downregulating pro-apoptotic factors like
CHOP or upregulating protective chaperones like BiP/GRP78 could
significantly improve the survival of beta cells. Researchers are
exploring the potential of expressing ER stress-resistant variants of
insulin or other proteins that beta cells produce, which could reduce
the burden on the ER and mitigate stress. Genetic engineering
promises to create a new generation of beta cells that are more
durable and capable of withstanding the challenges posed by the
diabetic microenvironment [7>74,

Pharmacological Approaches to Alleviate ER Stress
Pharmacological interventions targeting ER stress have also shown
significant ~ potential. =~ Chemical  chaperones such as
tauroursodeoxycholic acid (TUDCA) and 4-phenylbutyrate (4-PBA)
have been extensively studied for their ability to improve protein
folding and reduce ER stress |/,

These compounds stabilize protein folding and lessen the
activation of UPR signaling pathways. Their application in iPSC-
derived beta cells could enhance the resilience of these cells,
particularly in the early stages post-transplantation when the cells
are most vulnerable to stress [*°!.

In addition to chemical chaperones, researchers are
investigating small molecule inhibitors of specific UPR pathways
(such as IREla or PERK) that may selectively modulate the stress
response without triggering apoptosis. Combining pharmacological
agents with other strategies, such as antioxidant therapies, could
provide a multi-pronged approach to protecting beta cells 7.

Differences in ER Stress Between Type 1 and Type 2 Diabetes

An important consideration that has not been fully explored is how
the distinct pathophysiologies of T1D and T2D may impact ER
stress and iPSC-derived beta cell therapies. In T1D, the autoimmune
destruction of beta cells is the primary driver, whereas in T2D,

insulin resistance and metabolic overload are the key contributors
[76]

The diabetic microenvironment in T2D, characterized by
chronic hyperglycemia and lipotoxicity, imposes different stressors
on beta cells, which may exacerbate ER stress differently than T1D
[12]

This distinction suggests that therapeutic strategies for
reducing ER stress may need to be tailored to the specific type of
diabetes. For instance, in T2D, targeting metabolic overload and
lipotoxicity in combination with ER stress modulation may be more
effective, whereas in T1D, immunomodulation combined with ER
stress reduction may be critical for success 1**#I,

Role of 3D Culture Systems and Bioengineering in Reducing ER
Stress

The importance of the cellular microenvironment cannot be
overstated. While useful for preliminary studies, traditional two-
dimensional (2D) culture systems fail to mimic the complex
architecture, and dynamic interactions present in the in vivo
pancreatic islet [/,

Beta cells cultured in 2D systems are often immature and
more susceptible to ER stress. Developing three-dimensional (3D)
culture systems and biomimetic scaffolds has shown promise in
reducing ER stress by providing a more physiological environment.
3D systems support more natural cell-cell interactions, extracellular
matrix signaling, and mechanical cues, critical for proper beta cell
function and maturation 1275,

3D cultures systems have been shown to enhance insulin
secretion and reduce the susceptibility of beta cells to stress.
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Incorporating 3D bioengineered platforms into the differentiation
and maturation processes of iPSC-derived beta cells could
significantly improve their functionality and reduce ER stress "*l.

Oxidative Stress and Its Relationship with ER Stress

Oxidative stress and ER stress are often intertwined, creating a
feedback loop that exacerbates beta cell dysfunction. In beta cells,
oxidative stress occurs when reactive oxygen species (ROS)
production overwhelms the cell’s antioxidant defenses. The
accumulation of misfolded proteins in the ER can trigger the
production of ROS, which, in turn, exacerbates ER stress by
damaging cellular structures %711,

Both ER and oxidative stress through combined therapeutic
strategies may offer a more comprehensive solution for preserving
the function of iPSC-derived beta cells. Antioxidant therapies, such
as using N-acetylcysteine (NAC) or other ROS-scavenging
molecules, could help mitigate oxidative damage and, when
combined with interventions targeting the UPR, provide dual
protection against cellular stress 377,

Challenges in Translating iPSC-derived Beta Cell Therapies to
Clinical Practice

While significant advances have been made in addressing ER stress
in iPSC-derived beta cells, several barriers to clinical translation
remain. One of the most pressing challenges is ensuring the patient's
long-term survival and functionality of transplanted beta cells "7,

The immune response is a significant obstacle, particularly
in T1D, where the autoimmune destruction of beta cells is crucial.
Strategies such as immune encapsulation are being explored, which
involve encasing beta cells in a semi-permeable membrane that
allows for the diffusion of nutrients and insulin but blocks immune
cell infiltration >3,

Costs and scalability are significant considerations for the
large-scale production of iPSC-derived beta cells. Ensuring that the
cells can be produced consistently, efficiently, and at a viable scale
for widespread clinical use remains a significant challenge °*.

Animal Models and Preclinical Studies

Animal models, particularly non-obese diabetic (NOD) mice, have
been instrumental in advancing the understanding of beta cell
transplantation and ER stress. These models allow researchers to
investigate the immune response, ER stress, and other metabolic
challenges in a controlled setting >,

However, there are limitations to these models, and findings
in mice do not always translate directly into human physiology.
Continued refinement of preclinical models, including developing
humanized mouse models and more accurate large animal models,
will be critical for bridging the gap between laboratory research and
clinical application "*¢!,

Emerging Technologies and the Role of Artificial Intelligence
The incorporation of artificial intelligence (AI) and machine
learning (ML) into the study of stem cell biology offers exciting new
possibilities for optimizing beta cell differentiation protocols and
predicting cell functionality [**7!,

Al could be used to analyze vast datasets generated from
experiments to identify the optimal conditions for reducing ER stress
and enhancing beta cell maturation. Al-driven models could predict
how beta cells respond to environmental stressors, allowing
researchers to fine-tune therapeutic interventions more precisely °°!.

Conclusion

ER stress remains one of the most significant challenges in
developing iPSC-derived beta cell therapies for diabetes. Addressing
this issue requires a multifaceted approach, including modulating the
UPR, enhancing molecular chaperone activity, employing
pharmacological agents, optimizing the culture environment, and
leveraging genetic engineering to create more stress-resistant cells.
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The inflammatory microenvironment and oxidative stress
and tailoring therapies to the specific challenges of T1D and T2D
are essential for improving outcomes. While progress has been
made, there are still gaps in understanding how to fully mitigate ER
stress and its downstream effects in iPSC-derived beta cells.

By continuing to explore these areas and incorporating
cutting-edge technologies like Al, researchers can bring stem cell-
based therapies closer to clinical reality, offering hope to millions of
individuals with diabetes worldwide. Integrating multiple strategies
will be vital to unlocking the full potential of iPSC-derived beta
cells, leading to a durable, long-term solution for diabetes
management.
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