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The field of induced pluripotent stem cells (iPSCs) continues to evolve, offering
unprecedented potential for regenerative medicine, disease modeling, and therapeutic
applications. All 10 featured research papers collected in this Special Issue demonstrate the
assessment of distinct iPSC features, which include molecular regulations and differentia-
tion protocols, in addition to therapeutic applications, along with genetic editing practices
and immune evasion developments. This editorial presents a summary of the essential dis-
coveries within all published works from this issue and establishes their widespread field
impact together with upcoming trends. (1) Advances in iPSC-based regenerative medicine
by Jin et al. (2023) provides a review of iPSC-based treatments for urethral regeneration,
analyzing the drawbacks of conventional graft procedures [1]. The paper by Du et al. (2023)
examines stem cell-signaling in treating intervertebral disk degeneration, and demonstrates
iPSC-derived therapies as a promising musculoskeletal disorder solution [2]. (2) Molecular
and genetic insights in iPSCs by Machado et al. (2023) examines the molecular functions of
OCT4 and SOX2 during iPSC reprogramming by exploring their effects on epigenetic modi-
fications while discussing their role in keeping stem cells pluripotent [3]. Zhang et al. (2023)
present an extensive review about CRISPR-Cas9 gene editing of iPSCs, which demonstrates
both advanced genome precision techniques and promising medical possibilities [4]. Saini
et al. (2023) examine ATP-binding cassette proteins together with their regulatory functions
for sustaining stem cell pluripotency while demonstrating the importance of intracellular
transport systems [5]. (3) Neural differentiation and neurological applications: Neural
differentiation research combined with applications in neuroscience by Yarkova et al. (2024)
develops a distinct approach to detect endoplasmic reticulum stress in induced pluripotent
stem cell-derived neurons for helping model neurodegenerative diseases [6]. Research
by Lee et al. (2024) demonstrates how iPSCs can differentiate into neurons, which shows
encouraging results in preclinical studies for treating Parkinson’s disease [7]. (4) Machine
learning and computational applications by Vedeneeva et al. (2023) presents machine
learning technology that automatically detects iPSC colonies for high-quality selection
enhancement while improving differentiation outcomes [8]. According to Chung et al. in
(5) Developmental and signaling pathways (2024), BMP signaling controls the differen-
tiation process of neural crest cells and ectodermal placode cells, which helps advance
knowledge of embryological pathways using iPSC technology [9]. (6) Immune evasion
strategies in iPSC-based therapies by Mu-u-min et al. (2025) presents immune evasion
techniques for stem cell-based diabetes therapy as they review methods including encapsu-
lation, along with genetic modifications to escape immune rejection difficulties [10].
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The field of iPSCs has recently made significant improvements in safety together with
efficiency and clinical practice readiness [11,12]. Modern reprogramming methods have
reduced genomic alterations through the development of safer non-integrative approaches,
including messenger RNA (mRNA) transfection and Sendai virus delivery, along with
small molecule-based reprogramming to replace traditional viral methods for generating
clinical-grade iPSCs [13–16]. The cells receive reprogramming factor genes OCT4, SOX2,
KLF4, and c-MYC through transient mRNA transfection procedures, which transiently
expresses these factors [13,15,17]. The genome-changing risks during reprogramming
are minimized by mRNA transfection because it does not lead to integration. Through
this method, scientists obtain controlled gene expression and faster reprogramming kinet-
ics. Sendai virus delivery technique is another powerful tool for reprogramming [18–21].
It is replication-deficient and does not integrate into the host genome, making it safer
for generating clinically relevant iPSCs. This method has been widely adopted for gen-
erating GMP-compliant (Good Manufacturing Practice) iPSCs for clinical applications.
Researchers investigated reprogramming using chemical substances instead of classical
transcription factors because these substitutes reduce mutation risks and enhance the
process efficiency [22,23]. Simultaneously, the creation of 3D organoid models has taken
the power of iPSCs past traditional differentiation methods to produce real-life models of
brain and liver together with gastrointestinal system structures that help scientists examine
diseases, test new drugs, and develop regenerative medical treatments [24–26]. Scientists
can now use CRISPR-Cas9 in combination with iPSC technology to develop personalized
regenerative treatments, thanks to recent field revolutionization [27–29]. For example,
researcher access to disease mechanisms is enhanced through the gene-editing of iPSCs that
come from patients with genetic disorders to produce matching control lines for scientific
studies [29,30]. Parkinson’s disease-specific neurons derived from iPSCs allow researchers
to edit them for disease-progression investigation of key genes [31]. Additionally, CRISPR-
based technologies serve as tools to fix genetic errors found in iPSCs extracted from patients
before converting these cells into healthy transplantation-ready cells [32,33]. Research has
shown that autologous cell therapy could become possible through dystrophin gene cor-
rection in Duchenne muscular dystrophy patient-derived iPSCs [34]. Moreover, the latest
CRISPR systems, such as base editors and prime editors, enable exact gene modification
that produces fewer errors while avoiding double-strand break formation to minimize
unintended mutations. Finally, gene-edited iPSCs are now being used to create humanized
disease models for drug screening, allowing for the identification of compounds that target
disease-specific pathways [35–38]. Additionally, refined differentiation protocols leverag-
ing key signaling pathways, including BMP, Wnt, and TGF-β, have enhanced the efficiency
and reproducibility of iPSC-derived cardiomyocytes, neurons, and pancreatic β-cells, ac-
celerating their potential clinical applications [39–41]. However, the main challenge that
prevents iPSC-based therapies from implementation is immune rejection. Research teams
may employ CRISPR-Cas9 strategies to engineer hypoalloreactive iPSCs by removing HLA
class I and II molecules and reducing immune surveillance, while adding PD-L1 regulatory
proteins for developing universal cell supplies that would not require immunologic sup-
pressing drugs [42]. Multiple technological developments, together, are accelerating the
usage of iPSC technology for translation applications, which is leading medicine toward
broad personalization and regeneration at a scale not seen before.

Several issues continue to challenge the advancement of iPSCs, even though research
conducted in this Special Issue shows great potential for their use. For example, the
obstacles to moving iPSC-derived cell products toward clinical implementation include
maintaining reproducibility and scalability. The risk of genetic instability and tumor
formation in iPSC-derived cell therapies necessitates stringent safety assessments. Because
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iPSCs are widely utilized in disease modeling and tissue transplantation methods, the
existing ethical rules, together with regulatory procedures, must adapt properly, such
as through the implementation of AI with machine learning capabilities in the field of
stem cell research. Computational methods described by Vedeneeva et al. (2023) hold
great potential to transform current processes for quality checks and cell differentiation
protocols [8]. Applied translation of iPSC-based treatments for medical use continues as
a key objective that depends on united work between experts in stem cell biology and
bioengineering and medical sciences.

The studies assembled in this Special Issue deliver valuable research about pluripotent
stem cells together with their potential medical applications. The data proves the versatile
nature of iPSCs, as they continue to drive advances in both regenerative medicine and gene
therapy together with disease modeling applications. The combination of gene editing
along with bioengineering methods and computational technologies will enhance the
development process for safe and effective iPSC-based therapeutic options.

As a Guest Editor of this Special Issue, we express heartfelt thanks to all the authors,
together with reviewers and researchers who advanced the discipline. iPSC cells have only
just begun their path, yet this path leads directly to a new age of regenerative healthcare
that will rely heavily on these cells to define its future developments.
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Abstract: Pluripotent stem cells (PSCs) are highly proliferative cells that can self-renew indefinitely
in vitro. Upon receiving appropriate signals, PSCs undergo differentiation and can generate every cell
type in the body. These unique properties of PSCs require specific gene expression patterns that define
stem cell identity and dynamic regulation of intracellular metabolism to support cell growth and cell
fate transitions. PSCs are prone to DNA damage due to elevated replicative and transcriptional stress.
Therefore, mechanisms to prevent deleterious mutations in PSCs that compromise stem cell function
or increase the risk of tumor formation from becoming amplified and propagated to progenitor cells
are essential for embryonic development and for using PSCs including induced PSCs (iPSCs) as a
cell source for regenerative medicine. In this review, we discuss the role of the ATP-binding cassette
(ABC) superfamily in maintaining PSC homeostasis, and propose how their activities can influence
cellular signaling and stem cell fate decisions. Finally, we highlight recent discoveries that not all ABC
family members perform only canonical metabolite and peptide transport functions in PSCs; rather,
they can participate in diverse cellular processes from genome surveillance to gene transcription and
mRNA translation, which are likely to maintain the pristine state of PSCs.

Keywords: ABC transporters; pluripotency; cell signaling; metabolism; phospholipids; glutathione;
reactive oxygen species

1. Introduction

Pluripotent stem cells (PSCs) are derived from the inner cell mass of the blastocyst [1,2].
Expansion of these cells during embryonic development or in vitro through self-renewal
requires coordinated changes in cellular metabolism [3]. Like other rapidly dividing cells,
PSCs must amplify their macromolecular contents such as nucleic acids, carbohydrates,
proteins, lipopolysaccharides, and lipids, by generating precursor molecules to meet the
metabolic requirements of cell proliferation. However, increasing evidence indicates that
cellular metabolism not only plays an important role in regulating proliferative capacity
but also self-renewal versus the differentiation of PSCs [4,5]. For example, lipid metabo-
lites can act as signaling molecules and activate signaling pathways that converge on
a unique network of genes controlled by stem cell-enriched transcription factors OCT4
and SOX2 [6]. OCT4 and SOX2 co-regulate a large number of genes to sustain stem cell
pluripotency [7–10]. Intrinsic and extrinsic signals that perturb this transcriptional network
impair PSC self-renewal and promote differentiation [11]. Therefore, regulating the avail-
ability and distribution of lipids and other macromolecules in PSCs could modulate cell
signaling and influence the cell fate decision. Metabolite homeostasis reflects a balance
between synthesis and degradation or export [12]. While the biosynthetic pathways of
essential macromolecules are well-understood, the role of transporters in regulating their
concentration and distribution remains underexplored.

Biomedicines 2023, 11, 1868. https://doi.org/10.3390/biomedicines11071868 https://www.mdpi.com/journal/biomedicines6



Biomedicines 2023, 11, 1868

The plasticity of PSCs is in part facilitated by the prevalence of open chromatin
and elevated global transcriptional activities [13]. However, the permissive chromatin
structure and the act of transcription itself are sources of genome instability, exposing
DNA to DNA-modifying enzymes and genotoxic agents such as reactive oxygen species
(ROS) [14,15]. In addition, unlike somatic cells, PSCs display a “compressed” cell cycle
with a shortened G1, resulting in increased replicative stress [16]. Furthermore, PSCs do
not undergo DNA damage-induced G1 cell cycle arrest, which in somatic cells is thought
toprovide time to repair critical damage before DNA replication occurs [17,18]. Therefore,
ESCs are presumably at higher risk of acquiring mutations. Paradoxically, it has been
found that the apparent mutation frequency in PSCs is about 100-fold lower than that in
somatic cells [19], suggesting that there are additional mechanisms in PSCs that suppress
mutagenesis and/or purge damaged cells. PSCs respond to DNA damage by undergoing
rapid differentiation and apoptosis [20,21]. It is thought that hypersensitivity to DNA
damage prevents deleterious mutations in PSCs from becoming amplified and propagated
to progenitor cells [22]. Therefore, a regulated transcriptional switch from self-renewal
to differentiation is not only important for embryonic development but also for genome
maintenance in PSCs.

The seminal discovery that the PSC fate can be induced in somatic cells via the ectopic
expression of a cadre of transcription factors opens the possibility of generating patient-
specific induced pluripotent stem cells (iPSCs) for regenerative medicine [23,24]. While
iPSCs are highly similar to bona fide ESCs [25], studies indicated that iPSC lines display
altered gene expression patterns [26] and recurrent genetic abnormalities [26–28] that have
been shown to increase the risk of tumorigenicity [29–31], thus posing serious challenges
to using iPSCs for regenerative medicine due to significant safety concerns [31–34]. In
order to fully realize the therapeutic potential of iPSCs, we suggest that a more complete
understanding of the molecular underpinnings of stem cell pluripotency is required.

In this review, we focus on the “canonical” roles of membrane-bound ATP-binding
cassette (ABC) transporters in the translocation of lipids, cholesterol, and ROS-scavenging
glutathione peptides in PSCs, and the implications for modulating cellular signaling and
homeostasis critical for stem cell pluripotency. We also discuss the unexpectedly diverse
functions of non-membrane-bound ABC proteins in translation and in coordinating stem
cell-specific transcription with genome surveillance, to maintain a pristine proteome and
genome for proper stem cell function and regenerative medicine.

2. ABC Expression in PSCs

Ubiquitous from bacteria to humans, the ABC superfamily is one of the largest classes
of transmembrane (TM) proteins [35]. In mammals, membrane-bound ABC proteins are
efflux transporters that translocate essential substrates ranging from ions to macromolecules
across membranes at the cost of ATP hydrolysis (Figure 1). It is perhaps not surprising
that defects in these transporters are associated with human disorders, including metabolic
diseases (Table 1) [36,37]. Of the 49 ABC genes in the human genome, 4 lack TM domains
and thus are not transporters [38]. Transcriptomic and proteomic studies indicated that
26 ABC genes are expressed in PSCs [39–42] (Table 1), and that their expression levels
change when PSCs exit from pluripotency and undergo differentiation [39,42,43]. However,
the lack of specific antibodies against some of these ABC proteins precludes a confirmation
of their expression at the protein level. Nonetheless, drawing on observations in PSCs
and other cell systems, we suggest that cell type-specific expression patterns of ABC
proteins not only reflect differences in metabolic requirements but may also contribute to
cell fate regulation.
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Figure 1. Membrane-bound mammalian ABC transporters are efflux pumps and/or floppases.
(A) ABC proteins are essential membrane-bound transporters. ABC transporters are anchored at cell
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membranes through their transmembrane domains (TMDs). ABC transporters can efflux ions and
macromolecules (e.g., lipids, cholesterol, and peptides) across cell membranes. (B) ABC transporters
are also lipid floppases. They are critical for maintaining the asymmetric distribution of phospholipids
in the membrane. Phosphatidylcholine (beige) and sphingomyelin (pink) reside predominantly in
the outer leaflet of the plasma membrane, whereas anionic lipids such as phosphatidylserine (cyan)
and phosphatidylethanolamine (blue) are more prevalent in the inner leaflet. Membrane cholesterols
are depicted (yellow). Phospholipids such as phosphatidylserine from the inner membrane leaflet
are “flopped” to the outer leaflet. Efflux and floppase activities require ATP hydrolysis by the
nucleotide-binding domains (NBDs).

Table 1. Summary of Human ABC proteins and their functions, involvement in diseases and expres-
sion in pluripotent stem cells. Abbreviations: PC, phosphatidylcholine; PS, phosphatidylserine; SM,
Sphingomyelin; HDL, high-density lipoprotein.

Symbol Alias
Subcellular

Location
Function Disease Associated

Expression at
mRNA/Protein
Level in PSCs

ABCA1 ABC1
Plasma membrane,

endoplasmic
reticulum

Cholesterol efflux onto
HDL/phospholipids Tangier disease mRNA [39],

Protein [43]

ABCA2 ABC2 Endosome, lysosome Cholesterol, drug
resistance Alzheimer’s disease mRNA [39]

ABCA3 ABC3 Endosome, lysosome Surfactant secretion
Surfactant

metabolism
dysfunction 3

mRNA [39]

ABCA5 Plasma membrane Cholesterol efflux
transporter mRNA [39]

ABCA7
Plasma membrane,

endoplasmic
reticulum

Transport PC, PS, and
SM from the cytoplasmic

to the exocytoplasmic
side of membranes,

Alzheimer’s disease mRNA [39]

ABCB1 PGY1, MDR Plasma membrane Glucosylceramides,
multidrug resistance

Inflammatory bowel
disease mRNA [44]

ABCB2 TAP1 Endoplasmic
reticulum Peptide transport Bare lymphocyte

syndrome type I mRNA [39]

ABCB3 TAP2 Endoplasmic
reticulum Peptide transport

Bare lymphocyte
syndrome, type I

due to TAP2
deficiency

mRNA [39]

ABCB4 PGY3 Plasma membrane PC transport Cholestasis 3 (PFIC3) mRNA [45]

ABCB6 MTABC3

Plasma membrane,
endosome,

endoplasmic
reticulum, Golgi,

mitochondria,
lysosome

Iron transport/heavy
metal importer

subfamily and role in
porphyrin transport

Dyschromatosis
universalis

hereditaria 3, Lan
blood group

mRNA [39,40],
Protein [40,43]

ABCB7 ABC7 Mitochondria Fe/S cluster transport
X-linked

sideroblastic anemia
with ataxia

mRNA [39,40,45],
Protein [41]

ABCB8 MABC1 Mitochondria

Mitochondrial iron
export; organic and

inorganic molecules out
of the mitochondria

mRNA [39],
Protein [40]
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Table 1. Cont.

Symbol Alias
Subcellular

Location
Function Disease Associated

Expression at
mRNA/Protein
Level in PSCs

ABCB9 Lysosome
ATP-dependent

low-affinity peptide
transporter

mRNA [39]

ABCB10 MTABC2 Mitochondria

Enhances heme
biosynthesis in

developing red blood
cells

mRNA [39,45,46]

ABCC1 MRP1 Plasma membrane,
lysosome

Glutathione and other
organic anions, drug

resistance

mRNA [39,47],
Protein [41,43]

ABCC4 MRP4 Plasma membrane

Cyclic nucleotides, bile
acids, and

eicosanoids/nucleoside
transport/ glutathione

mRNA [39,40],
Protein [40]

ABCC5 MRP5 Plasma membrane,
endosome Golgi,

Nucleoside
transport/glutamate
conjugate and analog

transporter/cAMP and
cGMP, folic acid and

N-lactoyl-amino acids

mRNA [39,40]

ABCC10 MRP7 Plasma membrane

Transport of
glucuronide conjugates
such as estradiol-17-beta-
o-glucuronide and GSH

conjugates such as
leukotriene C4

mRNA [39]

ABCD1 ALD Peroxisome
Peroxisomal transport of

very long fatty
acid/adrenoleukodystrophy

X-linked
adrenoleuko-

dystrophy

mRNA [39],
Protein [40]

ABCD3 PXMP1, PMP70 Peroxisome

Peroxisomal transport of
very long fatty

acid/long-chain fatty
acids (LCFA)-CoA,

dicarboxylic acids-CoA,
long-branched-chain

fatty acids-CoA and bile
acids from the cytosol to
the peroxisome lumen

for beta-oxidation

mRNA [39,40,45],
Protein [41]

ABCD4 PMP69, P70R

Peroxisome,
lysosome,

endoplasmic
reticulum

Cobalamin transporter

Methylmalonic
aciduria and

homocystinuria, cblJ
type, inborn error of

vitamin B12
metabolism

mRNA [39,45,46],
Protein [40]

ABCE1 OABP, RNS4I Cytoplasm,
mitochondria

Oligoadenylate binding
protein, Translation

mRNA [39,40,45],
Protein [41]

ABCF1 ABC50 Ribosome, nucleus,
cytoplasm

Transcription,
translation, innate
immune responses

mRNA [39,40,45],
Protein [41,48]
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Table 1. Cont.

Symbol Alias
Subcellular

Location
Function Disease Associated

Expression at
mRNA/Protein
Level in PSCs

ABCF2 mRNA [39,40,45],
Protein [41]

ABCF3 mRNA [39,40,46]

ABCG2 ABCP, MXR,
BCRP

Mitochondria,
Plasma membrane Multidrug resistance, Junior blood group

system, gout
mRNA [39],

Protein [49,50]

3. The Roles of ABC Transporters in PSCs

3.1. Lipid Transporters (ABCA1 and ABCC1)

Lipids are a diverse class of biomolecules. Glycerophospholipids, specifically phos-
phatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS), and phos-
phatidylinositol (PI), as well as sphingolipids and cholesterol, serve as building blocks for
membranes and organelles [51]. Some ABC transporters (ABCC1 [52,53]) act as “floppases”
by catalyzing the movement of specific phospholipid species from the cytosolic leaflet to the
extracellular leaflet of the plasma membrane (PM) [54], while others (ABCA1 [55]) function
as extracellular phospholipid translocases (Figure 1). Indeed, ABC transporters have been
shown to contribute to the asymmetric distribution of different phospholipids in the lipid
bilayer, with PC and sphingolipids such as sphingomyelin (SM) residing predominantly
in the outer leaflet of the PM, whereas anionic lipids such as PE, PS, and PI accumulate in
the inner leaflet [56,57]. Increasing evidence indicates that changes in the composition and
distribution of these phospholipids in the lipid bilayer can regulate signal transduction
pathways that are known to regulate PSC cell fates [58,59].

Stem cell maintenance in human PSCs requires basic fibroblast growth factor (bFGF),
which activates the RAS-RAF-MEK-ERK signal transduction cascade [60–63]. The associ-
ation of RAS with the inner leaflet of the PM is an important step in the recruitment and
activation of its effectors such as RAF and phosphatidylinositol 3-kinase (PI3K) [64]. Inter-
estingly, it has been shown that RAS can adopt a distinct orientation at the PM, depending
on the types of phospholipids (PC, PS, or phosphatidylinositol 4,5-bisphosphate [PIP2])
that interact with RAS [65]. As a result, the catalytic domain of membrane-bound RAS is
predicted to become more exposed or partially obscured. Therefore, how RAS is anchored
in the PM could modulate its ability to interact with its effectors (e.g., RAF versus PI3K)
and regulate RAS-mediated downstream signaling choices. It appears that electrostatic
interactions between RAS and lipids dictate interaction affinity and orientation preferences.
Given that ABC transporters can translocate PC, PS, and PIP2 to the cell membrane outer
leaflet [66–68], we propose that changes in the local distribution of phospholipids in the
lipid bilayer by specific ABC transporters could influence the spatial arrangement of RAS.
Future studies will be required to address the expression patterns of ABC transporters
and their function in regulating the distribution of membrane phospholipids and RAS
signal transduction, thereby controlling stem cell self-renewal versus differentiation. In
a similar manner, it will be prudent to examine whether or not other signaling pathways
(e.g., TGF-β [69] and EGFR [70]) that are known to contribute to stem cell pluripotency can
also be modulated by PM phospholipid organization.

3.2. Cholesterol Transporters (ABCA1 and ABCG1)

Cholesterol is an important constituent of cell membranes. The bulk of cellular choles-
terol (~90%) is localized at the PM [71]. Cholesterol homeostasis is determined by the
biosynthesis, uptake, and efflux of cholesterol. ABCA1 and ABCG1 play crucial roles in the
efflux of cellular cholesterol and thus are important regulators of membrane cholesterol
level [72–74].
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Cholesterol is a key modulator of membrane fluidity [75,76], which in turn regulates
cell behaviors such as adhesion, proliferation, and migration [77]. However, recent evidence
indicates that changes in PM stiffness may also regulate cell fate changes in PSCs [78]. It has
been shown that the rigidification of the PM precedes or coincides with downregulation
of gene expression programs that stabilize the pluripotent state in PSCs, suggesting that a
decrease in membrane fluidity may prime PSCs to exit from pluripotency. Consistent with
the notion that maintenance of membrane fluidity contributes to stem cell maintenance,
enzymes in the cholesterol biosynthesis pathways have been shown to be expressed at
higher levels in PSCs, thereby increasing membrane cholesterol content and fluidity [78,79].
Importantly, the inhibition of cholesterol production in PSCs accelerates their exit from
pluripotency, as indicated by the rapid downregulation of stem cell marker alkaline phos-
phatase [78]. These observations underscore the importance of cholesterol homeostasis in
stem cell maintenance. We propose that dissecting the mechanisms by which the expression
and activities of ABCA1 and ABCG1 are controlled in PSCs will advance our understanding
of the role of cholesterol efflux in regulating membrane fluidity and stem cell pluripotency.

In addition to regulating membrane fluidity, cholesterol, together with SM, has been
shown to assemble dynamic, cholesterol-rich microdomains in the outer leaflet of the
PM [80]. These compartmentalized domains, known as lipid rafts, have been shown
to enrich specific receptors and their effectors to promote receptor–effector interactions,
thereby lowering activation barriers. The ability of lipid rafts to partition and concentrate
select signaling machineries depends on the intrinsic affinity of these signaling proteins
to lipid rafts, which has been shown to be influenced by amino acid sequences in the
TM domains of membrane receptors and protein palmitoylation [81,82]. Oligomerization
of receptors has also been reported to increase their affinity to lipid rafts and residence
time in these lipid subdomains [83], hinting at a potential mechanism by which lipid
rafts amplify signaling. We suggest that a small change in the concentration of signaling
components in lipid rafts may be sufficient, through amplification, to initiate signaling
cascades. Therefore, lipid rafts may play an important role in increasing the responsiveness
of signal transduction machineries to cellular stimuli.

It has been shown that ABCA1 and ABCG1 deficiency in macrophages leads to an
increase in the number of lipid rafts and enhanced signaling responses [84]. This is likely
due to the propensity of lipid rafts to cluster, resulting in the amplification of signals [85,86].
These observations suggest an inhibitory function of ABCA1 and ABCG1 in lipid raft
formation, via the mobilization of cholesterol from lipid rafts to non-raft domains. It will
be of interest to determine the mechanisms by which ABC transporters are recruited to
lipid rafts. This is because the active efflux of membrane cholesterol by ABC transporters
could facilitate the fine-tuning and dissolution of signal transduction hubs in lipid rafts
and signal termination.

Lipid rafts are also detected in PSCs, but their roles in stem cell maintenance are
less well-understood [87]. The self-renewal of mouse PSCs requires leukemia inhibitory
factor (LIF) signaling [88]. It has been shown that depletion of membrane cholesterol in
mouse PSCs by methyl-β-cyclodextrin (Mβ-CD), which has been shown to disrupt lipid
rafts, compromises the recruitment of LIF receptor and its co-receptor gp130 to rafts and
blunts LIF receptor-JAK-STAT3 signaling [87]. The observed reduction in expression levels
of key pluripotency-associated transcription factors OCT4 and SOX2 in Mβ-CD-treated
PSCs indicates a destabilized pluripotent state when lipid raft formation is impaired.
These observations are consistent with the role of lipid rafts in enriching specific receptors
and facilitating their activation. Lipid rafts have also been implicated in other signaling
pathways that are known to promote stem cell self-renewal and pluripotency, such as
EGFR [70] and RAS [89], and those that destabilize the stem cell state, including insulin
receptor [90] and hedgehog [91]. An outstanding question is how ABC transporters may
control lipid raft formation and dynamics to partition competing signaling in PSCs to favor
self-renewal over differentiation.
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3.3. Redox Regulation and Oxidative Stress (ABCC1 and ABCC4)

ROS are natural byproducts of cellular metabolism. ROS can cause damage to the
basic building blocks of cells including DNA, protein, and lipids. Therefore, ROS pose
significant threats to the ability of PSCs to maintain genome and proteome integrity as they
self-renew. In addition to cellular damages inflicted by ROS build-up, an imbalance in ROS
levels can also lead to the misregulation of redox sensor molecules via the oxidation of
cysteine residues. Some of these redox sensors are key signaling effectors such as AKT and
MAPK [92,93]. Therefore, it is conceivable that an increase in ROS concentration destabilizes
the pluripotent cell state in part by interfering with signaling pathways essential for stem
cell maintenance [94]. ROS levels in cells are determined by the rate of ROS generation and
the rate of ROS scavenging by antioxidants. PSCs are able to maintain relatively low ROS
levels compared to those of differentiated cells, in part due to their reliance on glycolysis
rather than oxidative phosphorylation for energy production, which is known to generate
less ROS [95,96]. Nevertheless, the neutralization of ROS species by antioxidants remains a
critical mechanism in regulating ROS homeostasis in PSCs as it is essential for stem cell
maintenance [97,98].

Glutathione (GSH) is a major antioxidant in cells [99,100]. GSH levels are balanced
by its synthesis, transport, efflux, and degradation. Studies have shown that ABCC1 is
a major GSH exporter and can regulate intracellular GSH levels. The overexpression of
ABCC1 reduces intracellular GSH levels, while ABCC1 deficiency increases GSH con-
centrations [101,102]. Importantly, ABCC1 can export both GSH and various oxidized
glutathione derivatives (e.g., glutathione disulfide (GSSG)), although with distinct sub-
strate affinity [103–105]. Therefore, in addition to cellular enzymes that can degrade GSH
(e.g., CHAC1 [106,107]) or regenerate GSH from GSSG (e.g., GSH reductase [108]), ABCC1
likely plays an integral role in maintaining the redox equilibrium in PSCs. It has been
shown that oxidative stress downregulates key PSC-specific transcription factors OCT4
and SOX2, and compromises AKT signaling [97]. While the precise mechanism is unclear,
the destabilization of OCT4 proteins and inactivation of AKT via the oxidation of critical
cysteines residues could compromise the gene transcription and cellular signaling required
for stem cell maintenance [92,109,110].

Like oxidative stress, reductive stress induced by excessive levels of GSH can also
impair PSC functions. Physiological levels of ROS have been shown to promote PSC
proliferation and accurate DNA synthesis [111]. High concentrations of antioxidants
interfere with cell cycle progression and lead to the accumulation of DNA breaks [112],
likely due to the toxic effects of high antioxidant levels on the stability of cell cycle regulators
and proteins involved in the DNA damage response and DNA repair [111]. The balance
between ROS and antioxidants must be optimal, as both extremes, oxidative and reductive
stress, are damaging to PSCs. Functional studies on the role of ABCC1 and ABCC4 in
PSCs will address the precise role of GSH/GSSG efflux in establishing a cellular redox state
favorable for stem cell self-renewal and genome maintenance.

4. Non-Canonical Functions of ABCs in PSCs

While most ABC proteins are membrane-bound transporters, ABCE1 and the ABCF
subfamily proteins (ABCF1, ABCF2, and ABCF3) lack TM domains [38]. Although their
precise functions remain somewhat enigmatic, recent studies highlight the multifaceted
function of ABCF1 in regulating translation, innate immune response, and transcription,
thus expanding the functional repertoire of ABC proteins.

4.1. ABCF1 in mRNA Translation

The initiation of mRNA translation can occur via cap-dependent and independent
mechanisms [113,114]. In addition to internal ribosome entry site (IRES) elements in mR-
NAs, RNA methylation at adenosines (m6A) by m6A methyltransferases such as METTL3
has been shown to also facilitate cap-independent translation initiation [115,116]. m6A is
the most abundant modification on mRNAs [117]. m6A modifications have been shown to
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influence mRNA splicing and nuclear export [118], and regulate mRNA stability by target-
ing transcripts for degradation in RNA decay bodies [119,120]. In PSCs, mRNAs encoding
core pluripotency transcription factors such as Nanog and Klf4 are also marked by m6As.
However, it is less clear how PSCs overcome the destabilization effect of m6A modification
on core pluripotency gene transcripts to ensure their robust expression, which is necessary
for self-renewal. A recent study suggested a potential active mechanism to translate m6A-
modified mRNAs [121]. It has been shown that ABCF1 promotes the cap-independent
translation of m6A-modified mRNAs, likely by facilitating the recruitment of the eukary-
otic initiation factor 2 (eIF2) ternary complex in the absence of cap recognition machinery
(Figure 2A). We speculate that ABCF1 may function to stabilize the pluripotent state dur-
ing cellular stress, by ensuring the efficient translation of these pluripotency-associated
transcripts when global cap-dependent translation is inhibited [122].

Figure 2. Multifaceted roles of ABCF1 in translation and transcription in PSCs. ABCF1 lacks TMD
but contains a low-complexity domain (LCD) in the N-terminus critical for ABCF1 functions in PSCs.
(A) Diagram showing that cap-dependent translation of m7G capped mRNAs requires binding of
translation initiating factor eIF4 to the cap structure. ABCF1 may promote the cap-independent
translation of m6A-modified pluripotency-associated mRNAs (e.g., Nanog and Klf4) in mouse PSCs,
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via an interaction with eIF2 through its LCD. Internal ribosome entry site (IRES)-mediated cap-
independent translation is not dependent on ABCF1. (B) A diagram showing that ABCF1 acts as
transcriptional coactivator for SOX2 in PSCs. The LCD in ABCF1 directly interacts with SOX2 and
assembles transcriptional complexes at pluripotency gene enhancers essential for gene activation.
Upon DNA damage in PSCs, the LCD-dependent interaction of ABCF1 with SOX2 is disrupted due
to competitive binding between ABCF1 and aberrant intracellular DNAs that accumulate in damaged
PSCs. This leads to the downregulation of pluripotency gene expression and exit of damaged PSCs
from self-renewal.

ABCF1 displays some sequence similarity to the yeast eEF3 subfamily ABC proteins
including general control non-derepressible-20 (GCN20), which have been implicated in
translational control [123,124]. However, the homology is restricted to the nucleotide-
binding domains (NBDs). The residues outside of NBDs in ABCF1 are highly divergent
from GCN20. Nonetheless, studies have shown that both ABCF1 and GCN20 employ
their unique N-terminal regions to interact with eIF2 [124,125]. While the reported ABCF1-
dependent translation has only been studied in mouse embryonic fibroblasts (MEFs), it
is likely that this mechanism is also conserved in PSCs. Because ABCF1 expression is
significantly higher in PSCs compared to that in somatic cells [48,126], we surmise that
ABCF1 may play a more prominent role in the efficient translation of m6A-modified mRNAs
critical for stem cell pluripotency.

4.2. ABCF1 as an Intracellular DNA Sensor

Studies on differentiated mouse cells allowed researchers to identify ABCF1 as a
sensor for aberrant intracellular DNAs [127,128]. ABCF1 interacts with critical regulators
of the innate immune response and activates a pro-inflammatory response to intracellular
DNAs resulting from infection or DNA damage [103,127], thereby promoting apoptosis
and clearance of the affected cells [129]. While PSCs express ABCF1 and other known
DNA sensors (e.g., cGAS and STING [130]), downstream signaling pathways required to
stimulate the production of pro-inflammatory cytokines are absent or highly attenuated, in
part due to active suppression by stem cell-specific transcription factors including OCT4
and SOX2 [131,132]. Whether or not ABCF1 also recognizes intracellular DNAs in PSCs
and the biological consequences is unknown. Our recent work indicates that PSCs co-opt
ABCF1′s ability to detect intracellular DNAs to modulate stem cell-specific transcription in
response to genome instability (discussed in the next sections) [48,133].

4.3. ABCF1 as a Stem Cell-Specific Transcriptional Coactivator

The unique transcriptional signatures that define the PSC state require cooperation
between PSC-specific transcription factors and their coactivators [134,135]. Transcription
factors OCT4 and SOX2 co-regulate a large number of genes that determine whether or not
PSCs undergo self-renewal as they expand in the inner cell mass or commit to differen-
tiation during embryonic development [7,8,136]. Therefore, the transcriptional activities
of OCT4 and SOX2 are tightly regulated. Previous studies implicated the MED1 subunit
of cell-ubiquitous coactivator complex Mediator in regulating OCT4 activity via a direct
interaction [137,138]. However, other studies suggested the requirement of PSC-specific
coactivators [139]. To this end, our laboratory developed an in vitro transcription assay
and in an unbiased manner screened for factors in PSC nuclear extracts that can stimulate
transcriptional activation by OCT4 and SOX2 [140]. We identified ABCF1 as a critical
coactivator for OCT4 and SOX2 in PSCs. ABCF1 contains an unusual N-terminal region
that is composed primarily of lysine and glutamic acid residues (40%). ABCF1 potentiates
transcription by utilizing this low-complexity sequence domain (LCD) to interact directly
with SOX2 and assemble PSC-specific transcriptional complexes at pluripotency-associated
gene promoters (Figure 2B). Importantly, the yeast homologue GCN20 cannot be substi-
tuted for ABCF1 in transcriptional activation because the N-terminal region in GCN20
is highly divergent from the LCD of ABCF1. These observations suggest the acquisition
of a mammalian-specific function of ABCF1 in transcriptional control. Abcf1 knockout
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mouse embryos die at 3.5 days post coitus, a developmental stage that coincides with
the emergence of pluripotent cells in the inner cell mass of the blastocyst [126]. Thus,
genetic evidence indicates that ABCF1 is an essential transcriptional regulator of stem
cell pluripotency.

The structural flexibility of the LCD in ABCF1 likely allows the rapid remodeling of
transcriptional complexes to induce dynamic changes in gene expression to regulate stem
cell self-renewal versus differentiation. LCDs are prevalent in transactivation domains in
transcription factors [141]. The unique ability of LCDs to establish transient and multivalent
interactions has been shown to allow transcription factors and coactivators to coalesce and
overcome activation barriers [142]. The flexible nature of LCDs is also thought to facilitate
the dynamic interaction with multiple protein partners, by virtue of their ability to rapidly
adopt an ensemble of conformations [143].

4.4. ABCF1 Couples Transcription and Genome Surveillance in PSCs

PSCs appear to have developed several mechanisms to reduce the mutational load
caused by elevated replicative and transcriptional stress [22]. As discussed in Section 1,
damaged PSCs are efficiently eliminated through enforced exit from self-renewal via differ-
entiation, thereby preserving the genome integrity of the self-renewing PSC population.
DNA damage-induced PSC differentiation first requires the dismantling of the pluripo-
tency gene transcriptional network that supports self-renewal, followed by the activation
of differentiation programs. The tumor suppressor p53 has been proposed to regulate this
transcriptional switch [144,145]. However, other studies indicated that the downregulation
of the pluripotency gene network still occurs in ESCs lacking p53 [20,146]. The global
shutdown of transcription upon DNA damage also cannot fully account for the transcrip-
tional switch observed in damaged ESCs [147–149]. These observations suggest additional
regulators that can relay signals from DNA damage to selectively modulate pluripotency
gene transcription.

Our recent studies on the transcriptional function of ABCF1 revealed a new link
between transcription and genome surveillance in PSCs [48]. Upon DNA damage, we
found that ABCF1 binds intracellular DNAs that accumulate in damaged PSCs at the
expense of its interaction with SOX2 (Figure 2B). The observed competition is likely due to
the fact that both SOX2 and DNAs compete for the same LCD for binding. The disruption
of an ABCF1-SOX2 complex by intracellular DNAs results in the dissociation of ABCF1
from its target pluripotency gene promoters, the downregulation of pluripotency gene
expression, and differentiation of compromised PSCs. While DNA sensing by ABCF1 does
not activate a canonical innate immune response in PSCs, PSCs appear to take advantage of
ABCF1′s intrinsic affinity to intracellular DNAs to modulate ABCF1-SOX2 interactions in
the nucleus. We propose that the ABCF1–SOX2 complex represents an important regulatory
nexus, wherein the constant tug of war between transcriptional activation and intracellular
DNA sensing by ABCF1 could drive a PSC to self-renew under steady-state conditions,
or alternatively to commit to differentiation and apoptosis when genome integrity is
compromised. This switching of cell fates critically depends on whether or not intracellular
DNA rises above a certain threshold that irreversibly tilts the balance toward the rapid exit
of pluripotency.

5. Conclusions and Perspective

Although changes in metabolism have traditionally been viewed as a byproduct of
cell fate changes and growth demands, there is growing evidence that metabolic regula-
tion drives stem cell fate decisions. We have presented in this review evidence that the
ABC family proteins contribute to pluripotent cell fate by coordinating an interconnected
network of biological processes, from metabolism and signaling cascades involving macro-
molecule interactions at the cell membrane, to gene transcription and translation. In order
for PSCs to dynamically respond to changing cellular cues, activities of ABC proteins must
be coordinated and tuned. In this regard, stem cell-enriched transcription factors have been

16



Biomedicines 2023, 11, 1868

shown to bind the promoters of several ABC genes as discussed in this review, suggesting
that their expression could be coupled to the pluripotent cell state [150]. Furthermore,
activities of ABC transporters can be regulated by protein–protein interactions and post-
translational modifications such as phosphorylation [151]. It is noteworthy that the efficient
reprogramming of somatic cells to pluripotency also requires ABCF1, lipid and cholesterol
metabolism, and an optimal redox status [48,152–154]. It is worth noting that the precise
role of ABC proteins in stem cell pluripotency remains unclear, in large part because they
have not been rigorously profiled and studied in PSCs. In this review, we synthesized
observations from non-PSC types and proposed how cellular pathways controlled by ABC
proteins may also contribute to stem cell maintenance. Future efforts on unraveling the
biological impacts of ABC proteins on cell fate regulation in PSCs will be required. The
knowledge gained is expected to significantly impact our understanding of embryonic
development and the ability to manipulate PSCs for regenerative medicine.
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Abstract: Mechanisms of cell reprogramming by pluripotency-related transcription factors or nuclear
transfer seem to be mediated by similar pathways, and the study of the contribution of OCT4 and
SOX2 in both processes may help elucidate the mechanisms responsible for pluripotency. Bovine
fibroblasts expressing exogenous OCT4 or SOX2, or both, were analyzed regarding the expression
of pluripotency factors and imprinted genes H19 and IGF2R, and used for in vitro reprogramming.
The expression of the H19 gene was increased in the control sorted group, and putative iPSC-like
cells were obtained when cells were not submitted to cell sorting. When sorted cells expressing
OCT4, SOX2, or none (control) were used as donor cells for somatic cell nuclear transfer, fusion
rates were 60.0% vs. 64.95% and 70.53% vs. 67.24% for SOX2 vs. control and OCT4 vs. control
groups, respectively; cleavage rates were 66.66% vs. 81.68% and 86.47% vs. 85.18%, respectively;
blastocyst rates were 33.05% vs. 44.15% and 52.06% vs. 44.78%, respectively. These results show that
the production of embryos by NT resulted in similar rates of in vitro developmental competence
compared to control cells regardless of different profiles of pluripotency-related gene expression
presented by donor cells; however, induced reprogramming was compromised after cell sorting.

Keywords: bovine; epigenetics; pluripotency; cellular reprogramming; OCT4; SOX2

1. Introduction

Assisted reproductive biotechniques (ARTs) such as in vitro embryo production (IVP),
intracytoplasmic sperm injection (ICSI), and mechanisms of in vitro induced reprogram-
ming by either nuclear transfer (NT) or exogenous expression of pluripotency-related tran-
scription factors (iPSCs generation) have important applications in regenerative medicine,
and they may also greatly contribute to enhance animal production. In particular, in vitro
reprogramming is a promising tool to overcome challenges in acquired infertilities or
conservation of endangered species, and they may also lead to a better understanding of
the underlying mechanism involved in initial embryonic development [1,2].

Nonetheless, ARTs are often performed in an environment that differs from the “in vivo”
conditions, concerning, for example, the gaseous atmosphere and the nutrient supply in the
culture. It has been shown that in vitro manipulations of gametes and embryos at the begin-
ning of an organism’s development may lead to changes in epigenetic regulation, particularly
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due to the possible disruption of the gene expression pattern during the reprogramming
cycles [3–8], which can lead to the occurrence of abnormalities in the development and even
after birth of individuals derived from these techniques [3–6]. Indeed, a high incidence of
epigenetic syndromes has been reported more frequently in ART-derived offspring than
when natural reproduction occurs, particularly due to an abnormal epigenetic reprogram-
ming leading to altered gene expression and dysfunctions in embryonic development and in
the embryonic annexes in imprinted genes after in vitro reprogramming [7,9].

Several human epigenetic syndromes have been associated with disrupted imprinted
genes, including Beckwith–Wiedemann or BWS [10], Silver–Russel or SRS [11], Angel-
man [12], and Prader–Willi [13] syndromes. In particular, BWS and SRS are reported to
be closely related to the H19 and IGF2 imprinted status. Usually, patients affected with
syndromes resulting from disorders in the H19/IGF2 locus present growth disorders, body
asymmetry, intellectual disability, and the appearance of tumors [14]. A common condition
in ruminants derived from ARTs is large offspring syndrome or LOS), with causes and
phenotypes very similar to the BWS in humans [15–17].

Mechanisms of pluripotency acquaintance, in vivo or in vitro, seem to be mediated by
the same pathways, eliciting nuclear remodeling and modulating gene expression. Two
transcription factors, OCT4 and NANOG, were the first to be identified as essential for
early embryonic development and for maintaining stem-cell pluripotency [18,19]. It was
also shown that SOX2, another transcription factor, heterodimerizes with OCT4, regulating
several genes in pluripotent cells [18–22]. Hence, not only are these transcription factors
bound to their target DNA sites, the proteins are known to interact with each other and
with chromatin remodeling agents, modulating the chromatin conformation and, therefore,
the gene expression [23,24]. Interestingly, more recently, both OCT4 and SOX2 factors
have been reported to have a considerable influence on the regulation of some imprinted
genes, especially at locus H19/IGF2, known to be essential for normal embryo and placenta
development [25–27].

In mouse embryos, Zimmerman et al. reported that the binding of OCT/SOX pluripo-
tency factors to the H19/IGF2 locus ICR contributed to hypomethylation in post-compaction
embryos, thus relating the methylation status of these genes to the main factors of pluripo-
tency [28]. Habib et al. (2014), through a study with 57 patients with BWS, demonstrated
that some patients who present methylation gain in the H19/IGF2 locus also present mu-
tations in the binding site of the OCT4/SOX2 factors, showing that the SOX/OCT motifs
within H19/IGF2 ICR also participate in maintaining hypomethylation of the maternal
allele [29].

It is, therefore, important to investigate possible factors involved in the induction
and regulation of pluripotency acquisition, imprinting maintenance, and gene expression
of the genes relevant to the development in cattle, possibly one of the livestock species
where in vitro technologies are currently used in favor of animal production. Herein, we
present an experimental in vitro model where pluripotency factors were studied together
or separately regarding their influence on cellular genomic imprinting regulation and
pluripotency acquisition in vitro.

2. Materials and Methods

All procedures were performed in accordance with the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health and The ARRIVE Guidelines, as
well as with the rules issued by the National Council for Control of Animal Experimentation
(CONCEA, Ministry of Science, Technology, and Innovations and Communications, and
in accordance with Law 11.794 of 8 October 2008, Decree 6899 of 15 July 2009) and in
accordance with the provisions of the Resolution 466/12 of the National Health Council.
Protocols were then approved by the Ethics Committee on Animal Use of the School
of Veterinary Medicine and Animal Science University of São Paulo, Brazil (protocol
number 8077020516) and by the Ethics Committee on the Use of Animals of the Faculty of
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Animal Science and Food Engineering, University of São Paulo, Brazil (protocol number
3526250717).

2.1. Bovine Fetal Fibroblast (bFF) Isolation and Experimental Design

The cell lines were obtained from three Bos indicus (maternal) × Bos taurus (paternal)
fetuses at approximately 50 days of gestational age conceived after artificial insemination.
The crossbred (F1) model was used to study allele-specific imprinted genes expression as
previously described by our group and others, detailed below. After the removal of the
head and organs, tissue was washed with PBS (phosphate-buffered saline) and minced
into small fragments, followed by a 3 h incubation in collagenase IV (0.040 g/mL, Sigma-
Aldrich Corp., St. Louis, MO, USA) at 38.5 ◦C. Next, the dissociated tissue was plated
and cells were cultured in Iscove’s modified Dulbecco’s medium (IMDM, Thermo Fisher
Scientific; Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS, Hyclone)
and antibiotics (penicillin/streptomycin, Thermo Fisher Scientific; Carlsbad, CA, USA) [30].
All lineages were cryopreserved at low passages (p2–3) and thawed for experiments.

All three bovine fetal fibroblast (bFF) lineages were used for exogenous expression
of OCT4, SOX2, or both, and then submitted to fluorescence analysis and cellular sorting.
A previously validated bicistronic vector system for iPSC induction that allows for simul-
taneous real-time tracking of expression of the individual transgenes in single cells was
used [31].

After cell recovery, bFF1 (male) was characterized regarding epigenetic maintenance
at the H19/IGF2 imprinted locus, and further reprogrammed by nuclear transfer (cells
expressing OCT4, SOX2, and control) or induced reprogramming (cells named non-sorted
control, sorted control, OCT4+, SOX2+, and OCT4 + SOX2).

The experimental design is briefly shown in Figure 1.

Figure 1. Experimental design showing the cell isolation from Bos taurus × Bos indicus animals,
transduction, sorting, and cellular reprogramming through nuclear transfer or induced in vitro
reprogramming.

2.2. Generation of Fibroblasts Expressing Exogenous OCT4 and SOX2

For the production of the cells with exogenous expression of OCT4 and SOX2 and
the association of both OCT4 and SOX2, the pLM-vexGFP-Oct4 and pLM-mCitrine-Sox2
vectors were used for lentivirus production as previously described [31]. The first contained
human OCT4 (hOCT4) and a fluorescent reporter protein coding sequence for the vexGFP
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(excitable at 407 nm and emission at 535 nm, Addgene #22240); the second contained hSOX2
and the mCitrine (excitable at 516 nm and emission at 529 nm, Addgene #23242) fluorescent
reporter. The use of bicistronic lentiviral vectors encoding the reprogramming factors being
co-expressed with discernable fluorescent proteins guarantees the monitoring of expression
of each individual reprogramming factor in cells during the course of reprogramming, in a
stoichiometric and temporal manner.

Lentiviral particles of OCT4-vexGFP and SOX2-mCitrine were produced by lipofection
of 293FT cells (Thermo Fisher Scientific; Carlsbad, CA, USA) with Lipofectamine 2000
(Thermo Fisher Scientific; Carlsbad, CA, USA), using 5 μg of pLM-vexGFP-Oct4 and pLM-
mCitrine-Sox2 vectors, 1.2 μg of PLP1 and PLP2 and 2.4 μg of PLP/VSVG (ViraPower
kit, Thermo Fisher Scientific; Carlsbad, CA, USA), following the manufacturer’s protocol.
The supernatant (culture medium) was collected and refreshed at 48 h and 72 h after
transfection, filtered, and used for transduction. Pluripotency was induced as previously
described, using mouse OCT4, SOX2, c-MYC, and KLF4 transcription factors (mOSKM,
mSTEMCCA) [32,33].

2.3. Flow Cytometry Analysis

After 72 h of transduction, protein expression was analyzed by flow cytometry. The
gating strategy comprised using non-transduced cells as controls. Positive cells were sorted
(BD FACSDiva software and BD FACSAria II SORP equipment—excitation laser 405 nm and
detection filter 510/30 for the vexGFP protein and excitation laser 488 nm and 530/30 de-
tection filter for the mCitrine protein). The recovered cells were re-cultured and induced to
pluripotency; some were cryopreserved (experimental group pre-induction), and others
were used in the subsequent analyses. On the basis of a higher transduction efficiency
detected by flow cytometry, one cellular lineage was used for in vitro reprogramming.

2.4. Gene Expression of Imprinted and Pluripotency Genes

RNA was extracted with the RNeasy mini kit (Qiagen, Hilden, Germany) according
to the manufacturer’s recommendations, and its quality and quantity were assessed by
spectrophotometer (Nanodrop 2000). cDNA was synthesized with the High-Capacity
cDNA reverse transcription kit (Thermo Fisher Scientific; Carlsbad, CA, USA) according
to the manufacturer’s recommendations. Experimental groups were quantified regarding
their transcripts of imprinted genes H19 and IGF2R and genes related to pluripotency OCT4
and SOX2. Beta-actin (ACTB) and CCR4-NOT transcription complex subunit 11 (ACTB
and C2ORF29 or CNOT11) were used as housekeeping genes.

Relative analysis of transcripts was performed by RT-qPCR (7500 Fast Real-Time
PCR System, Thermo Fisher Scientific; Carlsbad, CA, USA) using a commercial assay in
duplicate (Power SYBR®Green PCR Master Mix, Thermo Fisher Scientific; Carlsbad, CA,
USA), where 5 μL of the sample cDNA was added to a 20 μL final volume reaction. The
primers’ (Table 1) final concentration was 200 nM, and standard curves were performed to
evaluate the efficiency of each gene. The qPCR reaction consisted of a denaturation step
of 95 ◦C for 5 s, and an annealing temperature of 60 ◦C, for 40 cycles. Data were analyzed
using the delta–delta CT method [34].

2.5. Allele-Specific Methylation Analyses of the DMR at the H19/IGF2 Locus

DNA extraction was performed with the DNeasy Blood and Tissue Kit (Qiagen, Hilden,
Germany) according to the manufacturer’s recommendations, and quality and quantity
were determined by a spectrophotometer (Nanodrop 2000). The EpiTect Bisulfite Kit (#59104
Qiagen, Hilden, Germany) was used according to the manufacturer’s recommendations
in a thermocycler for 5 min at 99 ◦C, 25 min at 60 ◦C, then 5 more min at 99 ◦C, 85 min at
60 ◦C, back to 5 min at 99 ◦C, 175 min at 60 ◦C, and finally, 20 ◦C overnight.
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Table 1. Primer sequences for the quantitative analysis of transcripts and methylation analysis at the
IGF2/H19 locus.

Name 5′–3′ Sequence

ACTB_FWD GCGGACAGGATGCAGAAA
ACTB_REV ACGGAGTACTTGCGCTCAG

C2ORF29_FWD ACTGAGCCTGACCATGCGATC
C2ORF29_REV GGCTGGAGTGAGGCCAATATG

H19_FWD AGTGGGAGGGGCATTGGACT
H19_REV GACCATATCATATCCCTCTGTGC-

SOX2_FWD ATGGGCTCGGTGGTGAAGT
SOX2_REV TGGTAGTGCTGGGACATGTGA
OCT4_FWD GCAAACGATCAAGCAGTGACTAC
OCT4_REV GGCGCCAGAGGAGAGGATACG

Amplification of fragments from the H19/IGF2 DMR (proximally −3327 to −2675 base
pairs away from exon 1 was performed using the primers U-H19 F1 and U-H19 R4 (Table 1).
The PCR reaction contained 38.5 μL of ultrapure H2Od, 5 μL of Buffer TPN 10× (Invitrogen),
1.5 μL of dNTP (Invitrogen), 1.5 μL of MgCl2, 1 μL of primer (one for each, forward and
reverse), and 0.5 μL of Platinum Taq (Invitrogen, #10966) for each sample, before adding
1 μL of DNA. Each PCR reaction was performed in triplicates. The protocol used was 1 min
of plate pre-heating, 50 cycles of 30 s at 94 ◦C, 30 s at 53 ◦C and 30 s at 72 ◦C, and one final
7 min step at 72 ◦C. Amplified samples were run in a 1.2% agarose gel alongside a 1 Kb
ladder, and the master mix lacking DNA as control was purified from the agarose gel and
sequenced.

Global and allelic expression analysis of imprinted genes was realized as described by
Suzuki and collaborators [35]. A single-nucleotide polymorphism (SNP) at the IGF2/H19
locus between Bos indicus and Bos taurus allowed for allele-specific DNA methylation
analysis after sequencing and allele-specific gene expression analysis. The nucleotide
guanine at the sequence TTTATGTATTA indicates Bos indicus origin; therefore, the allele is
of maternal origin. If the nucleotide adenine were present in its place, that would indicate
an allele of paternal origin.

2.6. In Vitro Induced Reprogramming into Pluripotency

Three repetitions (R1, R2, and R3) were submitted to the pluripotency induction. The
lentiviral particles containing mouse OSKM (mSTEMCCA) were produced by lipofection of
293FT cells, as previously described [32,33]. At 5 or 6 days after transduction, the cells were
transferred to culture plates containing a monolayer of mitotically inactivated (mitomycin
C, M4287 Sigma-Aldrich) mouse embryonic fibroblasts (MEFs).

During the cellular reprogramming, the cells were cultured in iPSC medium consisting
of DMEM/F12 Knockout (Thermo Fisher Scientific), supplemented with 20% knockout
serum replacement (KSR, Thermo Fisher Scientific), 1% glutamine (Thermo Fisher Scientific),
3.85 μM β-mercaptoethanol (Thermo Fisher Scientific), 1% non-essential amino acids (Thermo
Fisher Scientific), 10 ng/mL bFGF (Peprotech) and antibiotics (penicillin/streptomycin,
Thermo Fisher Scientific). Morphologically typical colonies were manually picked at the
first passage, and clonal lines were further dissociated for passaging with TrypLE Express
(Life Technologies).

2.7. Somatic Cell Nuclear Transfer

Fetal fibroblasts expressing either OCT4-vexGFP or SOX2-mCitrine were analyzed
for OCT4 and SOX2 gene expression through qPCR and flow cytometry analysis, which
enabled the sorting of positive cells used as donor cells for somatic cell nuclear transfer
procedures as previously described [36,37]. Briefly, bovine oocytes obtained from slaugh-
terhouses were in vitro matured for 18 h, enucleated, and reconstructed with fibroblasts
expressing OCT4-vexGFP (n = 182, in four replicates), SOX2-mCitrine (n = 203, in four
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replicates), or control cells (non-transduced, n = 178 and n = 149, in four replicates as control
of OCT4 or SOX2 expressing cells each). After reconstruction, embryos were activated with
ionomycin (5 μM, 5 min) and 6-DMAP (2 mM, 3 h) and in vitro cultured until blastocyst
stage (7 days) in SOF medium supplemented with 2.5% FBS and 3mg/mL BSA.

2.8. Statistical Analysis

Data obtained from the experimental procedures were analyzed using the statistical
program Statistical Analysis System (SAS University Edition), with previous verification of
the normality of the residues by the Shapiro–Wilk test (PROC UNIVARIATE) and submitted
to analysis of variance. Gene expression data were then submitted to the Bonferroni test. A
significance level of 5% was considered for all statistical analyses.

3. Results

3.1. bFF Expressing Exogenous OCT4 and SOX2

The exogenous expression of OCT4 and SOX2 was confirmed by flow cytometry
(Figure 2), where the positive populations were sorted out and recovered for in vitro
culture and reprogramming procedures. The percentage of positive cells in each cell line
and treatment group is presented in Table 2. The post-sorting purity percentage was 90%
or greater.

Figure 2. Representative scatter plots of flow cytometric analysis of stable lines expressing OCT4-
vexGFP (A1–A3) and SOX2-mCitrine (B1–B3) used for sorting nuclear donor cells. Blue dots represent
negative cells (non-fluorescent) and red dots present positive cells (fluorescent cells). In (A1,B1), the
Y-axis represents side scatter (SSC) and X-axis represents forward scatter (FSC). (A2,B2) represent the
control groups, where the Y-axis represents the cell count and X-axis represents the fluorescence in
arbitrary units. (A3,B3) represent the hOCT4 and the hSOX2 groups, where the Y-axis represents the
cell count and X-axis represents the fluorescence in arbitrary units.

Due to higher fluorescence detection of bFF1, the post-sorting recovery was more
efficient, enabling its utilization for the subsequent experiments. Cells expressing both
OCT4 and SOX2 presented very high proliferation levels, followed by early senescence.
Such behavior was observed over three repetitions; therefore, they were used for induced
pluripotency, and nuclear transfer was not conducted.
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Table 2. Percentage of fluorescent cells by flow cytometry in three bovine fetal fibroblast cell lines.

hOCT4% hSOX2% hOCT4 + hSOX2%

bFF1 79.8 10.2 1.3

bFF2 22.7 4.2 0.4

bFF3 18.7 3.9 0.2

Average 40.4 6.1 0.63

3.2. Quantitative Gene Expression Analyzes of Imprinted Genes or Genes Related to Pluripotency

The experimental groups from the three repetitions were induced to pluripotency (R1,
R2, and R3) and evaluated regarding the expression of pluripotency factors OCT4 and
SOX2 and imprinted genes H19 and IGF2R. OCT4+ cells showed higher OCT4 expression,
and SOX2+ cells had greater SOX2 expression, as expected. This analysis enabled us to
detect the high exogenous expression of the target genes.

Double-positive cells (OCT4+/SOX2+) OCT4 + SOX2 cells showed an increase in
both OCT4 and SOX2 expression, albeit not statistically significant, probably because the
expression was similar to groups expressing only OCT4 and SOX2, and there is apparently
an interaction between exogenous OCT4 expression and endogenous SOX2 expression. It
is noteworthy that SOX2+ cells had an approximately 10-fold OCT4 level increase when
compared to the control (Figure 3).

Figure 3. Quantitative gene expression of OCT4, SOX2 (pluripotency-related genes), H19, and IGF2R
(imprinted genes) in bovine cells from experimental groups: control, sorted control, expressing
exogenous OCT4, expressing exogenous SOX2, or expressing both (OCT4 + SOX2), in arbitrary
units. The X-axis represents arbitrary units and the Y-axis represents the experimental groups. Bars
presenting an asterisk (*) showed a statistical difference (p < 0.05).
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The analysis of the imprinted gene H19 expression showed an increased expression in
control sorted group, which was not expected. It is speculated herein that the pluripotency
factors somehow protect the locus against possible deregulation caused by the sorting pro-
cedure, and such possibility must be further investigated with analyses of more repetitions
and the methylation pattern of this specific locus.

No differences among the groups were observed when the imprinted gene IGF2R
was analyzed; however, there was an approximately 50% increase in expression levels in
the sorted control group when compared to the non-sorted control, indicating, once more,
a possible effect caused by the flow cytometry analysis and sorting on the regulation of
imprinted genes. More repetitions are needed to further understand this possibility.

The analysis of each repetition showed that, even though the gene expression pattern
seemed very similar in the groups, the non-sorted R1 had a unique pattern (Figure 4).
R1 had a higher expression of OCT4 and a lower expression of H19 in relation to R2
and R3, indicating a possible relationship between them, and R1 was the group able to
produce iPSCs colonies more efficiently. The existence of more reprogrammable populations
has already been described in the literature [38,39], and more studies are necessary to
reveal if such pre-disposition may be related to the regulation between imprinted and
pluripotency genes.

Figure 4. Quantitative gene expression of OCT4, SOX2 (pluripotency-related genes), H19, and IGF2R
(imprinted genes) in bovine cells from experimental groups: control, sorted control, expressing
exogenous OCT4, expressing exogenous SOX2, or expressing both (OCT4 + SOX2), in arbitrary units.
R1, R2, and R3 are representative bars for each lineage (repetition).

3.3. Allele-Specific Methylation Analyses of the DMR at the H19/IGF2 Locus

The methylation was analyzed, and the bisulfite conversion rate (number of non-
converted cytosines in relation to all convertible cytosines) was considered appropriate
when superior to 90% (Table 3).

Table 3. Bisulfite conversion efficiency rate.

Non-Sorted Control Sorted Control OCT4+ SOX2+ OCT4 + SOX2

Conversion rate 98.03% 98.23% 95.09% 98.89% 98.32%
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The percentage of total methylation, as well as the methylation at the CTCF region,
was calculated using the number of methylated and not methylated CpG islands. In
general, the paternal allele (taurus) was methylated, and the maternal allele (indicus) was
not methylated (Table 4).

Table 4. Methylation percentage in the DMR at the H19/IGF2 locus in the experimental groups.

Non-Sorted Control
(%DMR; %CTCF)

Sorted Control
(%DMR, %CTCF)

OCT4+
(%DMR, %CTCF)

SOX2+
(%DMR, %CTCF)

OCT4 + SOX2
(%DMR, %CTCF)

Maternal allele 21.42; 33.33 0; 0 21.24; 6.67 2.4; 5.55 5.95; 11.11

Paternal allele 100; 100 92.85; 100 100; 100 96.42; 100 92.3

3.4. Pluripotency Induction (iPSC Production)

bFF1 was used for pluripotency induction. Interestingly, non-sorted cells generated
biPS colonies, whereas sorted cells (control non-transgenic, OCT4-, SOX2-, and OCT4- +
SOX2-expressing cells) did not generate biPS cells.

The percentage of colonies formed is described in Table 5 (the number of colonies
formed divided by the number of plated transduced cells). The groups transduced with
hOSKM did not produce iPSC colonies.

Table 5. Percentage of iPSC colonies formed in each experimental group in all three repetitions (percent-
age and number of colonies).

Non-Sorted Control Sorted Control OCT4+ SOX2+ OCT4 + SOX2

R1 0.00035 (7) 0 0 0 0

R2 0.00005 (1) 0 0 0 0

R3 0 0 0 0 0

Cells showed typical colony morphology with approximately 15 to 20 days post
transduction (Figure 5).

 
Figure 5. Representative image of a reprogrammed colony of cells from the non-sorted control before
first picking (p0), 200×.

Colonies were manually picked at the first passage and later enzymatically passaged.
Among the repetitions, different passages on bFF1 were used since the same cell line was
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cultured continuously while used on the repetitions. Therefore, R1 had the lowest number
of passages in vitro.

3.5. Somatic Cell Nuclear Transfer Using hOCT4 and hSOX2 Overexpressing Donor Cells

Fusion rates were 60.0% vs. 64.95% and 70.53% vs. 67.24% for SOX2 vs. control and
OCT4 vs. control groups, respectively; cleavage rates (48 h after activation) were 66.66% vs.
81.68% and 86.47% vs. 85.18%, respectively; blastocyst rates (192 h after activation) were
33.05% vs. 44.15% and 52.06% vs. 44.78%, respectively (Figure 6).

Figure 6. Development competence (percentage of reconstructed and fused embryos, cleavage, and
development—8 cell and blastocyst rates) of nuclear transfer-derived embryos produced with donor
cells expressing exogenous OCT4, SOX2, or none (control cells).

There were no differences in the rate of fusion, cleavage, percentage of embryos in
eight cells, and capacity of development to blastocysts on the seventh day of in vitro culture
between clone embryos reconstructed with modified or not cells.

4. Discussion

During development, a mammal’s genome is epigenetically reprogrammed on two
different and essential occasions: gametogenesis and early embryogenesis. The repro-
gramming processes occur in the primordial germ cells (PGCs), where epigenetic markers
are erased, and new ones are established at specific moments, both before and after fer-
tilization. After fertilization, a second wave of global demethylation occurs, except for
imprinted genes, followed by de novo methylation, which sets a new epigenetic layout
allowing totipotency and following cell line committed differentiation [40,41]. Epigenetic
modifications may be inherited but also modified by the environment, thus explaining the
more frequent and different phenotypical alterations observed in ART-generated individu-
als [42]. In this study, the creation of an in vitro experimental model that enables the study
of OCT4 and SOX2 transcription factors, as well as their combination, in the regulation
of the imprinting in the H19/IGF2 locus in bovine cells and cells reprogrammed in vitro
was proposed.

In this study, bovine cell lines expressing pluripotency exogenous factors OCT4, SOX2,
or both were produced. These lines are important to better understand the acquisition and
maintenance of the pluripotency process in vitro. The sorting of positive cells for those
factors allows us to use only those cells that have integrated the factors, increasing, in
theory, reprogramming efficiency. The production of such factors was accomplished by
the lentiviral approach, and the lentiviral production was confirmed through fluorescence
analysis of the 293FT cells after transfection. After 5 or 6 days post transduction, the
percentage of positive cells for the reporter genes was quantified by flow cytometry and
used as a lentiviral transduction efficiency parameter. Such measurement is valid for
the qualitative and quantitative analysis of the efficiency of integration of the transgene
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since the multiplicity of infection of these vectors results in a linear title of the average
fluorescence intensity of each corresponding fluorescent protein [31]. The same group
reported that a threefold increase of OCT4 in relation to the SOX2, KLF4, and c-MYC
levels raised the reprogramming efficiency, and the opposite resulted in a drastic decrease
in reprogramming efficiency [31]. In 2011, Yamaguchi and collaborators reported that
decreased SOX2 levels increased efficiency in partially reprogrammed cells production [43],
showing that both expression and interaction of OCT4 and SOX2 need to be finely regulated
for acquiring and maintaining pluripotency in vitro.

The expression of the imprinted genes H19 and IGF2 was also analyzed on the cell
lines produced, and the methylation of the DMR at the H19/IGF2 locus. Nevertheless,
the hypothesis that the overexpression of OCT4 and SOX2 in bovine cell lines is not only
possible but leads to modifications in expression and imprinting pattern in the H19/IGF2
locus, as well as in bovine reprogramming into pluripotency by TNCS or iPSC generation
efficiency, was not confirmed in this study.

Even though further analyses are needed, it is possible to observe that the methylation
pattern of the non-sorted group was slightly different from the others that were submitted
to the same sorting process; the maternal allele was, herein, completely demethylated.
To infer if the expression of the exogenous factors acts in a protective way toward the
H19/IGF2 locus from external interferences, such as sorting or reprogramming, further
analyses are still needed.

The generation of induced pluripotency models (induced pluripotent stem cells)
made it possible to study the process of in vitro reprogramming more precisely. In this
study, cell reprogramming after OSKM transduction was observed only in the control
group, and the study of whether the imbalance between OCT4 and SOX2 expression may
hamper induced reprogramming will be of great importance to better understand the role
of these pluripotency factors in the acquisition and maintenance of the epigenetic patterns
of reprogrammed cells.

Nonetheless, the results obtained herein (reprogrammed cells generated only from the
non-sorted control group and, within that group, a higher number of colonies on the first
repetition, fewer colonies on the second repetition, and none on the third), two effects can be
inferred: (1) a sorting effect, and (2) an in vitro passage number effect. The environmental
factor must also be considered, with possible effects caused by the laboratory routine itself
as changes in the culture medium lot or supplements.

Moreover, the embryo production by NT from cells expressing hOCT4 or hSOX2
resulted in similar in vitro embryonic development rates regardless of the gene expression
profiles of factors related to the pluripotency of the nucleus donor cells.

Lastly, in this study, we analyzed whether the overexpression of two important
pluripotency-related genes could be related to the success of cellular reprogramming
and to a specific imprinting deregulation, which is commonly reported (H19/IGF2 locus).
There is limited research on the influence of specific genes in the in vitro reprogramming
of animals other than rodents and primates. Herein, we showed that the overexpression
of pluripotency-related factors, proven by a reporter gene and molecular analysis, is not
able to completely impact the epigenetics and the efficiency of the in vitro reprogramming
in cattle, and other strategies should be implemented in order to generate healthy cloned
cattle or bona fide pluripotent stem cells in this species.

5. Conclusions

The results described in this study allow us to conclude that the production of cells
expressing exogenous pluripotent factors was successful, as shown by the gene expression
experiments. Cellular reprogramming to pluripotency by cloned embryo production was
achieved in the present study when cells expressing OCT4 or SOX2 were used as donor cells;
however, in our conditions, these cell lines did not result in iPSCs after induced reprogram-
ming in vitro. There was interference from the flow cytometer analysis and sorting process
in the expression of the imprinted gene H19 in at least one of the experimental groups.
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The production of embryos by NT of hSOX2- or hOCT4-expressing donor cells resulted
in similar rates of in vitro developmental competence compared to control cells regardless
of different profiles of pluripotency-related gene expression presented by donor cells. A
better understanding of the contribution of each reprogramming factor used in induced
reprogramming will establish strategies to enhance in vitro reprogramming performance.
Such knowledge will contribute to in vitro animal production by increasing the cloning
efficiency at term and regenerative medicine through the derivation and adequate culture
of reprogrammed pluripotent stem cells.
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Abstract: Applying programmable nucleases in gene editing has greatly shaped current research in
basic biology and clinical translation. Gene editing in human pluripotent stem cells (PSCs), including
embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs), is highly relevant to clinical
cell therapy and thus should be examined with particular caution. First, since all mutations in PSCs
will be carried to all their progenies, off-target edits of editors will be amplified. Second, due to
the hypersensitivity of PSCs to DNA damage, double-strand breaks (DSBs) made by gene editing
could lead to low editing efficiency and the enrichment of cell populations with defective genomic
safeguards. In this regard, DSB-independent gene editing tools, such as base editors and prime
editors, are favored due to their nature to avoid these consequences. With more understanding of
the microbial world, new systems, such as Cas-related nucleases, transposons, and recombinases,
are also expanding the toolbox for gene editing. In this review, we discuss current applications of
programmable nucleases in PSCs for gene editing, the efforts researchers have made to optimize
these systems, as well as new tools that can be potentially employed for differentiation modeling and
therapeutic applications.

Keywords: pluripotent stem cell; induced pluripotent stem cell; CRISPR-Cas9; base editor; prime
editor; gene editing

1. Introduction

Pluripotent stem cells (PSCs) possess two unique characteristics, indefinite self-renewal
and the potential to differentiate into nearly all cell types of three germ layers, therefore hold-
ing great promise for regenerative medicine. The two major types of PSCs are embryonic
stem cells (ESCs) derived from the inner cell mass of the preimplantation embryo [1] and
induced pluripotent stem cells (iPSCs) generated by reprogramming of somatic cells [2,3].
With technical advances in the past decade, human iPSCs can now be generated by RNA
viruses, episomal vectors, or chemical cocktails, avoiding genomic integrations [4–9]. Com-
pared with human ESCs, iPSCs are generated from autologous cells and are easier to obtain,
enabling iPSCs to be applied in cell-based therapies [10–12]. For example, mutations of
patient-derived iPSCs can be corrected and differentiated towards specific cell types for ther-
apeutic purposes [13,14]. For cancer immunotherapy, autologous or immune-compatible
iPSCs can be modified (e.g., introducing chimeric antigen receptors) and serve as unlimited,
“off-the-shelf” sources of engineered immune cells [15,16].

In addition to clinical purposes, PSCs also possess great value in basic research [17].
PSCs are long-standing models for investigating determinants or modulators of lineage
specification or terminal differentiation. The advent of organoid cultures further ex-
panded PSC applications [18,19]. Organoids are self-organized cell aggregates that re-
capitulate cellular compositions and organizations of corresponding tissues, and have
been widely employed as in vitro models to study tissue development or diseases [20–24].
PSC-based in vitro differentiation models in 2D and 3D conditions are also platforms for
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high-throughput screening [25,26] or lineage tracing [27,28], serving as precious tools
for studying human-specific development or diseases lacking appropriate mouse models
(Figure 1).

Figure 1. Gene editing in PSC-based basic research and clinical applications. ESC, embryonic stem
cell; iPSC, induced pluripotent stem cell; iNK, iPSC-derived NK cells. See the text for details.

Many of those aforementioned applications require gene editing in PSCs. A major
merit of performing gene editing in PSCs is the high stability in both the genome and the
cell fate potential. Thus, the integrity of the genome of engineered PSCs can be thoroughly
examined before any application. Recently, the ability to edit the genome of PSCs has been
greatly elevated with the development of gene editing tools, especially programmable
nucleases. The ease of use and the high editing efficiency of programmable nucleases
greatly facilitate the applications of PSCs in basic research, such as knock-out/knock-in,
disease modeling, and correction of genetic mutations [29–31]. Nonetheless, gene editing in
PSCs also requires careful evaluation due to their spectacular properties: comparing with
adult (stem) cells which have limited longevity, PSCs can propagate almost indefinitely
and pass all mutations to their progenies, making the preciseness of gene editing in PSCs of
great concern. This concern is further exacerbated with recent studies demonstrating that
gene editing mediated by CRISPR associated protein 9 (Cas9)-induced DNA cleavage in
human PSCs produces genome-wide mutations and rearrangements [32,33]. Moreover, the
selection of successfully edited PSC clones also favors the accumulation of p53 mutations,
hampering further utilization of this powerful technology in human PSCs [33,34]. Here,
we review the current progress and prospects of gene editing, which we define as inducing
permanent changes on DNA sequences, in PSCs and the efforts researchers have made to
optimize those tools (Table 1).
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Table 1. Multifaceted comparison of gene editing tools.

DSB-Dependent Editor Base Editor
Prime Editor

ZFN TALEN SpCas9 CBE ABE CGBE AXBE/AYBE

Type of
DNA

damage
DSB DSB DSB SSB SSB SSB SSB

SSB (PE2) or
DSB (PE3)

Type of
editing

Indel;
Knock-in;

Base
mutation

/correction

Indel;
Knock-in;

Base
mutation

/correction

Indel;
Knock-in;
Transloca-

tion;
Base

mutation
/correction

Base
substitution

Base
substitution

Base
substitution

Base
substitution;

Base
substitution;

Indel; Re-
combination

p53
activation? Yes Yes Yes No No N/A N/A No

On-target
specificity + + ++ ++ +++ ++ +

(C/T mix) +++

Off-target
effects on

DNA
++ ++ ++ ++ Very low

++
(based on

CBE)

Very low
(based on

ABE)
Low

Off-target
effects on

RNA
- - - ++ +

++
(based on

CBE)

+
(based on

ABE)
-

Applied in
human
PSCs?

Yes Yes Yes Yes Yes No No Yes

Clinical trial? Yes Yes Yes Yes Yes No No No

2. DSB-Mediated Gene Editing by Programmable Nucleases

Since late 1980, homologous recombination (HR) has been widely employed for
genome editing in mouse ESCs to create genetically modified mice, establishing a paradigm
for studying gene functions, disease mechanisms, and lineage specifications [35]. In a gen-
eral protocol, donor DNAs with homologous arms are electroporated to mouse ESCs, and
the HR-mediated editing (knock-out or knock-in) occurs spontaneously at very low frequen-
cies [36]. This laborious and time-consuming procedure was changed by groundbreaking
works of the Haber and Jasin groups, demonstrating that the induction of double-strand
breaks (DSBs) by endonucleases at sites aimed to be edited could trigger DNA repair path-
ways and dramatically increase the efficiencies of HR in yeasts and mammalian cells [37,38].
On the other hand, repair of DSBs by non-homologues end joining (NHEJ) can generate
insertions/deletions (indels), ablating the protein expression or function. These findings
inspired researchers to look for programmable nucleases that can induce DSBs at desired
sites. To date, zinc finger nucleases (ZFNs), transcription activator-like effector nucleases
(TALENs), and CRISPR-Cas systems are the most frequently employed methods.

Different cells exhibit distinct sensitivities to DSBs. PSCs, as derived from early
embryos, have evolved at least two mechanisms to keep low DNA mutation rates compared
to somatic cells, thus protecting the genome integrity from the accumulation of genetic
mutations. First, PSCs possess a superior ability to repair DNA damages by expressing
abundant mismatch repair proteins or avoiding error-prone repair pathways [39–42]. The
high DNA repair capability also suggests the fast removal of the DSB marker γ-H2AX,
thus antagonizing its association with apoptosis-inducing factor (AIF) for the formation of the
“degradosome” that leads to chromatin remodeling and large-scale DNA fragmentation [43,44].
Second, once the level of DNA damage accumulates over a threshold, PSCs are highly prone
to apoptosis, eliminating themselves from the whole population. Those self-protection
mechanisms of PSCs are double-edged swords for applying those powerful DSB-dependent
gene editing tools in PSCs, since the sensitivity of PSCs toward DNA damages could lead
to the low editing efficiency or undesired loss/mutation of genomic safeguards [32,33].
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Here, we briefly review those three DSB-dependent programmable nucleases and their
off-target effects in the context of PSCs, as their development and mechanisms have been
extensively reviewed [30,45–49].

2.1. Zinc-Finger Nuclease (ZFN)

Zinc-finger nucleases (ZFNs) are artificially engineered endonucleases that recognize
specific DNA sequences by customized zinc-finger protein arrays [50,51]. The zinc finger
domain of a ZFN, which binds to a specific DNA sequence, is fused with the FokI nuclease.
With a pair of ZFNs binding to target sites of genome DNA in the opposite orientation, FokI
will be dimerized and produce DNA DSBs that strongly activate the DNA repair pathway
and greatly increase gene editing efficiencies compared with the natural recombination
rate in the absence of DNA breaks. NHEJ or homology-directed repair (HDR) of these
DSBs will lead to random indels or sequence replacement, which can be utilized for gene
knock-out or knock-in, respectively [52]. Recently, new dimer architectures, made possible
by different linkers between zinc finger proteins and FokI, were successfully developed
and greatly increased the design flexibility [53]. Currently, several ZFN-based gene- and
cell-therapies developed by Sangamo Therapeutics are under clinical trials.

ZFNs-mediated genetic manipulation in human PSCs was first reported in 2007. The
ZFN and the donor DNA were delivered to human ESCs by lentiviruses to knock-in a
green fluorescent protein (GFP)-expressing cassette to the end of the CCR5 gene through
HDR with a 5.3% efficiency [54]. ZFN was also used to disrupt the PIG-A gene in human
ESCs and iPSCs [55]. Hockemeyer et al. used ZFNs to tag EGFP to PITX3 or insert EGFP to
the safe harbor locus, AAVS1, to generate reporter or drug-inducible cell lines in human
ESCs [56]. These pioneer studies demonstrated the superior efficiencies of DSB-activated
recombination in PSCs.

On- and Off-Targeting of ZFNs

With the high genome editing efficiency, the specificity of the programmable nu-
cleases also came into view. The on-target efficiency of nucleases can be examined by
Sanger/high-throughput sequencing or mismatch-sensitive enzymes such as T7 endonu-
clease I (T7E1) [57,58]. Nonetheless, the evaluation of off-target effects is not as trivial as
it appears to be: high-throughput transcriptomic sequencing (RNA-seq) is able to detect
mutations on coding and non-coding genes with good coverage, yet can neither determine
whether mutations happen on DNA or RNA, nor reveal gene duplications, chromosome
translocations, and mutations in regulatory regions [59]. The whole-genome/exome se-
quencing (WGS/WES) has been applied to examine the ZFN-mediated correction of a
point mutation on the A1AT site in human iPSCs [60]. Nonetheless, although the WGS is a
reliable way to measure off-target edits in single cell-derived colonies, it is not suitable for
measuring the rate of off-target editing at the population level, as the mutation frequencies
at off-target sites are too low to be detected by typical sequencing depth.

To resolve these issues, other methods have been developed to enhance the sensitivity
of off-target measurement in an unbiased, genome-wide manner. For example, the in vitro
selection and the integrase-deficient lentivirus (IDLV) capture were developed to examine
the ZFN cleavage sites [61]. The former uses DNA substrate libraries to determine the
specificity of nucleases in vitro [61], while the latter uses IDLV to integrate at cleavage
sites and detect off-target edits in cells [62]. Both methods were employed to examine the
off-target effects of a CCR5-targeting ZFN and uncovered a previously known off-target site,
CCR2 [61–64]. In addition to the CCR2 site, in vitro selection also identified large numbers of
off-targets from the substrate library, some of which can be identified in cells [61]. Together,
these studies suggest that the off-target effects of ZFNs should be meticulously evaluated.
As various methods have been developed for measuring CRISPR-Cas9 off-targets (see
later), the specificity of ZFNs can be systematically addressed.
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2.2. Transcription Activator-like Effector Nucleases (TALENs)

The transcription activator-like effector nuclease (TALEN) is composed of the DNA
binding domain and the DNA cutting domain [65,66]. The DNA binding domain, derived
from the transcription activator-like effector (TALE) protein in the Flavobacterium, contains
multiple tandem repeats of 33–34 amino acids with divergent dual residues at positions 12
and 13 (repeat variable di-residue, or RVD), which determine TALE’s binding specificity.
The DNA cutting domain is the cleavage domain of FokI endonuclease. Thus, both ZFNs
and TALENs can be viewed as FokI endonucleases targeted by engineered proteins that
recognize specific DNA sequences. Similar to ZFNs, TALENs were also introduced into cells
for genome editing, making knock-out, knock-in, and site-specific mutations [66,67]. One
advantage of TALENs for researchers is that all the RVDs and their recognized sequences
are open resources, while ZFNs are only available from Sangamo Therapeutics, Richmond,
CA, USA. So far, there have been several TALEN-based gene- and cell-therapies under
clinical trials [68,69].

In PSCs, TALENs have been used for genome editing in iPSCs generated from dermal
fibroblasts in MELAS (myopathy, encephalopathy, lactic acidosis, and stroke-like episodes)
patients with mitochondrial G13513A mutation [70]. Moreover, genes associated with
human cardiovascular diseases, such as TNNT2, LMNA/C, TBX5, MYH7, ANKRD1, and
NKX2.5, were also knocked-out by TALENs in human iPSCs to build cardiovascular
disease models [71]. X-linked chronic granulomatous disease (X-CGD) is an inherited
disorder of the immune system caused by mutations in the GP91PHOX (NOX2) gene that
regulates reactive oxygen species (ROS) production [72]. Wild-type NOX2 was knocked
into the AAVS1 site of X-CGD patient-derived iPSCs, which can be derived to granulocytes
exhibiting restored ROS production [72]. TALEN was also used to correct the mutation of
beta-globin alleles in sickle cell disease (SCD) patient-derived iPSCs [73]. Together, these
results suggest the effectiveness of TALEN-mediated gene editing in PSCs.

The specificities of TALENs were also investigated. In a parallel comparison of the
ZFN and TALEN targeting CCR6, the TALEN exhibits lower off-target activity at the
CCR2 site [74]. Further study revealed that the ZFN and TALEN have different mutation
signatures, as the TALEN induces significantly fewer insertions [75]. Off-target effects of
TALENs can be further avoided by carefully choosing target sequences [76]. In PSCs, two
studies employed WGS to confirm the off-target effects of TALENs in single-cell derived
colonies [77,78]. As aforementioned, off-target rates at the population level of TALENs still
await systematic evaluation with the new techniques (see the Section 2.3.1).

2.3. CRISPR-Cas System

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)-Cas are bacterial
and archaeal adaptive immunity systems that integrate segments of foreign nucleic acids
into CRISPR arrays in host genomes [79,80]. Transcripts of these inserted segments (spacers)
are employed as guide RNAs (gRNAs) to recognize and interfere with cognate targets
(protospacers) [81]. The most important components of CRISPR-Cas systems are CRISPR
RNAs (crRNAs) and Cas effectors [46]. With the assistance of crRNAs that recognize
protospacer sequences, Cas effectors exhibit nuclease activities toward target DNAs or
RNAs [46]. In the CRISPR-Cas9 system, which has been employed extensively in gene
editing, another small RNA, the trans-activating crRNA (tracrRNA), is required [58,81,82].
The crRNA and tracrRNA form a double-stranded RNA which recruits the Cas9 protein
to form a ribonucleoprotein (RNP) complex for target recognition and cleavage [81,83].
For the application, the crRNA and tracrRNA are further combined to the single-guide
RNA (sgRNA) for ease of use [81]. One essential determinant for target recognition is the
adjacent protospacer motif (PAM), the short DNA sequence next to protospacers [84]. For
example, the PAM sequence for Streptococcus pyogenes Cas9 (SpCas9) is NGG [81]. The DNA
cleavage induced by Cas9, like ZFNs or TALENs, triggers NHEJ or HDR repair pathways
depending on the absence or presence of DNA templates, respectively, and results in indels
or HR products. Thus, different from ZFNs or TALENs which recognize DNA targets by
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the protein–DNA interaction, the CRISPR-Cas systems utilize the nucleic acid base pairing
as the mechanism to recognize their targets (DNA or RNA), greatly simplifying their design
and application.

There are two distinct nuclease domains, HNH and RuvC, in Cas9, which cleave
the target and non-target stand, respectively [81,83]. Inactivation of either HNH or RuvC
domain creates the Cas9 nickase (nCas9), which can cleave only one DNA strand. If both
HNH and RuvC domains are inactivated, the enzymatically dead Cas9, dCas9, could
serve as a scaffold for recruiting effectors to the desired site without making DNA breaks.
Depending on the factors fused with, dCas9 can be used for activating (CRISPRa) or
suppressing (CRISPRi) gene expression, epigenetic modification (e.g., DNA methylation
or histone modifications), or molecular imaging [85–87]. Although epigenetic regulations
play key roles in PSC functions, applications excellently reviewed elsewhere are omitted in
the present review due to the space limitation and the absence of permanent alterations of
DNA sequences induced by these variants.

Except for Cas9, other Cas proteins, such as Cas3, Cas10, Cas12, Cas13, and Cas14, are
also employed for other purposes based on their properties and substrates. For example,
Cas3 and Cas10 cleave ssDNAs [88,89], Cas12 (including AsCas12a and LbCas12b from
Acidaminococcus and Lachnospiraceae bacterium, respectively) cleaves both dsDNAs and
ssDNAs [90], and Cas13 (including Cas13a and Cas13b) cleaves ssRNAs [91]. The diversity
of the CRISPR-Cas system greatly expands the application repertoire, which is reviewed
elsewhere [92]. Here, we focus on the utilization and off-target effects of the CRISPR-Cas9
system in human PSCs.

The CRISPR-Cas9 system has been extensively applied in human PSCs, although its
off-target and side effects on genome integrity have not been extensively investigated yet. In
addition to knocking out and knocking in specific genes, CRISPR-Cas9 has been employed
for high-throughput screening using sgRNA libraries, which is less feasible for ZFNs or
TALENs [93–95] (Figure 1). To build PSC-derived disease models, CRISPR-Cas9 usually
performs genome engineering at the pluripotent stage, followed by differentiating PSCs into
the desired cells/organoids. For example, CRISPR-Cas9 was applied to introduce RBM20
mutations in human iPSCs, which were differentiated into cardiomyocytes to establish an
in vitro model of dilated cardiomyopathy (DCM) [96]. CRISPR-Cas9 can also introduce
inter-chromosome translocations to model blood cancers [97] (Figure 1). In addition to
modeling disease, CRISPR-Cas9 was used to reverse disease mutations as exemplified
by the correction of a diabetes-causing pathogenic mutant of Wolfram syndrome 1 (WFS1)
gene in iPSCs derived from a Wolfram syndrome (WS) patient. After transplantation, the
genetically-corrected WS iPSC-derived β cells can reverse severe diabetes in mice [98].

Apart from 2D differentiation, human PSCs are also employed to build disease models
or perform lineage tracing in organoids (Figure 1). Multiple organoids, including the brain,
liver, retina, lung, blood vessels, heart, and kidney, have been generated from human
PSCs [99–104]. For example, CRISPR-Cas9-mediated knockout of PKD1 or PKD2 in human
ESC-derived kidney organoids can model polycystic kidney disease [105]. CRISPR-Cas9-
mediated introduction of oncogenic mutations in human ESCs, which are then differenti-
ated to cerebral organoids, can serve as a model to recapitulate brain tumorigenesis [106].
The introduction of the E50K mutation in optineurin (OPTN) by CRISPR-Cas9 has also been
used to model glaucoma in ESC-derived retinal organoids [107]. To track hair cell induc-
tion during human inner ear organogenesis, CRISPR-Cas9 was used to construct ATOH1
reporters in human ESCs, which are differentiated into inner cell organoids [108]. Recently,
CRISPR-Cas systems have also served as DNA recorders and writers to trace sequential
events during differentiation (see Conclusion and Future Prospects). Together, these results
indicate the versatility of the CRISPR-Cas system in PSC applications (Figure 1).

CRISPR-Cas9-mediated gene editing has also been proposed for clinical cell therapies
using human PSCs. For instance, cytokine-inducible SH2-containing protein (CISH) is a key
negative regulator of interleukin-15 (IL-15) signaling in natural killer (NK) cells. Knockout
of CISH in human iPSC-derived NK (iNK) cells by CRISPR-Cas9 improves their expansion
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capability, cytotoxic activity, and in vivo persistence to inhibit tumor progression in the
leukemia xenograft model [109]. Knocking out the ectoenzyme CD38 by CRISPR-Cas9
also improves in vivo persistence and antitumor activity of iPSC-derived NK cells in the
absence of exogenous cytokine and elicits superior antitumor activity [110]. Thus, human
PSCs could be a potentially unlimited, stable source of engineered “off-the-shelf” immune
cells for cancer therapy (Figure 1).

2.3.1. Evaluating Off-Target Effects of CRISPR-Cas9

As mentioned above, advanced methods have been developed to examine the off-
target effects of programmable nucleases, especially CRISPR-Cas9. For example, Digenome-
seq (digested genome sequencing), GUIDE-seq (genome-wide, unbiased identification of
DSBs enabled by sequencing), HTGTS (the high-throughput genomic translocation sequenc-
ing), and BLESS (labeling, enrichments on streptavidin, and next-generation sequencing)
can all identify DSBs generated by Cas9 in vitro or in vivo (reviewed in [111]). A parallel
comparison between the ZFN, TALEN, and Cas9 targeting the same site demonstrated that
Cas9 Is more efficient and specific than the other two, although whether it is universal for
other target sites remains to be determined [112]. Despite its superior specificity, genome-
wide analyses have shown that Cas9, like other programmable nucleases, can recognize
and cleave DNA at off-target sites with sequences resembling on-target sites [113–115]. Em-
ploying a pair of nCas9 to create two single-strand breaks instead of one DSB can reduce the
off-target rates, although it also compromises the editing efficiency [116]. Compared with
other programmable endonucleases, the specificity of CRISPR-Cas9 can be and has been
further improved by engineering Cas9 proteins. Mutations of the residues in Cas9 which are
involved in Cas9-DNA interaction can reduce the binding of Cas9 at off-target sites, while
the binding and editing ability at on-target sites are largely retained [117–119]. Modifica-
tions on the sgRNA, such as adjusting the length of the spacer region or adding secondary
structures onto the 5′ ends of a sgRNA, also reduce off-target effects [113,120,121].

3. Base Editors

Since DSB-mediated editing raises concerns for undesired mutations in PSCs, base
editors, which make base substitutions without introducing DSBs, are reasonably favored
for gene editing in PSCs. Theoretically, six base editors will be needed for “any base to any
base” substitutions (please refer to Chen et al. [125] for the illustration). Yet, pathogenic
point mutations in humans are not evenly distributed (also Chen et al. [125] for the statis-
tics), making it possible to cover most human diseases with fewer editors. The first two base
editors reported, the cytidine base editor (CBE) and the adenine base editor (ABE), were
realized by David Liu’s lab in 2016 and 2017, respectively [112,122]. CBE converts cytidines
to thymines on one strand and thus can be used to create both C>T (C•T→T•A) and G>A
(G•C→A•T) substitutions. Similarly, ABE substitutes adenines with guanines and thus
can make both A>G (A•T→G•A) and T>C (T•A→C•G) substitutions. Those four types
of editing cover ~60% of edits needed for correcting pathogenic mutations [125]. In 2020,
two labs reported the glycosylase base editor that can make C>G and G>C conversions,
which constitute ~10% of pathological mutations [123,124]. Recently, new editors were
reported to be able to convert A to C or T [125,126], covering another ~25% of pathological
mutations. In addition to these single-base editors, dual-base editors, which fuse two
types of single-base editors, were also created to introduce multiple substitutions [127–130].
Together, these base editors constitute a tool collection for introducing or correcting point
mutations in somatic or stem cells. In this section, we briefly review these single-base
editors and discuss their strengths and remaining issues in PSC-based applications.

3.1. Cytidine Base Editor (CBE)

CBEs take advantage of the cytidine deaminase activity, which converts cytidines
to uracils (U), equivalent to T in base pairing, for base substitution. The rat APOBEC1
(apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like 1, or rAPOBEC1) and
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the sea lamprey AID (activation-induced cytidine deaminase) were first employed in the
BE series [131] and Target-AID [132], respectively. Cytidine deaminases from different
species, including the CDA, AID, and APOBEC3 family, are also employed to build CBEs
with different editing efficiencies and sequence preferences [133]. BE3 and BE4 are the
third and fourth generation of BE, containing nCas9, rAPOBEC1, as well as one (BE3)
or two (BE4) copies of uracil DNA glycosylase inhibitor (UGI) from the Bacillus subtilis
bacteriophage [131] (Figure 2a). UGI can suppress the repair of U by inhibiting the uracil
DNA glycosylase (UNG), which excises uracil bases to form abasic sites for base excision
repair (BER). To date, more than thirty CBE variants have been made by changing the
editing window, expanding the PAM compatibility, or increasing/decreasing their on-
target/off-target activities [134]. Notably, despite its successful application in multiple cell
lines, BE3 exhibits lower editing efficiency in human PSCs [135] and may need further
optimization for better efficiency [136] (see the Section 3.5.2).

Figure 2. Base editors and prime editors. Representative versions of base editors and prime editors.
The Cas9 derivatives are highlighted in grey, the key enzymatic components of BEs (a,b) and PEs
(c) are highlighted in green, and the associated components are highlighted in pink. For PEs, the
archi-tectures of promoters, pegRNAs (yellow), and nicking sgRNAs (orange) are also shown. The
CAG promoter of p2PE3 can be replaced by other Pol II promoters.

3.2. Adenine Base Editor (ABE)

In 2017, David Liu’s lab reported the first ABE, which realized the A>G and T>C
substitutions [122]. Theoretically, deamination of adenosines results in inosines (I), which
could complement with cytidines and be eventually converted to guanines by the mis-
match repair. However, there are no known DNA adenine deaminases. To solve this
issue, Gaudelli et al. subjected the E. coli tRNA adenine deaminase TadA to extensive
evolution to alter its activity towards DNA [122]. ABE7.10, which contains a wild-type
TadA and an evolved TadA* (contains 14 amino acid substitutions in the catalytic domain),
was finally retrieved with the highest efficiency of converting A•T to G•C [122]. This
breakthrough opens the gate for the subsequent derivation of ABE variants with improved
nuclear localization/expression (ABEmax) [137] or smaller size and faster editing kinetics
(ABE8e) [138]. Recently, several groups, including us, modified those ABEs to further
reduce their off-targeting activities [139–141] or expand the PAM compatibility [142,143]
(Figure 2a). Notably, compared with CBE, ABE exhibits high product purity and low rates
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of indels in mammalian cells, including human PSCs, possibly due to their lack of efficient
glycosylase to initiate BER [122].

3.3. Glycosylase Base Editor (GBE) and C-to-G Base Editor (CGBE)

In 2020, three research groups reported base editors that can make C>G and G>C
base transversions (purine > pyrimidine or pyrimidine > purine) in mammalian
cells [123,124,135] (Figure 2b). All three base editors employ nCas9 and rAPOBEC1 (the
same one CBE uses), while two of them (Kurt et al. [GBE] and Zhao et al. [CGBE]) replace
the UGI with UNG and Chen et al. use XRCC1 protein instead of UGI. The UNG excises the
U base created by the deaminase and generates the apurinic/apyrimidinic (AP) site that, in
combination with the nick made by nCas9, initiates the DNA repair process (translesion
synthesis) which favors insertion of G at the AP site. The C-to-G BE designed by Chen et al.
uses XRCC1 to recruit BER proteins to repair the AP site created by endogenous UNG [135].
GBE and CGBE are further modified or optimized to relieve the PAM restriction, as well as
to be more predictable and purer [144,145]. Recently, the Li lab reported a TadA-derived
C-to-G base editor, Td-CGBE, which is based on an N46L variant of TadA-8e [146].

3.4. Adenine Transversion Editors (AYBE and AXBE)

As mentioned above, the A>C substitution is required to reverse ~25% pathologi-
cal point mutations. Recently, two breakthrough studies reported base editors that can
transverse A to C or T in mammalian cells [125,126] (Figure 2b). Both groups employ a
strategy similar to GBE/CGBE, but aim at creating the AP site on A instead of C (in the
GBE/CGBE case), which is expected to be mutagenized by the DNA repair pathway. To
achieve this, Tong et al. constructed the adenine transverse base editor (AYBE, Y = C or
T) by fusing the ABE8e with an engineered human hypoxanthine glycosylase enzyme,
N-methylpurine DNA glycosylase (MPG, also called AAG). MPG excises the hypoxanthine
group from the inosine produced by ABE, resulting in an AP site. The AP site will then
be processed by the translesion synthesis pathway and replaced by C or T as the most
common outcomes [126]. Chen et al. employed a similar strategy but used mouse AAG
(MPG) instead of the human one, creating the AXBE. Importantly, by mutagenesis and Cas
embedding strategies, Chen et al. further created the ACBE-Q editor, which exhibited high
A>C activity and reduced A>G bystander substitutions [125]. Although the purity and
efficiency of adenine transversion editors remain to be improved, these two editors have
substantially expanded the potential of base editing.

3.5. Pros and Cons of Using Base Editors in PSCs

Although base editors cannot introduce indels or HR, they still possess wide appli-
cations in correcting point mutations, creating premature stop codons (knockout), and
alternating splicing events. In contrast to DSB-dependent genome editing, base editors
are considerably favored since most of them use nCas9, which only generates nicks. This
advantage is particularly important for PSCs, in which the activation of p53-dependent
DNA damage responses leads to detrimental consequences [33]. However, the deaminases
may lead to undesired off-target edits on RNA or DNA in PSCs. Since off-target mutations
on RNA could cause undesired phenotypes, and mutations on DNA will be transferred to
all differentiated progenies, the off-target issue is one of the major concerns for applying
base editors in PSCs. Here, we summarize the current knowledge on the off-target effects
of base editors and the efforts researchers have made to resolve this issue.

3.5.1. Dealing with Off-Target Effects of CBE and ABE

The rAPOBEC1 used by the BE series has off-target activities towards both DNA and
RNA. Expressing BE3 in mouse embryos resulted in substantial off-target DNA single-
nucleotide variants (SNVs) with more than 20-fold higher frequencies compared to CRISPR-
Cas9 or ABE [147]. Most of the appeared mutations are independent of sgRNAs, suggesting
that these off-target edits are attributed to the random, Cas9-independent binding of
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rAPOBEC1 to DNA [147]. A cohort study of BE3 transgenic mice also revealed five times
more SNVs in the muscle tissue compared with the GFP control [148]. In contrast, ABE
transgenic mice show barely detectable off-target DNA SNVs. The higher genome-wide
off-target mutation rate of CBE over ABE is also observed in plants [149]. Although the
off-target activity of the cytidine deaminase employed by the Target-AID system, pmCDA1,
has not been evaluated by WGS, the R-loop assay on specific sites also suggests a high
off-target activity on DNA [150]. Together, these results draw the attention to off-target
DNA mutations generated by cytidine deaminases.

The off-target DNA activities of CBE and ABE in PSCs were also evaluated. In a well-
controlled experiment, BE4 was tested for its off-target activities using syngeneic human
iPSC clones with doxycycline-inducible CBE [151]. The WGS revealed that BE4 induces
10 times more SNVs compared with the control in human iPSCs. We also examined the
off-target effects of overexpressed enhanced ABE (CE-8e-dV) in human ESC clones with a
similar approach and did not observe mutations beyond the background level [143]. These
results confirm that early version CBEs exhibit higher off-target rates on DNA compared
with ABE in PSCs. Notably, we only uncovered a few (<50) differentially expressed
genes upon CE-8e-dV overexpression, and no activation of the p53 signaling pathway was
observed, further indicating the safety of ABE in PSCs [143].

The off-target activity on RNA is an even more important issue for rAPOBEC1-based
CBE. Grünewald et al. performed RNA-seq and WGS on BE3-overexpressed human cells.
On the transcriptome-wide scale, they uncovered tens of thousands of C>U edits with
frequencies ranging from 0.07–100% in 38–58% of expressed genes, which resulted in
missense, nonsense, splice site, 5′ UTR, and 3′ UTR mutations [152]. The parallel WGS
confirmed that most of those RNA mutations are not originated from DNA [152]. In
contrast to the nature of rAPOBEC1 that targets both DNA and RNA, DNA is likely the
only natural substrate for AID [153]. For ABE, despite its minimal off-target DNA editing
activity, researchers also found ABE generates lower but evident A>I editing in cellular
RNAs, possibly due to the deaminase activity of TadA/TadA* towards RNA [140]. Our
study in human ESCs also revealed RNA off-target activity of ABE8e [143]. Together, these
results suggest diverse influences on the transcriptome by CBE and ABE in PSCs.

Many efforts have been made to resolve the off-target issue of CBE and ABE. For CBE,
mutations were introduced to cytidine deaminases to segregate its activity towards DNA
and RNA. For example, the Joung group engineered two SECURE-bEs by introducing
R33A or R33A/K34A to rAPOBEC1, which greatly reduces the C>U editing on RNA
while maintaining the on-target efficiency on DNA [152]. They also replaced rAPOBEC1
with an engineered human APOBEC3A (hA3A) domain in the BE3 system, which can
perform base editing in the CpG context with low off-target rates [154]. The Liu and Yang
groups found that W90Y/R126E mutations in rAPOBEC1 (YE1) greatly reduce the off-
target activity of BE3 on DNA and RNA [155–157]. Wang et al. constructed a transformer
BE (tBE) system by fusing a cleavable deoxycytidine deaminase inhibitor (dCDI) domain
to cytidine deaminases, resulting in efficient editing with only a background level of off-
target mutations in the whole transcriptome and the genome [158] (Figure 2a). Recently,
three groups reported TadCBE, CBE-T, and Td-CBE, all of which use engineered/evolved
TadA (the ABE component) to perform cytidine deamination with the advantages of
high on-target activities, smaller sizes, and substantially lower DNA and RNA off-target
activities [146,159,160].

Similar to CBEs, ABEs were also engineered for better on- and off-target performance
on both DNA and RNA. Liu and other groups employed different strategies to further
reduce off-target mutations induced by adenosine deaminases, including the point muta-
tion V106W [140,161], deletion of the key residue R153 [162], and embedding the editing
enzymes into the middle of nCas9 to hamper their access to off-targets [139]. We combined
those three strategies to make a new ABE, CE-8e-dV, and tested its performance in hu-
man ESCs [143]. By WGS and RNA-seq analyses, we confirmed that CE-8e-dV exhibits
background-level DNA off-target effects and only ~1/3 off-target RNA edits compared with
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ABE8e [139]. Chen et al. reported that introducing the L145T mutation to ABE8e (ABE9)
could further decrease its editing window and bystander editing [163]. Finally, mutagenesis-
based engineering also enables researchers to create ABE9e (R111T/N127K/Q154R), which
has a significantly lower bystander mutation rate in human ESCs [164].

3.5.2. On- and Off-Targets of Other Base Editors in PSCs

GBE, CGBE, AYBE, and AXBE are newly developed base editors. The efficiency of
CGBE has been examined in human H9 ESCs: both CGBE and BE3 exhibit low editing
efficiency in H9 cells, which might be due to specific methylation profiles in stem cells that
inhibit editing [135]. Although AXBE has been employed in mice and human cells [125],
its activity in human PSCs remains to be evaluated since linking hAAG to ABEmax or
ABE8e (same as the AYBE design) does not result in A>Y transversion in PSCs [165]. In
the aggregate, the on-target efficiencies of C>G and A>Y editors in human PSCs still await
examination by transcriptome- and genome-wide analysis. Finally, overexpression of some
components of editors, such as XRCC1 or MPG, could also have unexpected influences on
PSCs and needs to be addressed.

4. Prime Editor (PE)

In 2019, a versatile gene-editing tool, prime editor (PE), was developed by the Liu
lab [166,167]. The two essential components of the PE system are the editor, a nCas9
fused with reverse transcriptase (RT), and a single engineered prime editing guide RNA
(pegRNA) which consists of the sgRNA and the intended sequence to edit. After being
guided to the target site by the sgRNA component of the pegRNA, the nCas9 generates
a nick in the single-stranded R-loop of the target site. The pegRNA then hybridizes with
the nicked target DNA strand and serves as the template for RT to polymerize the desired
sequence onto the nicked target DNA. After resolving the flap of the edited DNA by DNA
repair machinery, the desired sequence will be incorporated into the genome. Decided by
the templates, PE can make all types of base substitutions or insertions/deletions of small
DNA fragments in mammalian cells [166,167].

PEs have evolved through multiple versions (Figure 2c). The original version of prime
editor (PE1) uses the wild-type RT from Moloney murine leukemia virus (MMLV) [166].
Although PE1 can make all gene edits in human cells, the gene editing efficiency is low,
typically <5% [166]. In PE2, five mutations are introduced to MMLV-RT to enhance its ther-
mostability, processivity, and binding affinity to the template. The gene editing efficiency
of PE2 is increased 1.6- to 5.1-fold compared to PE1 in human cells [166]. On the basis of
PE2, PE3 includes an additional sgRNA to direct the nCas9 component of the prime editor
to also nick the non-edited strand, promoting the replacement of the non-edited strand
with the sequence complementary to the edited DNA [166]. The gene editing efficiency
of PE3 is further increased 1.5- to 4.2-fold compared to PE2 in HEK293T cells [166]. PE4
and PE5 prime editing systems are developed by the transient expression of an engineered
mismatch repair (MMR)-inhibiting protein, MLH1dn, with PE2 and PE3, respectively. The
rationale behind this design is that the MMR was found to strongly antagonize prime
editing and promote the generation of undesired indel byproducts [168]. Compared with
PE2 and PE3 systems, PE4 and PE5 prime editing systems enhance the editing efficiency by
an average of 7.7- and 2.0-fold, respectively [168]. PEmax, which contains R221K/N394K
mutations in Cas9, two NLS (nuclear localization signal) tags, and a codon-optimized
MMLV-RT, exhibits further elevated editing efficacy [168]. Finally, replacing the nCas9
with the DSB-making Cas9 also significantly enhances the editing efficiency [169–172].
Notably, since DSBs are made by late versions of PE (since PE3), their side effects need to
be determined, particularly in PSCs.

The PE system was also modified or optimized by researchers from the perspectives of
editors or pegRNAs. The modification on editors is mostly by fusing with other proteins to
enhance the editor’s performance. In the hyPE2 design, the Rad51 DNA-binding domain
is inserted between nCas9 and RT to facilitate reverse transcription [173]. Fusion of the
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chromatin-modulating peptide to PE3 (CMP-PE3) or a DNA repair-related peptide to PE2
(IN-PE2) can significantly increase the editing efficiency in mammalian cells [174,175]. On
the other hand, the pegRNA design is optimized by various rationales. The pegRNA
contains a primer binding site (PBS) sequence to trigger the reverse transcription, whose
length greatly affects the editing efficiency [176]. Several algorithms or approaches were
developed to optimize the PBS length or the pegRNA sequence [177–183]. Modifying
the pegRNA by stabilizing its secondary structure or preventing its circularization also
enhances the editing efficiency [176,183–186].

The efficiencies of PEs vary widely, depending on the genomic context, the pegRNA
design, and the cell type. In our work, PE editing efficiencies on the same sites are con-
sistently lower in PSCs compared with immortalized cells, such as HEK293T [187]. The
causes of such differences remain unclear. One possibility of the low efficiency could be
simply the level of PE/pegRNA expressed in cells (see Conclusion and Future Prospects).
The high MMR repair capacity of PSCs could also result in this low editing efficiency, as
overexpressing MLH1dn (PE4/5) enhanced the editing efficiency of PE in PSCs [187]. Inter-
estingly, inhibition of p53 by SV40 large T antigen (SV40LT) further increases the editing
efficiency, suggesting p53 plays a role in modulating PE-mediated edits [187]. Despite
the involvement of p53, our and other researchers’ results suggest that PE-editing, in the
presence or absence of editing boosters (MLH1dn or SV40LT), does not lead to off-target
mutations beyond the background level [187,188].

Although the efficiency remains to be improved, prime editing has been successfully
applied for gene editing in human PSCs to induce nucleotide substitutions or small in-
sertions/deletions. Habib et al. used PE to correct a liver disease-related mutation of
SERPINA1 in patient-derived human iPSCs. PE was also used to precisely delete the
intronic splicing silencer-N1 (ISS-N1) within survival motor neuron 2 (SMN2) to rescue
full-length SMN expression in human iPSCs derived from spinal muscular atrophy (SMA)
patients [189]. Finally, Li. et al. reported that delivering PE and pegRNA in the mRNA
form greatly enhances the editing efficiency on multiple sites, which greatly facilitates
applying PEs in human PSCs [190]. However, whether this approach can generally increase
the efficiencies of PEs on different target sites remains to be investigated. Finally, compared
with the base editors (CBEs or ABEs), PEs exhibit lower efficiency but fewer bystander
edits. Importantly, the WGS confirmed that PE does not lead to off-target mutations in the
genome in PSCs [188]. Together, these results suggest that PEs are promising editing tools
to for PSCs, although their caveats remain to be solved.

5. New Gene Editing Tools

Although DSB-independent editing tools currently used are favored in PSCs, one major
restriction of those tools is the inability or low efficiency to insert large DNA fragments. PEs
can insert short DNA fragments (<20 nt), yet their efficiencies drop dramatically with the
increased length of insertion [187]. This property does not meet the need of many clinical
applications (e.g., CAR-iNK), which call for much larger insertions. Currently, several
new gene editing tools have been developed for knocking in larger DNA fragments (see
Sections 5.1–5.3) or to enrich cell populations containing these insertions (see Section 5.4).
Of note, some of these tools are still under development and need improvements for
applying in mammalian cells or PSCs.

5.1. CRISPR-Associated Transposon (CAST)

As the name suggests, the CRISPR-associated transposon (CAST) is the transposon
containing a specific subtype of CRISPR-Cas systems [191]. Compared with RNA-guided
endonucleases that function in the defense against MGE (mobile genetic elements), this
specific CRISPR-Cas subtype is employed for RNA-guided transposition [192]. The mecha-
nisms of two types of CASTs, CAST I-F and CAST V-K, were elucidated in prokaryotes [193].
As the recognition–integration process is independent of HDR, transposon-based CRISPR
systems hold great expectation for inserting large DNA fragments into specific sites in
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eukaryotic cells. Recently, a system based on CAST, the HE-assisted large-sequence inte-
grating CAST-complex (HELIX), has been able to insert DNA fragments into exogenous
plasmids in human cells [194]. Furthermore, Lampe et al. reported that with the help of
bacterial ClpX, Type I-F CAST could reach single-digit efficiencies in human endogenous
genes [195]. Despite this success, CAST is still ineffective in editing human endogenous
genes, possibly due to the unidentified regulatory factors, components, or features of
eukaryotic chromatin. More understanding of structures and mechanisms of CASTs could
facilitate their application in eukaryotic cells, even PSCs.

5.2. CRISPR-Associated Serine Recombinases (twinPE and PASTE)

Another strategy to integrate large DNA fragments is using recombinases, which
integrate MGE into bacterial genomes on attachment sites, the specific sequences into
which the payloads will be inserted. Recently, thousands of large serine recombinases
(LSRs) and DNA attachment sites were predicted using computational approaches, and
over 60 new LSRs were experimentally validated in human cells [196]. In combination
with TwinPE, which exhibits superior ability to insert the landing pad sequence into the
desired site, large DNA fragment insertion can be mediated by the site-specific serine
recombinase/integrase, Bxb1 [197]. Another approach with a similar concept, PASTE
(programmable addition via site-specific targeting elements), uses the PE-Bxb1 fusion
protein and the pegRNA containing the attachment sequence (atgRNA for attachment
site-containing guide RNA) [198]. Both twinPE and PASTE can insert large DNA fragments
ranging from 5.6~36 kb into human immortalized cells or cancer cells, sufficient for most
purposes. It will be valuable to test the efficiencies of those tools in PSCs.

5.3. Retron

Retrons are non-transposable retroelements firstly identified in prokaryotes [199]. A
typical retron contains a reverse transcriptase (RT) and a template sequence, on which the
RT acts to create the multi-copy single-stranded DNA (msDNA) [200,201]. The msDNAs
are then joined to their template RNAs by a 2′–5′ phosphodiester bond, forming a special
DNA–RNA hybrid structure [201]. Although the functions of retrons in their hosts remain
poorly understood [202], the retron scaffold has been modified for the purpose of genome
editing: a sgRNA can be added to the RNA component of the retron to guide it to the
target site in the presence of Cas, while the desired donor sequence can be inserted into
the retron scaffold and retro-transcribed into the msDNA [203]. As the consequence, those
msDNAs containing desired sequences will be enriched in the proximity of the sgRNA-
guided cleavage site and be used as the donor template for HR [203]. This system, named
CRISPEY (Cas9 retron precise parallel editing via homology), has been employed in yeasts
for massive parallel genome editing [203]. Recently, retrons have been successfully applied
for gene editing in mammalian cells, although their efficiencies remain low [204,205]. Other
concerns for the retron system are its DSB-dependent HDR mechanism and the limited
fragment size (~700 bp) that can be inserted into the retron framework. Together, more
mechanistic studies are required to apply retrons in mammalian cells.

5.4. SeLection by Essential-Gene Exon Knock-in (SLEEK)

Precise knock-in of genes at desired, endogenous sites is required for many clinical
purposes. However, the desired knock-in mediated by CRISPR-Cas9-induced HDR is
usually mixed or even overwhelmed by undesired indels generated by NHEJ. Recently,
a simple but efficient approach to enrich cells with correct knock-in was developed. In
SLEEK (selection by essential-gene exon knock-in), the donor DNA fragment is targeted to
a site within an exon of an essential gene. The cargo template is designed in a way that
the correct knock-in will retain the essential gene function, while all the cells containing
undesired products get wiped out without the need for drug selection [206]. Importantly,
this method has been applied in iPSCs to knock-in CD16 and mbIL-15, which enhance the
anti-tumor activity and persistence of iNK cells [206]. Although the WGS of those iPSC
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clones is still needed to evaluate the consequences of DSB-dependent HDR, this method
provides a great advantage in saving the cost of generating clinical level PSCs.

6. Conclusions and Future Prospects

6.1. Improving Editing Efficiencies in Human PSCs

Considering the laborious process to isolate and characterize single-cell derived
colonies, improving the gene editing efficiencies is crucial to apply gene editing tools
in human PSCs. The Doudna and Church groups demonstrated that Cas9-mediated gene
editing in PSCs is less efficient than in other somatic cells [82,207]. Previous studies also
reported decreased editing efficiencies of CBE and PE in human PSCs [208]. However, it
is over-simplistic to directly compare the editing efficiencies between somatic/immortal
cells and PSCs. Human PSCs are notoriously hard to deliver exogenous genes with high
copies. Thus, the low editing efficiencies of editors in PSCs could be simply due to their low
expression levels compared to cell lines that can be easily transfected. In agreement with
this notion, recent studies suggested that PE delivered in the mRNA form greatly enhances
the editing efficiency compared to other forms, such as plasmids or RNP complexes [190].
Recent studies also showed that delivering Cas RNPs (Cas9 or Cas12) by cell-penetrating
peptides greatly enhances editing efficiencies in human T cells or hematopoietic progenitor
cells [209,210]. It is anticipated that the editing efficiencies of base editors or PEs in human
PSCs can also be improved with these delivery techniques.

In addition to modifications on editors or gRNAs, small molecules were also found
to be able to manipulate editing efficiencies. Small molecules that can enhance the HDR
activity, such as L755507 and Brefeldin A, also increase CRISPR-mediated HDR efficiencies
in mouse ESCs and human non-pluripotent cells [211]. Inhibitors targeting key compo-
nents of NHEJ also increase the HDR rate in human non-pluripotent cells and mouse
embryos [212–214]. In addition, inhibition of ATM or ATR could enhance both knockout
and knock-in efficiencies of Cas12a (Cpf1) in human PSCs, although whether it is applicable
for Cas9 remains to be determined [215]. Finally, histone deacetylase (HDAC) inhibitors
can enhance Cas9-, CBE-, and ABE-mediated editing by increasing both the expression
level of proteins and target accessibility in human non-pluripotent cells [215]. Investigating
these boosters and their influences on off-target effects as well as genome integrity in the
context of human PSCs will benefit future applications.

6.2. Conditional Gene Editing

The major concern of performing gene editing in PSCs is that off-target edits will
be carried to their differentiated progenies. One potential solution of that is to construct
inactive editing components in PSCs which will be activated upon differentiation to perform
editing in somatic (stem) cells that have limited longevity. This design can be achieved by
putting editors and/or gRNAs under the control of specific promoters. However, most
RNA polymerase III promoters used to drive gRNA expression are constitutively active.
We recently established a novel PE, p2PE3, using RNA polymerase II promoters to drive
the expression of pegRNA and sgRNA [187] (Figure 2c). The p2PE3 displays 2.1-fold higher
editing efficiency compared to PE3, and can be combined with SV40LT and/or MLH1dn
to further increase its editing efficiency in human PSCs [187]. Using this system, the PE
and pegRNA can be integrated as a cassette and put under the control of drug-inducible or
lineage-specific promoters. This conditional editing strategy can also be employed by Cas9
or base editors to avoid undesired mutation in PSCs.

6.3. CRISPR-Cas as DNA Recorders of Cell Fates

PSCs are reliable in vitro models for differentiation, which involves progressive transi-
tions of cellular states. General lineage tracing approaches only allow marking one or two
states (e.g., the Cre or the Cre/Dre dual system). Recently, the CRISPR-Cas system has been
employed to record signaling, cellular, or transcriptional events on DNA of eukaryotic cells
(i.e., using DNA as the memory device) [216–219]. Among them, the “DNA typewriter”
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technique employs an elegant design, using sequential prime editing to capture different
events in the happening order [219]. With this technique, different events, such as tran-
scription activation or signal transduction, can be encoded by different pegRNAs driven by
specific promoters (i.e., the p2PE3 system mentioned before) built in PSCs. Upon 2D or 3D
differentiation, the order of happened events can be recorded on the “DNA tape” in each
cell and decoded by single-cell sequencing. This system could be a unique tool to reveal
complex event histories during cell fate specification.

6.4. New Systems to Be Explored

In nature, there are still broad varieties of RNA-guided nucleases, transposases, and
recombinases that remain unexplored and can be potentially employed as gene editing
tools. For example, the Doudna group identified the CIRSPR-CasΦ system from the Big-
giephage [220], which is only half the size of Cas9 and has been employed for gene editing
in plants [221]. A more thorough investigation identified ~6000 phage CRISPR-Cas systems
covering all six known CRISPR-Cas types [222]. One of them, Casλ, was characterized and
able to perform gene editing in HEK293T cells [222]. By tracing the ancestor of Cas proteins,
the Zhang and Siksnys groups identified three IS200/IS605 transposon-encoded proteins,
IscB, IsrB, and TnpB, which are also RNA-guided DNA nucleases [223,224]. Both IscB
and TnpB exhibit gene editing activity and can be incorporated in base editors with high
efficiencies in human cells [223–226]. Surprisingly, two very recent studies suggest that
TnpB homologs are widespread in eukaryotes [227,228]. Saito et al. and Jiang et al. char-
acterized the RNA-guided DNA nuclease activity of the eukaryotic transposon-encoded
Fanzor proteins. Both studies demonstrated that Fanzor proteins from different species
can be reprogrammed for human genome engineering in HEK293T cells [227,228]. Those
eukaryotic RNA-guided endonucleases not only have hypercompact sizes but also exhibit
low cleavage activity on collateral nucleic acids. Since they are originated from eukaryotic
cells, Fanzor proteins are expected to have great application potential in the future.

In addition to novel nucleases, the Zhang group also elucidated the transposition
mechanism of a non–long terminal repeat (non-LTR) retrotransposon, the R2 retrotranspo-
son. Non-LTR transposons are inserted into genomes by a mechanism called target-primed
reverse transcription (TPRT), during which the target DNA sequence is nicked, priming
the reverse transcription of retrotransposon RNA. The Zhang group resolved the structure
of the silk moth R2Bm (LINE type) TPRT complex and elucidated the mechanism of how
R2Bm recognizes its native target to initiate TPRT [229]. Importantly, the Zhang group
found that Cas9 can retarget R2 in vitro and initiate TPRT [229]. Although the integration
events have not yet been observed in vitro or in vivo, this finding suggests its future use as
a site-specific insertion tool.

6.5. Conclusions

With the optimization of current tools and the discovery of new tools, it is predictable
that “safe” gene editing in PSCs will be easier to perform in the future. Notably, since the
specificity of gene editing in PSCs has to meet the highest criteria, those gene editors vali-
dated in PSCs can also be potentially applied to other gene- or cell-therapies. Undeniably,
current PSC-based therapies still face concerns, such as the removal of residual undifferen-
tiated cells as well as the immunogenicity and under-performance of PSC-derived cells.
Gene editing could also be employed to resolve those issues by engineering cells for lower
immunogenicity (e.g., removal of HLA) or high efficacies/functions (e.g., expression of
stimulatory or sustaining cytokines). Considering PSCs’ unique merits of stability and
unlimited quantity, it is worthy to further develop and validate gene editing tools for PSCs
to facilitate their applications in both basic and translational research.
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Abstract: Endoplasmic reticulum (ER) stress is involved in the pathogenesis of many human diseases,
such as cancer, type 2 diabetes, kidney disease, atherosclerosis and neurodegenerative diseases, in
particular Parkinson’s disease (PD). Since there is currently no treatment for PD, a better under-
standing of the molecular mechanisms underlying its pathogenesis, including the mechanisms of the
switch from adaptation in the form of unfolded protein response (UPR) to apoptosis under ER stress
conditions, may help in the search for treatment methods. Genetically encoded biosensors based
on fluorescent proteins are suitable tools that facilitate the study of living cells and visualization of
molecular events in real time. The combination of technologies to generate patient-specific iPSC
lines and genetically encoded biosensors allows the creation of cell models with new properties.
Using CRISPR-Cas9-mediated homologous recombination at the AAVS1 locus of iPSC with the
genetic variant p.N370S (rs76763715) in the GBA1 gene, we created a cell model designed to study
the activation conditions of the IRE1-XBP1 cascade of the UPR system. The cell lines obtained have a
doxycycline-dependent expression of the genetically encoded biosensor XBP1-TagRFP, possess all
the properties of human pluripotent cells, and can be used to test physical conditions and chemical
compounds that affect the development of ER stress, the functioning of the UPR system, and in
particular, the IRE1-XBP1 cascade.

Keywords: induced pluripotent stem cells; Parkinson’s disease; GBA1; endoplasmic reticulum; ER
stress; biosensors; CRISPR/Cas9

1. Introduction

The maintenance of protein homeostasis, or proteostasis, is one of the foundations of
the normal functioning of a living cell. Dysregulation of proteostasis, in particular improper
folding and pathological aggregation of protein molecules, leads to the development of
many pathologies, including a variety of neurodegenerative diseases such as Alzheimer’s,
Huntington’s or Parkinson’s [1]. The accumulation of misfolded proteins in the lumen of
the endoplasmic reticulum (ER) leads to the development of ER stress, which is directly
linked to the signaling cascades that implement the programmed cell death, apoptosis. In
response to ER stress, the unfolded protein response (UPR) system is activated. The UPR
can contribute to an increase in chaperone activity and a decrease in protein synthesis. This
mechanism is represented by proteins anchored in the ER membranes—PERK, IRE1 and
ATF6 [2]. The study of ER function under normal and stress conditions is an urgent task in
the study of molecular genetic mechanisms of various diseases pathogenesis. Currently, the
main methods used to study ER stress and the UPR are methods that require the use of fixed
cells or their lysates—immunocytochemical studies of marker protein expression, Western
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blot analysis or quantitative PCR [3,4]. Meanwhile, the tool set for in vivo studies of cellular
physiology and biochemistry is very limited. Genetically encoded biosensors have been
demonstrated to be a reliable alternative or additional method for analyzing various cellular
processes and determining the concentration of different analytes. There are biosensors
available for detecting oxidative stress [5–9], mitochondrial stress [10], apoptosis [11–14],
and intracellular Ca2+ levels [15–17], among others. Experimental data also confirm the
use of fluorescent biosensors for visualizing UPR in vitro and in vivo. These sensors detect
mRNA splicing of the XBP1 gene by the IRE1a protein or the relocation of the ATF6a
protein from the ER to the cell nucleus [18,19].

Genetically encoded biosensors can be applied to various living systems, including
cell cultures or animal models. One of the most promising systems for the application of
protein biosensors are cellular disease models based on human-induced pluripotent stem
cells (iPSCs) and their differentiated derivatives. Models of neurodegenerative diseases,
such as Parkinson’s disease, are particularly amenable to this approach. In cell models of
Parkinson’s disease, specifically those caused by the p.N370S variant in the GBA1 gene,
ER stress has been shown to actively manifest and cause dysfunction of patient-specific
neurons [20]. In certain cases, such as with increased alpha-synuclein expression caused
by triplications of the SNCA gene, UPR activity may be suppressed [21]. In both scenarios,
UPR is a promising therapeutic target. This work presents the creation of a test model based
on iPSC with the genetic variant p.N370S (rs76763715) in the GBA1 gene (iPSC-GBA). The
model was developed to study ER stress, which is the accumulation of denatured forms
of proteins. To visualize the activation of the IRE1-XBP1 cascade and stress-dependent
splicing of XBP1 mRNA, a genetically encoded biosensor, XBP1-TagRFP, was used [18,22].
iPSCs carrying the XBP1-TagRFP biosensor transgene can be used to study the lifetime of
UPR functioning in iPSC-derived dopaminergic (DA) neurons. They can also be used for
screening small-molecule compounds aimed at modulating UPR activity.

2. Materials and Methods

2.1. Materials

The study utilized iPSCs derived from patients with the pathogenic mutation N370S in
the GBA1 gene, as well as iPSCs from healthy donors and iPSCs with an ER stress biosensor.
Table 1 presents the data on the iPSC lines.

Table 1. Data on the iPSC lines used in the work.

iPSC Line Name
(hPSCreg)

Alternative Name
for iPSC Line

hPSCreg URL
(All Accessed on 5 February 2024)

Genotype Genetic Modifications References

ICGi034-D PD30-1 https://hpscreg.eu/cell-line/ICGi034-D GBA1 (c.1226A>G,
p.N370S, rs76763715) No This study

ICGi034-E PD30-3 https://hpscreg.eu/cell-line/ICGi034-E GBA1 (c.1226A>G,
p.N370S, rs76763715) No This study

ICGi034-A PD30-4-7 https://hpscreg.eu/cell-line/ICGi034-A GBA1 (c.1226A>G,
p.N370S, rs76763715) No [23]

ICGi039-A PD31-6 https://hpscreg.eu/cell-line/ICGi039-A GBA1 (c.1226A>G,
p.N370S, rs76763715) No [24]

ICGi039-B PD31-7 https://hpscreg.eu/cell-line/ICGi039-B GBA1 (c.1226A>G,
p.N370S, rs76763715) No [24]

ICGi039-C PD31-15 https://hpscreg.eu/cell-line/ICGi039-C GBA1 (c.1226A>G,
p.N370S, rs76763715) No [24]

ICGi022-B K7-2Lf https://hpscreg.eu/cell-line/ICGi022-B Healthy No This study

ICGi022-A K7-4Lf https://hpscreg.eu/cell-line/ICGi022-A Healthy No [25]

ICGi021-A K6-4f https://hpscreg.eu/cell-line/ICGi021-A Healthy No [25]

ICGi034-A-1 PD30-XBP-RFP-6 https://hpscreg.eu/cell-line/ICGi034-A-1 GBA1 (c.1226A>G,
p.N370S, rs76763715)

AAVS1 locus:
pXBP1-TagRFP-ERSS,
AAVS1-Neo-M2rtTA

This study

ICGi034-A-2 PD30-XBP-RFP-51 https://hpscreg.eu/cell-line/ICGi034-A-2 GBA1 (c.1226A>G,
p.N370S, rs76763715)

AAVS1 locus:
pXBP1-TagRFP-ERSS,
AAVS1-Neo-M2rtTA

This study

ICGi034-A-3 PD30-XBP-RFP-52 https://hpscreg.eu/cell-line/ICGi034-A-3 GBA1 (c.1226A>G,
p.N370S, rs76763715)

AAVS1 locus:
pXBP1-TagRFP-ERSS,
AAVS1-Neo-M2rtTA

This study
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Table 1. Cont.

iPSC Line Name
(hPSCreg)

Alternative Name
for iPSC Line

hPSCreg URL
(All Accessed on 5 February 2024)

Genotype Genetic Modifications References

ICGi034-A-4 PD30-XBP-RFP-86 https://hpscreg.eu/cell-line/ICGi034-A-4 GBA1 (c.1226A>G,
p.N370S, rs76763715)

AAVS1 locus:
pXBP1-TagRFP-ERSS,
AAVS1-Neo-M2rtTA

This study

ICGi021-A-6 K6-XBP-RFP-62 https://hpscreg.eu/user/cellline/edit/ICGi021-A-6 Healthy
AAVS1 locus:
pXBP1-TagRFP-ERSS,
AAVS1-Neo-M2rtTA

This study

ICGi021-A-7 K6-XBP-RFP-68 https://hpscreg.eu/user/cellline/edit/ICGi021-A-7 Healthy
AAVS1 locus:
pXBP1-TagRFP-ERSS,
AAVS1-Neo-M2rtTA

This study

2.2. Isolation of Human Peripheral Blood Mononuclear Cells (PBMCs)

The research was approved by the Ethical Committee of the Federal Neurosurgical
Center (Novosibirsk, Russia), protocol No. 1, dated 14 March 2017. Blood samples from
patients and healthy donors were provided by the Federal Neurosurgical Center. All
subjects signed the informed consent and information sheet.

Isolation and cultivation of mononuclear cells (PBMCs) was carried out according to
the previously described technique [24]. Briefly, the blood was layered on a ficoll (Sigma-
Aldrich, Darmstadt, Germany), centrifuged for 30 min at 400× g, interphase containing
PBMCs was collected. PBMCs were washed twice with 10 mL of PBS.

Cultivation of 5 × 106 PBMCs 5 days before reprogramming was carried out in D35
mm Petri dishes on StemPro-34+ medium with the following composition: StemPro-34
Medium, Supplement StemPro-34, 1% penicillin-streptomycin (all Thermo Fisher Scientific,
Waltham, MA, USA), 100 ng/mL SCF, 50 ng/mL IL-3, 40 ng/mL IGFI, 25 ng/mL GM-CSF
(all SCI Store, Moscow, Russia), erythropoietin 3.6 μL/mL (PeproTech, Cranbury, NJ, USA),
Dexamethasone 1 μm (Sigma-Aldrich, Darmstadt, Germany).

2.3. Obtaining and Cultivation of Induced Pluripotent Stem Cells (iPSCs)

IPSC was obtained using previously published methods [24]. PBMCs transfection was
performed by electroporation using a Neon Transfection System device (Thermo Fisher Sci-
entific, Waltham, MA, USA) with the following program: 1650 V, 10 ms, 3 pulses. Episomal
vectors encoding OCT4, KLF4, L-MYC, SOX2, LIN28, and mp53DD (0.5 μg each; Addgene
IDs #41813-14, #41855-57) were used [26]. Transfected cells were plated onto feeder layer of
mitotically inactivated mouse embryonic fibroblasts (MEF) in StemPro-34+ medium with
gradual addition of N2B27 from day 1 to day 8. On day 9, the medium was changed to
iPSCs-medium containing KnockOut DMEM, 15% KnockOut SR, 2 mM GlutaMAX-I, 0.1
mM NEAA, 100 U/mL penicillin-streptomycin (all Thermo Fisher Scientific, Waltham, MA,
USA), 0.1 mM 2-mce (Sigma-Aldrich, Darmstadt, Germany), and 10 ng/mL bFGF (SCI
Store, Moscow, Russia).

The iPSC lines were cultured on a feeder monolayer of mitotically inactivated MEF
using iPSCs-medium. Feeder cells were obtained by treating 3rd passage MEF with
10 μg/mL mitomycin C (Sigma-Aldrich, Darmstadt, Germany) for 2 h. The cells were
cultured at 37 ◦C in a CO2 incubator in a humid atmosphere containing 5% carbon dioxide,
and the iPSCs-medium was changed daily.

The iPSC cells were passaged every 3–6 days using TrypLE Express (Thermo Fisher
Scientific, Waltham, MA, USA) at a ratio of 1:10. Two μM thiazovivin was added to the
transplanted cells for 24 h (ROCK inhibitor, Sigma-Aldrich, Darmstadt, Germany).

2.4. Karyotyping and G-Banding

Cells were expanded to a monolayer and seeded into 4 wells of a 12-well plate coated
with Matrigel-GFR extracellular matrix (Corning, New York, NY, USA). Cells were cultured
for 48–72 h, depending on the rate of cell proliferation. Two and a half h before fixation,
the medium was changed to fresh medium, 3 μg/mL EtBr and 50 ng/mL colcemid were
added, and the cells were left in a CO2 incubator at 37 ◦C. Cells were then plated into tubes
using TrypLE Express and centrifuged at 1300 rpm for 5 min. The cells were hypotonicized
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with 0.075 M KCl for 20 min at 37 ◦C, after which a few drops of Carnoy’s solution (3 parts
methanol, 1 part glacial acetic acid) were added, mixed, and the cells were centrifuged for
5 min at 1300 rpm. Cells were fixed by adding fresh Carnoy’s solution to the supernatant
for 15 min on ice. The cells were then centrifuged for 5 min at 1300 rpm, the Carnoy’s
solution was changed twice, and 70–80 μL of the cell suspension was dropped onto wet
cooled slides from a height of 10–20 cm. The slides are dried at room temperature.

For chromosome G-banding, samples were stained with DAPI (4,6-diamino-2-
phenylindole) solution (200 ng/mL, in 2xSSC) for 5 min. The slides were then rinsed
in 2xSSC buffer and water. After air drying, 7–10 μL antifade (Vector, Burlingame, CA,
USA) was applied under a coverslip.

Karyotype analysis was performed using an Axioplan 2 microscope (Zeiss, Oberkochen,
Germany) equipped with a CV-M300 CCD camera (JAI Corp., Yokohama, Japan) at the
Core Facility of Microscopic Analysis of Biological Objects at the Institute of Cytology and
Genetics, SB RAS. ISIS 5 software (MetaSystems Group, Inc., Medford, MA, USA) was used
for metaphase processing and chromosome folding.

2.5. Spontaneous Differentiation of iPSCs

Spontaneous differentiation of iPSCs was performed according to a previously pub-
lished method [24]. Briefly, iPSCs were detached from the substrate using 0.15% colla-
genase IV (Thermo Fisher Scientific, Waltham, MA, USA) and seeded on 1% agarose in
iPSCs medium without bFGF for 9–10 days. Embryoid cells were then seeded on Cham-
bered Coverglass 8-well plates (Thermo Fisher Scientific, Waltham, MA, USA) pretreated
with Matrigel-ESQ and cultured for another 7–9 days. Immunofluorescence analysis was
then performed.

2.6. Immunofluorescence Analysis

Immunofluorescence staining was performed according to a previously published
method [24]. Briefly, cells were fixed with 4% PFA (Sigma-Aldrich, Darmstadt, Germany),
permeabilized with 0.5% Triton-X (Thermo Fisher Scientific, Waltham, MA, USA) for 30 min,
and non-specific antibody binding was blocked with 1% BSA (Sigma-Aldrich, Darmstadt,
Germany). Primary antibodies were incubated overnight at +4 ◦C, washed twice with PBS,
and secondary antibodies were added for 1.5 h at room temperature. After two washes with
PBS, the nuclei were stained with DAPI. All antibodies used in this work are summarized
in Table 2.

Table 2. Reagents details.

Antibodies Used for Immunocytochemistry

Antibody Dilution Company Cat. # and RRID

Pluripotency
Markers

Rabbit IgG2b anti-OCT4 1:200 Abcam Cat. # ab18976, RRID:AB_444714
Mouse IgG3 anti-SSEA4 1:200 Abcam Cat. # ab16287, RRID:AB_778073

Mouse IgM anti-TRA-1–60 1:200 Abcam Cat. # ab16288, RRID:AB_778563
Rabbit IgG anti-SOX2 1:500 Cell Signaling Cat. # 3579, RRID:AB_2195767

Differentiation
Markers

Mouse IgG2a anti-αSMA 1:100 Dako Cat. # M0851, RRID:AB_2223500
Mouse IgG2a anti-AFP 1:250 Sigma Cat. # A8452, RRID:AB_258392

Mouse IgG2a anti-Tubulin β 3
(TUBB3)/Clone: TUJ1 1:1000 BioLegend Cat. # 801,201, RRID:AB_2313773
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Table 2. Cont.

Antibodies Used for Immunocytochemistry

Antibody Dilution Company Cat. # and RRID

Rabbit IgG anti-NF200 1:1000 Sigma Cat. # N4142, RRID:AB_477272

Mouse IgG1 anti-HNF3b (FOXA2) 1:50 Santa Cruz Biotechnology Cat. # sc-374,376,
RRID:AB_10989742

Goat IgG polyclonal anti-OTX2 1:400 R&D systems Cat. # AF1979,
RRID:AB_2157172

Rabbit IgG anti-TH 1:400 Millipore Cat. # AB152, RRID:AB_390204
Rabbit IgG anti-LMX1A 1:50 Abcam Cat. # ab139726, RRID:AB_2827684

CD29 (Integrin beta 1) Monoclonal Antibody
(TS2/16) 1:100 Thermo Fisher Scientific Cat. # 14-0299-82,

RRID:AB_1210468

Mouse IgG1 anti-CK18 1:200 Millipore Cat. # MAB3234, RRID:AB_94763

Secondary
antibodies

Goat anti-Mouse IgG (H + L) Secondary
Antibody, Alexa Fluor 488 1:400 Thermo Fisher Scientific Cat. # A11029,

RRID:AB_2534088
Goat anti-Mouse IgG (H + L) Secondary

Antibody, Alexa Fluor 568 1:400 Thermo Fisher Scientific Cat. # A11031,
RRID:AB_144696

Goat anti-Rabbit IgG (H + L) Highly
Cross-Adsorbed Secondary Antibody, Alexa

Fluor 488
1:400 Thermo Fisher Scientific Cat. # A11008,

RRID:AB_143165

Goat anti-Rabbit IgG (H + L) Secondary
Antibody, Alexa Fluor 568 1:400 Thermo Fisher Scientific Cat. # A11011,

RRID:AB_143157
Goat anti-Mouse IgG1 Secondary Antibody,

Alexa Fluor 568 1:400 Thermo Fisher Scientific Cat. # A21124,
RRID:AB_2535766

Goat anti-Mouse IgG3 Cross-Adsorbed
Secondary Antibody, Alexa Fluor 488 1:400 Thermo Fisher Scientific Cat. # A21151,

RRID: AB_2535784
Goat anti-Mouse IgG1 Adsorbed Secondary

Antibody, Alexa Fluor 488 1:400 Thermo Fisher Scientific Cat. # A21121,
RRID: AB_2535764

Goat anti-Mouse IgG3 Cross-
Adsorbed Secondary Antibody, Alexa Fluor 488 1:400 Thermo Fisher Scientific Cat. # A21151,

RRID:AB_2535784
Goat anti-Mouse IgG2a Cross-

Adsorbed Secondary Antibody, Alexa Fluor 568 1:400 Thermo Fisher Scientific Cat. # A21134,
RRID:AB_2535773

Goat anti-Mouse IgG2b Cross-
Adsorbed Secondary Antibody, Alexa Fluor 568 1:400 Thermo Fisher Scientific Cat. # A21144,

RRID:AB_2535780
Goat anti-Mouse IgG2a Secondary Antibody,

Alexa Fluor 488 1:400 Thermo Fisher Scientific Cat. # A21131,
RRID:AB_2535771

Primers

Target Size of
band Forward/Reverse primer (5′-3′)

Mycoplasma
detection 16S ribosomal RNA gene 280 bp GGGAGCAAACAGGATTAGATACCCT/

TGCACCATCTGTCACTCTGTTAACCTC

Targeted mutation
analysis GBA1 600 bp CTGTTGCTACCTAGTCACTTCC/

CCCTATCTTCCCTTTCCTTCAC

Housekeeping
gene (RT-qPCR)

B2M 90 bp TAGCTGTGCTCGCGCTACT/
TCTCTGCTGGATGACGTGAG

GAPDH 202 bp TGTTGCCATCAATGACCCCTT/
CTCCACGACGTACTCAGCG

ACTB 93 bp GCACAGAGCCTCGCCTT/
GTTGTCGACGACGAGCG

Pluripotency
marker (RT-qPCR)

NANOG 116 bp TTTGTGGGCCTGAAGAAAACT/
AGGGCTGTCCTGAATAAGCAG

OCT4 94 bp CTTCTGCTTCAGGAGCTTGG/
GAAGGAGAAGCTGGAGCAAA

SOX2 100 bp GCTTAGCCTCGTCGATGAAC/
AACCCCAAGATGCACAACTC
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Table 2. Cont.

Antibodies Used for Immunocytochemistry

Antibody Dilution Company Cat. # and RRID

Neural
differentiation

markers (RT-qPCR)

LMX1A 150 bp CAGCCTCAGACTCAGGTAAAAGTG/
TGAATGCTCGCCTCTGTTGA

OTX2 82 bp GGGTATGGACTTGCTGCAC/
CCGAGTGAACGTCGTCCT

SOX6 76 bp GCTTCTGGACTCAGCCCTTTA/
GGCCCTTTAGCCTTTGGTTA

TH 125 bp TCATCACCTGGTCACCAAGTT/
GGTCGCCGTGCCTGTACT

Gene expression
analysis (RT-qPCR)

GBA1
[27] 160 bp TCCAGGTCGTTCTTCTGACT/

ATTGGGTGCGTAACTTTGTC
XBP1s

[28] 231 bp TCTGCTGAGTCCGCAGCAG/
GAAAAGGGAGGCTGGTAAGGAAC

CHOP
[28] 90 bp AGCGACAGAGCCAAAATCAG/

TCTGCTTTCAGGTGTGGTGA

Gene expression
analysis (RT-PCR)

XBP1
[29]

283 bp/
257 bp

TTACGAGAGAAAACTCATGGC/
GGGTCCAAGTTGTCCAGAATGC

Detection of the
wild-type AAVS1

allele
AAVS1 555 bp CTCTGGCTCCATCGTAAGCAA/

CCCAAAGTACCCCGTCTCCC

Integration of the
M2rtTA transgene

into the AAVS1
locus

AAVS1-M2rtTA 1024 bp CCGGACCACTTTGAGCTCTAC/
GCCCAGTCATAGCCGAATAG

Integration of the
XBP1-TagRFP

transgene into the
AAVS1 locus

AAVS1-XBP1-TagRFP 1022 bp CCGGACCACTTTGAGCTCTAC/
AGGCGCACCGTGGGCTTGTAC

Off-target
integration of the

AAVS1-Neo-
M2rtTA plasmid
into the genome

AAVS1-Neo-M2rtTA 1063 bp CAGGAAACAGCTATGAC/
GCCCAGTCATAGCCGAATAG

Off-target
integration of the
pXBP1-TagRFP-

ERSS-donor
plasmid into the

genome

pXBP1-TagRFP-ERSS-donor 1007 bp CAGGAAACAGCTATGAC/
GCCCAGTCATAGCCGAATAG

Cell fluorescence was captured using a Nikon Eclipse Ti-E inverted fluorescence micro-
scope (Nikon, Tokyo, Japan) and NIS Elements software Advanced Research version 4.30.

2.7. Directed Differentiation into Midbrain Neural Derivatives

Midbrain neural derivatives of iPSCs were obtained according to a previously pub-
lished protocol [30] with modifications described in [24]. Briefly, for differentiation, iPSCs
were plated on Matrigel-GFR coated plates and grown to 80–90% density for 24 h in Es-
sential 8 medium (Thermo Fisher Scientific, Waltham, MA, USA). After 24 h, the medium
was replaced with neural differentiation medium containing F12/DMEM:Neurobasal (1:1),
0.5× N-2 supplement, 0.5× B-27 supplement without vitamin A, 0.2 mM GlutaMAX™,
100 U/mL penicillin-streptomycin (all from Thermo Fisher Scientific, Waltham, MA, USA),
and 200 μM ascorbic acid (Sigma-Aldrich, Darmstadt, Germany). Factors were then added:
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100 ng/mL LDN193189 hydrochloride (LDN, Sigma-Aldrich, Darmstadt, Germany) from
day 0 to day 11 of differentiation; 8μM SB431542 (SB, Abcam, Cambridge, UK) from day
0 to day 5; 2 μM purmorphamin (Tocris, Ellisville, MO, USA), 100 ng/mL SHH (C25II,
PeproTech, Cranbury, NJ, USA) and 100 ng/mL FGF8b (PeproTech, Cranbury, NJ, USA)
from day 1 to day 7; 3 μM CHIR99021 (Sigma-Aldrich, Darmstadt, Germany) from day 3 to
day 13; 20 ng/mL BDNF (PeproTech, Cranbury, NJ, USA), 20 ng/mL GDNF (PeproTech,
Cranbury, NJ, USA), 1 ng/mL TGFb3 (PeproTech, Cranbury, NJ, USA), 0. 5 mM dbcAMP
(PeproTech, Cranbury, NJ, USA) from day 13. Compound E (0.1 μM) (Millipore, Burlington,
VT, USA) was added at terminal differentiation.

Cell passaging was performed at days 11, 18 and 25 of differentiation using StemPro™
Accutase™ (Thermo Fisher Scientific, Waltham, MA, USA). Cells were seeded at a 1:2 ratio
on Matrigel-ESQ with ROCK inhibitor.

2.8. Qualitative and Quantitative Polymerase Chain Reactions

Genomic DNA was extracted from iPSC using QuickExtract™ DNA Extraction Solu-
tion (Lucigen, Madison, WI, USA). PCR was performed using BioMaster HS-Taq PCR-Color
(2×) (Biolabmix, Novosibirsk, Russia) and primers (Table 2) in a T100 Thermal Cycler Am-
plifier (Bio-Rad Laboratories, Singapore).

Program used to verify XBP1-TagRFP biosensor incorporation: 95 ◦C, 5 min; 35 cycles:
95 ◦C, 30 s, 62 ◦C (for detection of wild-type AAVS1 allele: 64 ◦C), 30 s, 72 ◦C, 30 s.

Mycoplasma detection program: 95 ◦C, 5 min; 35 cycles: 95 ◦C, 15 s, 60 ◦C, 15 s, 72 ◦C,
20 s.

For RNA isolation, midbrain neural derivatives growing on a 35 mm Petri dish
were harvested at day 55–60 after the onset of differentiation. Cells were lysed in 1 mL
TRIzol reagent (Ambion by Life Technologies, Carlsbad, CA, USA) and RNA was isolated
as described in the manufacturer’s protocol. Reverse transcription of 1 μg RNA was
performed using SuperScript III Reverse Transcriptase (Thermo Fisher Scientific, Waltham,
MA, USA) according to the manufacturer’s protocol.

Quantitative PCR (qPCR) was run on a LightCycler 480 II system (Roche, Basel,
Switzerland) using BioMaster HS-qPCR SYBR Blue 2× (Biolabmix, Novosibirsk, Russia)
according to the following program: 95 ◦C 5 min; 40 cycles: 95 ◦C 10 s, 62 ◦C 45 s.

When analyzing the expression of pluripotency markers, CT values were normalized to
beta-2-microglobulin (B2M) (Table 2), and the results were processed using the ΔCT method.

When analyzing the expression of specific markers of differentiation in the culture of
neural derivatives, the CT value was normalized to the geometric mean of three reference
genes—GAPDH, B2M and ACTB (Table 2)—selected using the geNorm mathematical
algorithm [31], embedded in the qbase+ program interface. The program allows to rank
genes according to the stability of their expression, from the least stable to the most
stable. The program is in the public domain: (https://cellcarta.com/genomic-data-analysis,
accessed on 5 February 2024).

2.9. Sanger Sequencing

Sanger sequencing (Table 2) was used to confirm the mutation in the GBA1 gene in
PBMCs and iPSC lines obtained from the patients and healthy donor. PCR reactions were
run on a T100 Thermal Cycler (Bio-Rad Laboratories, Singapore) using BioMaster HS-Taq
PCR-Color (2×) (Biolabmix, Novosibirsk, Russia) with the following program: 95 ◦C for
3 min; 35 cycles: 95 ◦C for 30 s; 60 ◦C for 30 s; 72 ◦C for 30 s; and 72 ◦C for 5 min. Sanger
sequencing reactions were performed using BigDye Terminator V. 3.1. Cycle Sequencing
Kit (Applied Biosystems, Austin, TX, USA) and analyzed on ABI 3130XL Genetic Analyzer
at the SB RAS Genomics Core Facility (http://www.niboch.nsc.ru/doku.php/corefacility,
accessed on 5 February 2024).
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2.10. Generation of Transgenic iPSCs

The donor plasmid AAVS1-Neo-M2rtTA, which encodes a reverse transactivator for
doxycycline-controlled expression and a neomycin resistance gene (Addgene plasmid #60843;
http://n2t.net/addgene:60843, accessed on 21 March 2024; RRID: Addgene_60843) [32],
pXBP1-TagRFP-ERSS-donor (Supplementary Figure S1) with puromycin resistance gene [33],
and pX458-AAVS1 with Cas9 nuclease and AAVS1 sgRNA (based on pSpCas9(BB)-2A-GFP
(Addgene plasmid #48138; http://n2t.net/addgene:48138, accessed on 21 March 2024;
RRID: Addgene_48138) [34] was electroporated using the Neon Transfection System 100 μL
kit according to the instructions with the program 1100 V, 30 ms, 1 pulse. A total of 4–5 ×
105 cells and 1.6 μg of each plasmid were used per 100 μL transfection reaction: After elec-
troporation, cells were transferred to a layer of mitotically inactivated MEF in antibiotic-free
iPSC culture medium in the presence of 2 μM thiazovivin. Forty-eight hours after trans-
fection, 50 μg/mL geneticin (G418) sulfate (Santa Cruz Biotechnology, Dallas, TX, USA)
was added for 72 h in culture medium without penicillin-streptomycin. Twenty-four hours
after G418 withdrawal, cells were selected for resistance to 200 ng/mL puromycin (Santa
Cruz Biotechnology, Dallas, TX, USA) for 3–4 days. After selection, surviving colonies were
mechanically transferred to 48-well plates. Transgene integration was analyzed by PCR
using primers (Table 2) as previously described [35].

2.11. Verifying the Performance of the XBP1-TagRFP Biosensor under ER Stress

Activation of the XBP1-TagRFP biosensor was performed by adding 2 μg/mL doxycy-
cline (Santa Cruz Biotechnology, Dallas, TX, USA) to the medium for two days. ER stress
was induced by adding 5–10 μg/mL tunicamycin (Abcam, Cambridge, UK) to the medium
for one day. Images were taken using a Nikon Eclipse Ti-E microscope (Nikon, Tokyo,
Japan) and NIS Elements software Advanced Research version 4.30.

2.12. Statistical Processing

Statistical analysis and construction of scatter plots were performed using R statistics
4.0.3 program. Median values were compared using the Wilcoxon signed-rank test. The
significance level was set at p < 0.05. Graphs showing the expression of pluripotency
and differentiation markers were generated in the Microsoft Office Excel 2016 program.
The quantity of TH-positive neurons was determined in relation to the primary neuronal
marker TUBB3 using the ImageJ 1.53c software.

3. Results

3.1. Obtaining and Characterization of Patient-Specific iPSCs

In the first part of the work, using transfection with episomal vectors encoding OCT4,
KLF4, L-MYC, SOX2, LIN28 and mp53DD, three lines of iPSCs were obtained, characterized
in detail and registered in the Human Pluripotent Stem Cell Registry (hPSCreg): two lines
from a patient with Parkinson’s disease associated with a pathological mutation in the GBA1
gene (p.N370S) (iPSC-GBA) PD30-1/ICGi034-D (https://hpscreg.eu/cell-line/ICGi034-D,
accessed 5 February 2024) and PD30-3/ICGi034-E (https://hpscreg.eu/cell-line/ICGi034-E,
accessed 5 February 2024); and an iPSC line from a conditionally healthy donor (iPSC-ctrl)
K7-2Lf/ICGi022-B (https://hpscreg.eu/cell-line/ICGi022-B, accessed 5 February 2024).
The cells have a morphology characteristic of human IPSCs (Figure 1A), express endoge-
nous alkaline phosphatase (Figure 1B), and show the presence of pluripotency markers both
in immunofluorescence analysis for specific transcription factors (SOX2 and OCT4) and
surface markers (TRA-1-60 and SSEA-4) (Figure 1C) and in qPCR analysis (OCT4, SOX2
and NANOG) (Figure 1D). The previously published IPSC line K7-4Lf/ICGi022-A was used
as a reference line [25] (Malakhova et al., 2020; https://hpscreg.eu/cell-line/ICGi022-A,
accessed 5 February 2024). G-staining of metaphase plates of all lines revealed a normal
46,XX karyotype in more than 65% of cells (Figure 1E).
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Figure 1. Characterization of the iPSC cell lines K7-2Lf, PD30-1 and PD30-3. (A) Cells exhibit
typical iPSC morphology. (B) iPSC colonies are positively stained for alkaline phosphatase (AP).
(C) Immunofluorescence analysis revealed expression of the pluripotency markers OCT4 (red signal),

70



Biomedicines 2024, 12, 744

SOX2 (green signal), SSEA-4 (green signal), TRA-1-60 (red signal). (D) Quantitative analysis of
NANOG, OCT4 and SOX2 expression was performed by RT-qPCR. Error bars indicate the standard
deviation. (E) Chromosome analysis demonstrated a normal karyotype (46,XX) for all three cell
lines. (F) Immunofluorescence staining for differentiation markers in spontaneously differentiated
cell cultures of K7-2Lf, PD30-1, and PD30-3 revealed derivatives of the three germ layers: mesoderm—
αSMA (red signal); ectoderm—TUBB3 (red signal) and NF200 (green signal); and endoderm—FOXA2
(red signal) and AFP (green signal). Nuclei are stained with DAPI (blue signal). (G) Sequenograms of
GBA1 gene regions from PBMCs of a patient with Parkinson’s disease, and a healthy donor (control,
GBA-WT). The detected polymorphic position is indicated by arrows. All scale bars: 100 μm.

A test for spontaneous differentiation in embryoid bodies and immunofluorescence
analysis of differentiated derivatives for specific markers revealed the ability of the lines to
produce three germ layers: Ectoderm (microtubule protein βIII tubulin/TUBB3/TUJ1 and
neurofilament 200 (NF200)), Mesoderm (α-smooth muscle actin (aSMA)) and Endoderm
(alpha-fetoprotein (AFP) and hepatocyte nuclear factor 3 beta (HNF3β/FOXA2)) (Figure 1F).
The presence of the pathogenic mutation N370S (c.1226 A>G) in the GBA1 gene was
confirmed by Sanger sequencing (Figure 1G). The PCR test for mycoplasma showed that
all iPSC lines tested were negative for this contamination (Supplementary Figure S2A).

3.2. Differentiation of iPSCs into Neural Derivatives

Directed differentiation of the iPSC lines into DA neurons was performed to study the
molecular genetic mechanisms of Parkinson’s disease in relevant cell types. We performed
directed differentiation of nine iPSC lines: three lines from a Parkinson’s disease patient car-
rying the N370S GBA1 mutation, 3 iPSC lines from an asymptomatic carrier of the mutation,
and three iPSC lines from healthy donors. Three iPSC lines (K7-2Lf, PD30-1 and PD30-3)
described in this study. We also used previously generated, characterized and registered
in the Human Pluripotent Stem Cell Registry (hPSCreg; https://hpscreg.eu, accessed on
5 February 2024) iPSCs derived from: (1) healthy individuals (K6-4f/ICGi021-A and K7-
4Lf/ICGi022-A) [25]; (2) a patient with Parkinson’s disease associated with the pathogenic
variant p.N370S in the GBA1 gene (PD30-4-7/ICGi034-A) [23]; (3) an asymptomatic carrier
of the N370S mutation in the GBA1 gene (PD31-6/ICGi039-A, PD31-7/ICGi039-B, PD31-
15/ICGi039-C) [24]. The efficacy of differentiation was confirmed by immunofluorescence
analysis for specific neural markers. All lines showed the presence of the major neural
marker TUBβIII, markers for midbrain precursors OTX2 and LMX1A, and a marker for ma-
ture DA neurons—tyrosine hydroxylase (TH)—at days 55–60 of differentiation (Figure 2A).
The percentage of TH-positive neurons in culture ranges from 30 to 50%.

Quantitative PCR was used to evaluate the expression of specific neural markers (see
Figure 2B). All lines express midbrain markers, including OTX2, LMX1A, and SOX6. It is
worth noting that SOX6 is a marker of DA neurons in the substantia nigra, the brain region
most severely affected by Parkinson’s disease [36]. Additionally, the marker of mature DA
neurons, TH, is present in all cultures.

A tendency towards an inverse relationship between the expression levels of the TH
and GBA1 genes can be observed (Figure 2C). The expression level of GBA1 decreases as
the percentage of mature DA neurons in the culture increases.
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Figure 2. Characteristics of neural derivatives at days 55–60 of differentiation. (A) Immunofluo-
rescence staining for markers of midbrain precursors OTX2 (red signal); a specific markers of DA
neurons: tyrosine hydroxylase (TH, green signal) and LMX1A (red signal); and a common neural
marker TUBβIII (green signal). Nuclei are stained with DAPI (blue signal). Scale bar: 100 μm.
(B) Normalized expression level of dopaminergic neuron markers (TH, LMX1A, OTX2 and SOX6) in
neural derivatives (n = 4). (C) Correlation between GBA1 (purple bars) and TH (green bars) expression
level in neural derivatives.

3.3. Detection of ER Stress in Neural Derivatives Using qPCR

To investigate ER stress and UPR activation in neural derivatives and iPSCs, we
conducted a qualitative and quantitative PCR analysis of the spliced mRNA variant of
the XBP1 gene that is specific for activated IRE1-XBP1 UPR cascade. Additionally, we
examined the expression of the CHOP gene, which activates proapoptotic genes that induce
cell death [37].

A PCR analysis was performed using primers for the spliced/unplaced form of the
XBP1 gene (XBP1s and XBP1u, respectively). The product was not detected in iPSC-GBA,
DA neurons on day 60 of iPSC-GBA neural differentiation, or DA neurons from iPSC
of healthy donors. This suggests the absence of activation of the IRE1-XBP1 cascade,
as confirmed by the qPCR method using primers to identify the spliced variant XBP1s
(Figure 3B). The IPSC samples treated with tunicamycin, an ER stress activator, were used
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as a positive control. Tunicamycin treatment induces the appearance of the spliced XBP1
variant, as indicated by the arrow in Figure 3A.
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Figure 3. ER stress detection by evaluating the expression of CHOP and XBP1 genes involved in
UPR activation in iPSC-derived DA neurons and in iPSCs with and without tunicamycin treatment.
(A) PCR analysis for the spliced form of XBP1 (XBP1s, shown by arrow) in the iPSC-ctrl line after
treatment with ER stress inducer tunicamycin (iPSCs +Tun). The spliced form of XBP1 is absent in
iPSC-ctrl without tunicamycin (iPSCs –Tun) and in neural derivatives derived from iPSC-GBA (DA
PD30-1, DA PD30-3, DA PD30-4-7, DA PD31-6, DA PD31-7, DA PD31-15) and iPSC-ctrl (DA K6-4f,
DA K7-4Lf, DA K7-2Lf) on days 55–60 of differentiation. (B) Detection of the XBP1s using qPCR.
n = 9 for DA neurons. n = 3 for iPSC. (C) The expression level of the CHOP gene in DA-neurons
and iPSCs +/−Tun estimated by qPCR. DA GBA—neurons obtained from iPSC-GBA, DA ctrl—DA
-neurons obtained from iPSCs from healthy patients.
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To determine if ER stress occurs in DA neurons with the N370S mutation in the GBA1
gene, we conducted qPCR analysis of CHOP gene expression. The analysis revealed a
significant increase in CHOP expression in DA neurons from iPSC-GBA compared to DA
neurons from control ‘healthy’ iPSCs (Figure 3C). This suggests that neural derivatives
carrying the N370S mutation in the GBA1 gene respond to ER stress.

3.4. Preparation and Characterization of Transgenic iPSC Lines Carrying the XBP1-TagRFP ER
Stress Biosensor at the AAVS1 Locus

To introduce transgenes of ER stress biosensor (XBP1-TagRFP) and doxycycline-
dependent tetracycline reverse transactivator (M2rtTA) into the AAVS1 locus using CRISPR-
Cas9 technology, PD30-4-7 (ICGi034-A) iPSC lines [23] carrying a pathogenic heterozygous
missense mutation c.1226A>G (p.N370S, rs76763715) in the GBA1 gene were used. After
selection of iPSCs for the antibiotics geneticin and puromycin, 99 individual surviving
colonies were analyzed by PCR for the presence of transgenes at the AAVS1 locus and the
absence of non-specific integration of donor plasmids. After PCR screening, six transgenic
subclones were selected (Figure 4).

500
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1000

1000 XBP1_HAL
1024 bp

AAVS_WT
555 bp

XBP1_M13
1007 bp

M2rtTA_M13
1063 bp

M2rtTA_HAL
1022 bp

750

Figure 4. PCR assay for the integration of the XBP1-TagRFP biosensor and its doxycycline-dependent
transactivator into the AAVS1 locus. XBP1_HAL—screening for the integration of the XBP1-TagRFP
biosensor into the AAVS1 locus, M2rtTA_HAL—screening for the integration of the M2rtTA trans-
gene with a transactivator into the AAVS1 locus, XBP1_M13—screening for the presence of a non-
target pXBP1-TagRFP-ERSS plasmid incorporating into the genome, M2rtTA_M13—screening for the
presence of a non-target AAVS1-Neo-M2rtTA plasmid incorporating into the genome, AAVS_WT
screening against the wild type of the AAVS1 locus.

Karyotyping was performed for subclones 6, 51, 52 and 86, which showed a normal
46,XX karyotype in more than 70% of the analyzed metaphases (Figure 5F). These subclones
were characterized and registered in the Human Pluripotent Stem Cell Registry (hPSCreg).

74



Biomedicines 2024, 12, 744

M
es

od
er

m
aS

M
A/

CD
29

/ D
AP

I
En

do
de

rm
AF

P/
CK

18
/D

AP
I

Ec
to

de
rm

TU
Bꞵ

III
/D

AP
I

G PD30 
XBP-RFP-51

PD30 
XBP-RFP-52

PD30 
XBP-RFP-6

PD30 
XBP-RFP-86

D

F PD30 
XBP-RFP-51

PD30 
XBP-RFP-52

PD30 
XBP-RFP-6

PD30 
XBP-RFP-86

C PD30 
XBP-RFP-51

PD30
XBP-RFP-52

PD30 
XBP-RFP-6

PD30 
XBP-RFP-86

MergeMerge

DAPIDAPIDAPIDAPIDAPIDAPI

SSEA-4SOX2SSEA-4SOX2SSEA-4SOX2

TRA-1-60TRA-1-60 TRA-1-60

Merge MergeMerge Merge

OCT4OCT4 OCT4

DAPI DAPI

SOX2 SSEA-4

TRA-1-60

Merge Merge

OCT4

PD
30

 
XB

P-
RF

P-
86

PD
30

PB
M

Cs
GB

A-
W

T

C C T A G A A C C T C C T

C C T A G A A/G C C T C C T

PD
30

 
XB

P-
RF

P-
51

PD
30

 
XB

P-
RF

P-
52

PD
30

 
XB

P-
RF

P-
6

C C T A G A A/G C C T C C T

C C T A G A A/G C C T C C T

C C T A G A A/G C C T C C T

C C T A G A A/G C C T C C T

E GBA1

PD30 
XBP-RFP-51

PD30 
XBP-RFP-52

PD30 
XBP-RFP-6

A

B

PD30 
XBP-RFP-86

AP AP AP AP

,

,

Figure 5. Characterization of the iPSC lines PD30-XBP-RFP-6, PD30-XBP-RFP-51, PD30-XBP-RFP-52
and PD30-XBP-RFP-86. (A) Typical morphology of iPSC colonies. (B) Cells demonstrate AP activity.
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(C) Immunofluorescence staining reveals expression of the pluripotency markers OCT4 (red signal),
SOX2 (green signal), SSEA-4 (green signal), TRA-1-60 (red signal). (D) Results of RT-qPCR analysis
of the expression of pluripotency genes (NANOG, OCT4, SOX2) normalized to B2M. Error bars
indicate standard deviation. (E) Sequenograms of GBA1 gene regions from PBMCs of a patient with
Parkinson’s disease, transgenic iPSC lines, and a healthy donor (control, GBA-WT). The detected
polymorphisms are marked with arrows. (F) Karyotype analysis shows a normal chromosome
set (46,XX) in all four iPSC lines. (G) Immunofluorescence staining for differentiation markers in
spontaneously differentiated cell cultures PD30-XBP-RFP-6, PD30-XBP-RFP-51, PD30-XBP-RFP-52
and PD30-XBP-RFP-86 revealed derivatives of the three germ layers: mesoderm—αSMA (red signal)
and CD29 (green signal); ectoderm—TUBB3/TUJ1 (red signal); endoderm—cytokeratin 18 (CK18)
(green signal) and AFP (red signal). Nuclei are stained with DAPI (blue signal). All scale bars:
100 μm.

A detailed characterization of the derived lines was carried out, after which they were
registered in the Human Pluripotent Stem Cell Registry (https://hpscreg.eu/, accessed on
5 February 2024) with the assigned names ICGi034-A-1 (PD30-XBP-RFP-6, https://hpscreg.
eu/cell-line/ICGi034-A-1); ICGi034-A-2 (PD30-XBP-RFP-51, https://hpscreg.eu/cell-line/
ICGi034-A-2); ICGi034-A-3 (PD30-XBP-RFP-52, https://hpscreg.eu/cell-line/ICGi034-A-
3); ICGi034-A-4 (PD30-XBP-RFP-86, https://hpscreg.eu/cell-line/ICGi034-A-4), all links
accessed on 5 February 2024. It was shown that the morphology of the subclones is
characteristic for iPSC (Figure 5A); the culture is positively stained for alkaline phos-
phatase (Figure 5B); the subclones express pluripotency markers, as shown by the results
of immunofluorescence analysis (SOX2, TRA-1-60, OCT4, SSEA-4) (Figure 5C) and qPCR
(Figure 5D). The previously characterized iPSC K7-4Lf line was used as a reference line for
qPCR [25]. Sanger sequencing confirmed the presence of a pathogenic c.1226A>G substitu-
tion in the GBA1 gene in transgenic subclones (Figure 5E). Spontaneous differentiation in
embryoid bodies and subsequent immunofluorescence staining for markers of three germ
layers revealed the presence of ectoderm (TUBB3/TUJ1), mesoderm (α-smooth muscle
actin α-SMA and CD29), endoderm (alpha-fetoprotein (AFP) and cytokeratin 18 (CK18))
(Figure 5G). The PCR test for mycoplasma showed no contamination with this pathogen
(Supplementary Figure S2B).

We also generated transgenic iPSC lines based on the previously obtained K6-4f control
iPSC line [25] with the XBP1-TagRFP biosensor and doxycycline transactivator M2rtTA
in the AAVS1 locus. These lines meet all iPSC requirements, have iPSC-like cell colony
morphology, and express markers of pluripotent cells OCT4, SOX2, SSEA-4 and TRA-1-60
(Supplement Figure S3).

3.5. Demonstration of XBP1-TagRFP Biosensor Operation in Transgenic iPSC Lines

The operating scheme of the UPR activation biosensor is shown in Figure 6. The
XBP1-TagRFP sensor construct contains a 26 nucleotide intron that is cleaved by the endori-
bonuclease IRE1 upon ER stress [18]. Processing of the XBP1-TagRFP transcript results in
a frameshift and the fluorescent protein TagRFP is translated. The red fluorescent signal
indicates that the IRE1-XBP1 cascade of the UPR is activated.

To test the function of the biosensor, the obtained transgenic iPSC clones were cultured
for 2 days in the presence of doxycycline to activate the expression of the XBP1-TagRFP
biosensor transgene. However, since the cells are not stressed under normal culture
conditions, we did not detect the fluorescent TagRFP signal in either iPSC-GBA or iPSC-ctrl
(Figure 7A). To induce ER stress and activate the UPR in the cells, tunicamycin was added
to the culture medium for 24 h (Figure 7B). We found that the stress inducer caused the
appearance of red TagRFP fluorescence, indicating the correct functioning of the XBP1-
TagRFP biosensor.
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Figure 6. The scheme of operation of the ER stress biosensor XBP1-TagRFP. Under ER stress, the IRE1
protein is activated, forms a dimer, and begins to splice XBP1-TagRFP mRNA, i.e., to excise an intron
of 26 base pairs (shown in gray), resulting in a frameshift and translation of the fluorescent TagRFP
protein. A red fluorescent signal appears in transgenic cells, indicating activation of the UPR system.
In the absence of ER stress, the chimeric mRNA XBP1-TagRFP is not spliced and translation of the
sensory protein is terminated by the stop codon located after the intron. Thus, TagRFP synthesis is
only provided from a spliced transcript.

It was also shown that the addition of doxycycline to transgenic K6-XBP iPSCs and
further cultivation for one day in the presence of tunicamycin resulted in the appearance of
intense fluorescence (Supplementary Figure S4).

The cells were further differentiated into neural derivatives (DA neurons and astro-
cytes) according to the protocols described in our previous work [24,38]. It was shown
that the cultivation of transgenic neural derivatives in the presence of doxycycline and
tunicamycin also leads to the appearance of the TagRFP fluorescence signal, i.e., activation
of the UPR (Supplementary Figure S5).
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Figure 7. Operation of the ER stress biosensor in transgenic iPSC-GBA lines with integration of
the XBP1-TagRFP biosensor. (A) Absence of TagRFP immunofluorescence signal in iPSCs without
tunicamycin treatment. (B) Immunofluorescence lifetime glow of TagRFP in transgenic iPSCs after
addition of tunicamycin. BF—bright field. All scale bars—100 μm.

4. Discussion

The study of pathological changes in cells caused by ER, mitochondrial or oxidative
stress is an urgent task required to find targets to block these pathways that lead to
dysfunction and death of various cell types.

The most important function of the granular ER is protein folding. The acquisition
of the correct conformation of proteins is ensured by resident proteins and chaperones.
However, the accumulation of misfolded proteins in the lumen of the ER can lead to a
condition called “ER stress”. To relieve ER stress and restore protein homeostasis, the
UPR pathways are activated in the cell. The UPR is divided into three branches, each of
which is activated by a specific transmembrane protein: protein kinase RNA (PKR)-like
ER kinase (PERK), activating transcription factor-6 (ATF6), inositol-requiring enzyme 1
(IRE1) (Figure 8). All three UPR pathways contribute to the normalization of the ER in the
early stages of the response by activating chaperone genes and expressing XBP1, which is
processed at the RNA level by IRE1 to develop a functional protein [1,2,39–41].
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absence of stress, the transmembrane proteins IRE1a, ATF6 and PERK are associated with the
chaperone-binding immunoglobulin (BiP), also known as the 78 kDa glucose regulatory protein
(GRP78), in the lumen of the ER. In the presence of stress, BiP is released by binding to misfolded
proteins, IRE1a and PERK proteins form homodimers, autophosphorylates and exit the ER. At
the same time, phosphorylated IRE1a acquires ribonucleic acid endonuclease activity, cutting a 26-
nucleotide intron from XBP1 mRNA, resulting in the translation of the spliced form XBP1 (XBP1s), a
transcription factor that activates UPR chaperone response genes (including BiP) and ER components
that contribute to peptide folding, ER lipid synthesis, and ER stress reduction. Under chronic ER stress,
XBP1s induces an ER-related degradation (READ) pathway. Activated PERK phosphorylates the
translation initiation factor eIF2α, inhibiting mRNA translation and protein synthesis, but activating
transcription factor 4 (ATF4). ATF4 regulates the expression of chaperone genes and XBP1. Late
in the development of the UPR response, ATF4 activates transcription of the master gene CHOP,
which regulates the pro-apoptotic cascade of events. In the presence of ER stress, the ATP6 protein
translocates to the Golgi apparatus, where the C-terminus of the protein is cleaved to form activated
ATP6a, which enters the nucleus and activates the chaperone and XBP1 genes [1,2,39–41].

As a model to study ER stress, we chose DA neurons derived from iPSC of a Parkin-
son’s disease patient and an asymptomatic carrier of the N370S mutation in the GBA1
gene. The most common heterozygous variants of the GBA1 gene are c.1226A>G (N370S,
rs76763715) and c.1448T>C (L444P, rs421016), which are associated with an increased risk
of Parkinson’s disease. These mutations disrupt the tertiary structure of GCase and lead to
its dysfunction [42,43]. GCase with a perturbed tertiary structure can accumulate in the
ER, leading to an imbalance of homeostasis and stress. A decrease in GCase activity in
neurons obtained from iPSC with the heterozygous variant GBA1 p.N370S has been shown
in several studies [24,44,45]. As a result, due to the decrease in the amount of active GCase,
glucocerebroside accumulates in lysosomes, which in turn disrupts the degradation of
α-synuclein protein and promotes the accumulation of its neurotoxic aggregates [43], which
negatively affect the development of the UPR in cells, possibly leading to the development
of Parkinson’s disease [21]. In cell models of Parkinson’s disease caused by the p.N370S
mutation in the GBA1 gene, it has been shown that ER stress can actively manifest and
cause dysfunction in patient-specific neurons [20,21].

In this work, we established a cell model of Parkinson’s disease based on differentiated
neural derivatives obtained from iPSCs. In a population of DA neurons with GBA1 p.N370S
obtained from six iPSC lines of two patients, as well as from iPCs-ctrl, genes specific to
DA neurons and their progenitors, as well as the expression level of the GBA1 gene, were
analyzed by qPCR method. Although GBA1 can be considered a housekeeping gene, there
was a tendency for the expression levels of the TH and GBA1 genes to be inversely related
(Figure 2). The higher the percentage of mature DA neurons in the culture, the lower the
expression level of GBA1. It is known that the expression level of housekeeping genes can
vary depending on the physiological state of the cell and its type. It is also noted in the
literature that different types of cells and tissues have different levels of GBA1 mRNA [27].

We attempted to assess ER stress levels and UPR activation in IPSC-GBA and their
neuronal derivatives. We were unable to identify the spliced form of XBP1 in samples of
iPSC and DA neurons cultured under normal conditions (Figure 3A), although it has been
shown that this pathway can be turned on in patients with Parkinson’s disease [21]. The
spliced form of XBP1 appeared only in samples treated with tunicamycin, a well-known
ER stress modulator [46].

One explanation for the absence of the spliced form of XBP1 may be that the culture
of DA neurons obtained from iPSCs as a result of differentiation has a “young” phenotype
and is more similar to embryonic cells than to adult cells, while Parkinson’s disease is a
disease that most often develops during the aging process [47].

However, we were able to detect the expression of the CHOP gene in neurons, which
differed between samples derived from iPSC-GBA and iPSC-ctrl (Figure 3C). It is likely
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that the neurons obtained from iPSC-GBA underwent chronic ER stress during prolonged
cultivation, in which the developmental stage of the CHOP cascade already prevailed.

For lifetime visualization of UPR events, it is convenient to use genetically encoded
biosensors. The natural ability of the activated ER stress ribonuclease IRE1a to splice
the 26-nucleotide intron in XBP1 was exploited to create biologically encoded sensors
based on the XBP1 protein without the DBD domain, fused to a fluorescent protein [18,33]
(Figure 6). Using CRISPR-Cas9 technology, transgenic lines iPSC-GBA (based on the
PD30-4-7 iPSC line) and iPSC-ctrl (based on the K6-4f iPSC line) with XBP1-RFP and
doxycycline-dependent reverse transactivator transgenes introduced into the AAVS1 locus
were generated. It was shown that the biosensor function was observed in transgenic iPSCs
after treatment with tunicamycin.

Thus, we have obtained a functional cellular test system for the in vitro study of ER
stress-inducing factors that trigger a cell-saving UPR response by activating the IRE1-
XBP1 pathway.

5. Conclusions

In this work, for the first time, iPSCs carrying the p.N370S genetic variant in the GBA1
gene were used to create a test model for studying ER stress (accumulation of denatured
forms of proteins) using the genetically encoded XBP1-TagRFP biosensor designed to
visualize the activation of the IRE1-XBP1 cascade and the stress-dependent splicing of
XBP1 mRNA. iPSCs carrying the XBP1-TagRFP biosensor transgene can be used for lifetime
studies of UPR function in different cell types, as well as for screening of small molecules
aimed at modulating UPR function.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/biomedicines12040744/s1, Figure S1: Plasmid map pXBP1-TagRFP-
ERSS-donor; Figure S2: PCR test for mycoplasma of the iPSC lines; Figure S3: Characteristics of
transgenic iPSCs carrying an ER stress biosensor XBP1-TagRFP (K6-XBP-RFP-62, K6-XBP-RFP-68);
Figure S4: Visualization of the XBP1-TagRFP biosensor in two transgenic iPSC lines (K6-XBP-RFP-62
and K6-XBP-RFP-68); Figure S5: Visualization of the XBP1-TagRFP biosensor in neural derivatives
from K6-XBP-RFP iPSCs.
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Abstract: Pluripotent stem cells (PSCs) offer many potential research and clinical benefits due to
their ability to differentiate into nearly every cell type in the body. They are often used as model
systems to study early stages of ontogenesis to better understand key developmental pathways,
as well as for drug screening. However, in order to fully realise the potential of PSCs and their
translational applications, a deeper understanding of developmental pathways, especially in humans,
is required. Several signalling molecules play important roles during development and are required
for proper differentiation of PSCs. The concentration and timing of signal activation are important,
with perturbations resulting in improper development and/or pathology. Bone morphogenetic
proteins (BMPs) are one such key group of signalling molecules involved in the specification and
differentiation of various cell types and tissues in the human body, including those related to tooth
and otic development. In this review, we describe the role of BMP signalling and its regulation, the
consequences of BMP dysregulation in disease and differentiation, and how PSCs can be used to
investigate the effects of BMP modulation during development, mainly focusing on otic development.
Finally, we emphasise the unique role of BMP4 in otic specification and how refined understanding
of controlling its regulation could lead to the generation of more robust and reproducible human
PSC-derived otic organoids for research and translational applications.

Keywords: bone morphogenetic proteins; human pluripotent stem cells; human cell models; organoids;
pre-placodal ectoderm; otic lineage

1. Introduction

Many features of early human development can be recapitulated in vitro using pluripo-
tent stem cells (PSCs). The embryonic specification of various domains arising from the
different germ layers is achieved by the activation of complex and pleiotropic signalling
pathways and inhibitors which interact with one another at critical times during develop-
ment. Similarly, the addition of numerous small molecules that can either activate or inhibit
signalling pathways in cultures of PSCs can lead to their specification and subsequent
differentiation into cell types from any of the three germ layers: endoderm, mesoderm,
or ectoderm.

Several in vitro protocols have been developed and refined in recent years for the
generation of diverse cell types from human PSCs into complex tissue-like structures and
organoids, including brain [1,2], cardiac [3–6], blood vessel [7], retina [8–12], lens [13–16],
inner ear [17–24], etc. However, variations either across labs or between cell lines exist,
suggesting the need for further optimisation of differentiation protocols in order to better
understand the complex dynamics of signalling molecules involved in specific develop-
mental pathways.

Bone morphogenetic proteins (BMPs) are one such class of signalling molecules that
act in a timed manner across concentration gradients during development. Most BMPs
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are members of the transforming growth factor β (TGFβ) superfamily of ligands that play
critical roles in a multitude of processes during the specification and development of nearly
all tissue and cell types. Originally named for their ability to induce bone and cartilage
formation [25], they have since been found to be involved in many aspects of development,
such as extraembryonic and mesodermal specification [26,27], dorsoventral axis formation
(reviewed in [28]), ectodermal patterning, and subsequent specification of ectodermal fates
including neuronal, epidermal, and pre-placodal lineages [26,29–32]. Several types of BMP
ligands (BMP1, BMP2, BMP4, BMP6, BMP7) have additional roles during early develop-
ment and interact with multiple receptors (BMPR1A, BMPR1B, BMPR2) and mediators
(SMAD proteins) for further specification of various cell types.

For BMP signalling in particular, endogenous levels of expression and activity within
cell lines have previously been shown to affect the concentration of BMPs that are required
to be added to cultures of PSCs in order to direct differentiation into specific lineages, such
as otic lineages [17,18,20,24]. Different levels of BMP and Activin/Nodal signalling are
also required for cardiac differentiation of many mouse and human PSC lines [33,34]. A
similar observation has been made in human retinal organoids derived from induced PSCs,
whereby activation of BMP4 had different effects on different PSC lines, resulting in the
generation of different retinal cell types in organoids from each cell line [10]. Differing
levels of endogenous BMP4 and BMP4 signalling activity have also been shown to affect
differentiation of PSC lines into corneal epithelial-like cells [12]. This suggests that the
effects of BMP4 are dependent on the PSC line used, and that in vitro differentiation
protocols that are both robust and efficient require optimisation for each cell line.

In addition, the interplay between BMP signalling and other signalling pathways
is complex and likely critical in determining cell fate. Indeed, induction of ectodermal
placodal fate by exogenous BMP4 in human ES cell lines can be abolished by the addition
of WNT3a and rescued when the concentration of BMP4 is increased relative to that of
WNT3a [26]. Similarly, Camacho-Aguilar et al. [27] demonstrated the requirement of
upregulation of WNT signalling in addition to BMP for conversion of human PSCs from
the pluripotent state to mesodermal and extraembryonic fates. Importantly, they observed
that the timing of BMP exposure was critical for the specification of different fates, with
long and medium culture period duration of exposure to BMP4 driving extraembryonic
and mesodermal fates, respectively, due to activation of endogenous WNT, while short
pulses of BMP4 caused cells to remain in the pluripotent state. Indeed, recent studies
have indicated that it is not necessarily the concentration of BMPs that is important for
determining cell fate per se, but rather the integrated signalling level (i.e., concentration
and duration) that determines cell fate. Recently, elegant experiments performed by Teague
et al. [35] demonstrated that lower levels of BMP signalling over long durations resulted
in differentiation similar to that of hPSCs exposed to higher signalling levels over shorter
durations, highlighting that the timing of BMP signalling also needs to be taken into account
when designing hPSC in vitro differentiation protocols.

2. Role and Function of BMP Signalling during Development

2.1. Dorsoventral Patterning and Ectodermal Derivatives

A gradient of BMP signalling is required for the mechanisms of dorsoventral axis
determination during gastrulation (reviewed in [28]). In zebrafish, overexpression of BMP
can rescue dorsalised mutants [36], while inhibiting BMP by overexpression of either human
TAPT1 or zebrafish tapt1a/tapt1b results in dorsalised embryos [37]. Similarly, in Xenopus,
inhibition of BMP signalling by injection of the BMP antagonist USAG1 into embryos causes
them to become more dorsalised [38], supporting a conserved role of BMPs in dorsoventral
axis patterning during embryonic development. R-spondin 2 (RSPO2) has also been shown
to regulate dorsoventral axis formation in Xenopus by antagonising BMP signalling [39,40];
whether R-spondins are similarly involved in mammalian dorsoventral patterning is not
known. Later in development, this BMP gradient appears to be inverted in the ectodermal
layer: epidermal specification occurs in the most dorsal region, where BMP concentration
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is highest; non-neural ectoderm (NNE), which gives rise to pre-placodal ectoderm (PPE),
and neural crest in the ventral underlying regions where BMP concentration is lower; and
neuronal cell fate where BMP concentration is the lowest [41–43] (Figure 1).

 

Figure 1. Effects of BMP concentration on fate of ectodermal cells to induce epidermal, placodal,
neural crest, and neural derivatives. Exposure of pluripotent stem cells to different concentrations
of BMP4 results in differentiation towards different cell fates via activation of various downstream
genes. High concentration of BMP4 results in activation of genes such as K18, which causes cells
to differentiate towards epidermal fate. Medium concentration of BMP4, which can be due to the
presence of some inhibitors such as Noggin, causes activation of SIX1 for differentiation towards
pre-placodal ectoderm and subsequent placodal lineages including lens, olfactory, and otic placodes.
However, in the presence of WNT, neural crest fate is induced. Activation of genes such as Hes1
can have an inhibitory effect on this pathway. Low concentration of BMP4, which can be the result
of high levels of Noggin due to Shh signalling or the presence of Chordin, results in activation of
PAX6, NCAD, and other genes that result in neural fate. (Generated using Biorender.com, accessed
6 September 2024).

BMPs are required for the expression of NNE genes and PPE competence factors,
and previous work with human stem cell lines has demonstrated that this expression
requires transient BMP signalling at an optimal concentration for the generation of the
desired cell types [26,30,44]. Blocking BMP signalling by the addition of Noggin abolished
expression of PPE competence genes and induced expression of the neural precursor
marker HES5 [30], supporting the notion that a reduction of BMPs induces neuronal
fate. Conversely, removal of Noggin in human PSCs undergoing neural induction using
dual-SMAD inhibition resulted in induction of placodal fate at the expense of neuronal
fate [14]. Neuroectodermal cells express several transcription factors that regulate their
competency to respond to neural inducing signals and inhibit the effects of BMP and WNT
signalling (reviewed in [45,46]). In contrast, high BMP levels have been found to induce
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epithelial differentiation of human ES cells, and addition of Noggin to these cells can
increase the population of Nestin-positive neuroectodermal cells in culture at the expense
of keratinocyte differentiation [47]. BMPs appear to block neural differentiation, possibly
through induction of DeltaNp63, a transcriptional target of BMP signalling that can block
neuronal development in zebrafish upon its forced expression in this model organism [48].

The PPE in turn gives rise to the sensory placodes of the head region, including the lens,
inner ear, olfactory epithelium, etc. (reviewed in [49]). The development of the placodal
structures and their subsequent tissues involves BMP signalling and will be discussed in
detail below.

2.2. Placodal Lineages

Sensory placodes derived from the PPE reutilize many of the same signalling molecules
and pathways that operate during earlier developmental stages to give rise to a diverse
range of cell and tissue types, including the anterior pituitary gland, lens, olfactory ep-
ithelium, trigeminal ganglia, otic epithelium, and epibranchial neurons (reviewed in [49]).
Studies in Xenopus and zebrafish have shown that, once the PPE has been specified, BMPs
must then be inhibited by dorsally expressed BMP antagonists in order for placodal de-
velopment to occur [29,50]. The expression of non-neural genes such as DLX and GATA
inhibits the expression of neural genes such as SOX2, and vice versa, resulting in the
establishment of distinct non-neural and neural boundaries [51]. PPE cells generated
from human iPSCs and ES cells can be further differentiated in vitro to produce various
placodally-derived cells, including trigeminal ganglia, lens fibres, and anterior pituitary
hormone-producing cells [14,30].

2.2.1. Lens Development

The specification of the PPE into PAX6-expressing anterior placode is required for the
development of the eye. BMP induces expression of MAF, a downstream target of PAX6
that is required for the elongation of lens fibre cells and the expression of crystalline [52,53].
Experiments with human ES cell lines have shown that BMP inhibition is required for the
induction of the anterior placode from PPE, and that addition of BMP4 is subsequently
required for the induction of lens placode from these cells [30]. The addition of recombinant
BMP4 or the inhibition of FGF signalling were both also able to induce expression of the lens
precursor marker PITX3 in human PSC-derived pre-placodal cells, which could be further
differentiated into crystalline-positive cells containing mature lens fibres [14]. Lentoid
bodies can also be generated from hiPSCs and ES cells through continuous stimulation
with BMP4 and BMP7, followed by WNT activation [13,15,16], and have recently been
employed in drug screening for cataract treatments [16].

2.2.2. Olfactory Epithelium Development

The anterior placode appears to default to lens placode in the absence of additional
signals such as FGF, which is required for the development of olfactory epithelium [54].
Loss of BMP signalling is also sufficient to cause prospective lens placodal cells to switch to
an olfactory placodal fate [52]. Although BMPs play important roles in the development of
the embryonic olfactory epithelium and bulb, where they are expressed along with their
receptors [55–57], studies in mouse and chick embryos demonstrate that the expression
of SOX2 is required to downregulate BMP4 in the developing olfactory epithelium for
subsequent formation of the olfactory pit [56]. Downregulation of BMPs also appears to
be required for the development of odorant-responsive olfactory sensory neurons derived
from hiPSCs [58]. Nevertheless, BMPs continue to be expressed in the olfactory epithelium
throughout adulthood, where they are thought to be important for adult neurogenesis in
the olfactory system [57].
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2.2.3. Inner Ear Development

The posterior placodal region gives rise to the otic-epibranchial progenitor domain
(OEPD), from which both the otic and epibranchial placodes are generated. The otic
placode invaginates into the underlying mesenchyme to form the otic vesicle. This involves
inhibition of BMP signalling, which is recapitulated in human pluripotent stem cell-derived
otic organoids using the BMP inhibitor LDN193189 [17,18,22–24]. Such inhibition of BMP
signalling could be mediated by LMO4, which was recently found to negatively regulate
BMP2 and BMP4 signalling in the zebrafish inner ear [59].

BMP signalling is also important at later stages of otic development. In chick otic
vesicles dissected from E3.5-4 embryos, the addition of recombinant BMP4 reduced the
number of hair cells due to decreased proliferation of otic progenitor cells and increased
cell death, while the addition of the BMP inhibitor Noggin increased the number of sensory
hair cells [60]. Similarly, treatment of chick organotypic cultures with BMP4 during hair cell
destruction prevented regeneration of hair cells from supporting cells, while Noggin was
able to increase the number of regenerated hair cells [61]. In contrast, another study using
chick otocyst cultures reported that blocking BMP signalling reduced generation of hair
cells and supporting cells, and that exogenous BMP4 treatment increased the number of
hair cells by downregulation of PAX2 in proliferating sensory epithelial progenitor cells [62].
It has been proposed that differences in the concentrations of BMP4 might be responsible
for these discrepancies between studies, as the concentration of BMP4 is also found to
affect patterning of sensory and nonsensory tissue in the mouse cochlea, with intermediate
levels of BMP signalling required to increase the number of sensory hair cells [63]. Similar
experiments have not yet been performed in stem cell-derived otic organoids to investigate
whether modulation of BMP signalling could alter the number of hair cells (or indeed other
otic cell types) produced within these 3D-cell structures.

2.2.4. Epibranchial Placodes

The epibranchial placodes, derived from the posterior placode, give rise to sensory
neurons in ganglia associated with the facial, glossopharyngeal, and vagal nerves. While
the OEPD is routinely generated during production of otic organoids, and the generation
of epibranchial-like neurons has been reported in these cultures [18,22], there are currently
no known established models for specific and directed differentiation of epibranchial
neurons from human pluripotent stem cells. Interestingly, development of epibranchial-
like neurons (and other off-target neurons including neural crest) appears to occur earlier
than otic neurons in these cell culture systems [22]. Treatment of stem cell aggregates with
FGF, the TGFβ inhibitor SB431542, and the pan-BMP inhibitor LDN193189 was found to
be sufficient for the generation of cells expressing posterior placodal markers including
PAX8, SOX2, TFAP2A, ECAD, and NCAD, but not the otic marker PAX2 [18], suggesting
it may be possible to generate epibranchial neurons separately from otic cells. Moreover,
these cells could mature into BRN3A/POU4F1 and TUJ1-positive sensory-like neurons
with a morphology more similar to epibranchial neurons than inner ear ganglia neurons.
More directed differentiation and maturation of these neurons have not been investigated,
although BMP signalling could be involved. Recent experiments in mice have found that
blocking BMP signalling using LDN193189 strongly reduced the numbers of neuroblasts
in epibranchial placode 1 and moderately in epibranchial placode 3 [64], suggesting a
differential requirement for BMP signalling in neurogenesis in the epibranchial placodes.

2.2.5. Trigeminal Neurons

The trigeminal ganglia are derived from the intermediate placode and contain neurons
responsible for transmitting sensory information such as pain and temperature from the
face. BMP signalling is implicated in the development of trigeminal ganglion neurons,
possibly via interaction with MEGF8 [65]. Trigeminal sensory neurons have been generated
from hiPSCs by initial activation of BMP signalling. In one protocol, trigeminal fate was
subsequently induced by maintaining cells in N2 medium supplemented with ascorbic acid
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and BDNF [14], while another protocol used CHIR to activate WNT signalling followed
by maturation in neurobasal medium supplemented with NGF, BDNF, and GDNF [66].
Engraftment of hiPSC-derived trigeminal ganglia into chicks and mice have shown their
survival and ability to establish axonal projections to their target regions [14].

2.3. Tooth Development

Teeth are another ectodermally derived tissue, and their development requires recip-
rocal interactions between the epithelium and mesenchyme [67]. BMPs, in particular, play
a role and have been shown to interact with other signalling pathways such as SHH [68]
and WNT [69] during tooth development. Experiments in mice at embryonic days E14
and E15 have confirmed the expression of BMP2 in the oral epithelium, and of BMP4,
BMP6, and BMP7 in both the epithelium and mesenchyme [70,71]. Uterine sensitization
associated gene-1 (USAG1) is an antagonist of BMP signalling which is also expressed
in the epithelium and mesenchyme during tooth formation [70,72]. Mice lacking USAG1
have an increased number of teeth (supernumerary teeth) which is due to enhanced BMP
signalling [71,72], suggesting that BMPs are involved in regulating tooth number. Indeed,
topical administration of BMP7 can result in partial supernumerary incisor formation in
mouse dental explant cultures [70]. Modulation of BMP signalling has also been used to
recover tooth development in mice [73]. By using antibodies to block USAG1 in a mouse
model of tooth agenesis, Murashima-Suginami and colleagues were able to induce tooth
formation in these mice.

Human ES cells have been used to generate oral ectoderm and dental epithelium
following a differentiation protocol with increasing concentration of BMP4 [74]. These cells
could be mixed with cultures of mouse dental mesenchyme and, when transplanted into
murine hosts, were capable of forming tooth-like structures in vivo. Recently developed
in vitro protocols have enabled the rapid generation of dental epithelial cells from hiPSCs
in just over one week, by simultaneously inhibiting BMP signalling and activating SHH
signalling to generate oral ectoderm from NNE, followed by activation of BMP and SHH
pathways and inhibition of WNT signalling [75]. It is not clear why the induction of Pitx1-
expressing oral epithelium required a low concentration of BMPs in one protocol and BMP
inhibition in the other, although differences in endogenous BMP signalling and activity
between the cell lines used in these studies may account for this discrepancy.

2.4. Neural Crest

BMP signalling, in conjunction with WNT and FGF, is also important for development
of the neural crest [76–79], and WNT signalling appears to be key in determining whether
ectodermal cells become NNE/PPE or neural crest. Neural crest cells, localised at the
dorsolateral position of the neural tube, give rise to the neurons and glia of the peripheral
nervous system, the enteric nervous system, as well as non-neural derivatives. Low
concentrations of BMP4 in combination with WNT activation have been shown to generate
SOX10-expressing neural crest cells from human PSC cultures [44]. Similarly, treatment of
neural crest stem cell-like cells isolated from human skin with BMP2 and an activator of
WNT signalling improves their multipotency and differentiation potential to neural crest
lineage cells [80]. Conversely, in cultures of human ES cells, BMP signalling in combination
with the inhibition of WNT signalling resulted in increased expression of SIX1-positive PPE
cells and a reduced number of cells expressing PAX3 and SOX9 neural crest markers [26].
The low levels of BMP required for neural crest induction may be mediated by Gremlin 1,
which acts as a BMP antagonist during early neural crest development, and also interacts
with heparan sulfate proteoglycans during later stages of neural crest development [81].

2.5. Cardiac Development

BMPs act with other signalling pathways, including WNT, Nodal, and FGF, to induce
early mesoderm (reviewed in [82]). Specification of later mesodermal fates, such as cardiac,
requires additional BMP signalling. BMP2 and BMP4 are involved in cardiomyogenesis,
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with exogeneous application of either BMP2 or BMP4 proving sufficient to induce ectopic
cardiomyocyte differentiation in chick embryos [83]. Experiments performed in precardiac
spheroids generated from PSCs found that the specification of two separate populations of
cardiac progenitor cells (termed first and second heart fields) requires BMP signalling, but
that cells of the first heart field are specified via the BMP/SMAD pathway, while cells of the
second heart field are specified through the SMAD-independent BMP/WNT pathway [3].
Moreover, blocking BMP signalling abolished the specification of both populations of
cardiac progenitor cells, highlighting the importance of BMPs for early cardiac development.
Nevertheless, modulation of WNT signalling is sufficient to generate heart organoids from
PSCs, although the addition of BMP4 and Activin A was found to improve the size and
vascularisation of organoids [5].

Certain cardiac structures, such as the cardiac outflow tract and aortic arch, are de-
rived from neural crest cells (reviewed in [84]). Cardiac neural crest cells have also been
proposed to contribute to regeneration of the myocardium following injury in zebrafish and
mice [85–87]. In mice, cKit-positive cardiac neural crest cells possess full cardiomyogenic
capacity and give rise to several cardiac cell types, which is a process dependent on BMP
antagonism [88]. The suppression of BMP activity is also involved in fate specification
of cardiac neural crest cells, via Adam19-mediated cleavage of ACVR1 and suppression
of the BMP-SOX9 cascade [89]. In contrast, BMP activity is required for delamination of
neural crest cells from the dorsal neural tube [90,91], via cleavage of N-cadherin allowing
these cells to migrate [92]. Stem cell therapies based on cardiac neural crest cells derived
from hiPSCs could offer a promising therapy for heart repair following disease or injury,
but further investigation is required to better understand the processes involved in the
specification of cardiac neural crest cells as distinct from other types of neural crest cells,
and to determine how to differentiate these cells into the various cardiac cell types.

2.6. Bone

The role of BMPs in bone development, homeostasis, and remodelling has been
extensively reviewed elsewhere [93,94]. Exposure of mesenchymal stem cells (MSCs) to
BMP2 is able to induce osteogenic differentiation of these cells both in vitro and in vivo
and promote bone formation [95–98]. Hydrogels containing BMP2 mimetics were found to
induce bone formation when injected into rats, which was enhanced when these hydrogels
were injected in combination with MSCs [95,97]. In addition to BMP2, BMP9 may also
be important for bone formation and regeneration. Overexpression of BMP9 in MSCs
increased their osteogenic potential and resulted in increased bone formation and bone
mineral density when injected into rats with calvarial bone defects [99]. This BMP9-induced
differentiation of MSCs towards osteogenic fate seems to require Notch signalling, as the
inhibition of Notch prevents BMP9-induced osteogenic differentiation [100]. A recent
study revealed that conditioned media from MSCs overexpressing BMP9 also enhanced
bone repair of mouse calvarial defects, compared with media from MSCs that did not
overexpress BMP9 [101], suggesting the presence of additional trophic factors released by
these cells. BMP9 was additionally able to induce osteogenic differentiation in spheroids
derived from human gingival stem cells [102], indicating that osteogenesis can be induced
in several types of stem cells.

More recently, attempts have been made to induce bone formation from iPSCs, due
to their greater proliferative and differentiation capabilities over MSCs. Bone formation
has successfully been induced in hiPSCs using retinoic acid, which results in activation
of BMP and WNT signalling pathways and differentiation of hiPSCs into osteoblast-like
and osteocyte-like cells [103]. These cells were able to form bone tissue when injected
into mice with calvarial defects, and also recapitulated the phenotype of osteogenesis-
imperfecta when cultured from patient-derived iPSCs. Undifferentiated muscle-derived
hiPSCs loaded onto an osteoconductive scaffold and implanted into mice can induce ectopic
bone formation [104]. Analysis of the scaffolds at 15 and 30 days post-implantation revealed
the absence of mRNA of human origin, suggesting that the implanted cells were able to
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induce bone formation via a paracrine communication. Indeed, conditioned media from
these cells was able to induce expression of osteogenesis-related genes, upregulation of
BMP2, BMP4, and BMP6, increased phosphorylation of SMAD 1/5/8, and the appearance
of calcium-containing deposits in the extracellular matrix of cultured human MSCs. Further
analysis of these undifferentiated hiPSCs in culture revealed higher expression of BMPs
relative to expression in fibroblasts, with BMP2 levels being particularly elevated. It is
unclear whether this high expression of BMPs is due to the muscle-derived origin of these
cells, or whether hiPSCs derived from other cell types would have similarly high BMP
expression. It also cannot be ruled out that the high BMP levels are a feature of the cell line
that was used in the study. Further experiments in additional hiPSC lines derived from
cells of different origins would help to clarify this issue.

Unlike bone formation in the rest of the body, the bone and cartilage of craniofacial
structures are derived from cranial neural crest cells, a process which relies heavily on
BMP signalling (reviewed in [105]). Treatment of human PSCs with BMP4 from day 8 after
neural crest specification induces the expression of cranial neural crest markers such as
TFAP2A, MSX1, and DLX1 [106]. Increased BMP signalling in cranial neural crest cells
has been shown to cause premature fusion of cranial sutures and skull bass deformities in
mice [107–109]. As a result of this difference in embryonic origin, the MSCs found in
cranial structures have different characteristics from those in the long bones. For instance,
orofacial MSCs and iliac crest MSCs from the same donor have been found to behave
differently when cultured in vitro. Orofacial MSCs proliferated more rapidly and had
delayed senescence compared with iliac crest MSCs. Moreover, iliac crest MSCs were more
responsive to osteogenic and adipogenic inductions than orofacial MSCs [110]. Recently,
ectodermal MSCs, derived from human ES cells via a neural crest intermediate, have been
compared with adult bone marrow-derived MSCs. They were found to have comparable
osteogenic and chondrogenic abilities in culture, although ectodermal MSCs had greater
proliferation and formed more dense osseous constructs in a rat calvarial defect model [111].

3. Regulation of BMP Signalling during Development

3.1. BMP Signalling Pathways and Downstream Effects on Gene Expression

BMPs act on their receptors, which are typically heterotetrameric complexes composed
of type I and type II serine/threonine kinase receptors. Upon ligand binding, type II
receptors phosphorylate type I receptors, which then activate SMAD1, SMAD5, and SMAD8
(Figure 2). These receptor-regulated SMADs pair with SMAD4 and translocate to the
nucleus to influence the transcription of target genes. This signalling affects gene expression
linked to cell growth, differentiation, and apoptosis, which is crucial during embryonic
development [112,113]. Certain subclasses of BMPs, such as BMP4, have specific effects
on developmental pathways, including those of inner ear hair cells and spiral ganglion
neurons, highlighting their importance for neurosensory differentiation [62,114].

3.2. Endogenous Activators and Inhibitors of BMP Signalling

BMP signalling is finely tuned by endogenous molecules and its role in the differ-
entiation of many cell types, including neural differentiation, is complex. While BMPs
are generally antagonistic to neural differentiation at early stages of development, they
promote the formation of autonomic and sensory neurons from neural crest progenitors
at later stages. Extracellular antagonists like Noggin, Chordin, Gremlin, and Follistatin
bind BMP proteins (Figure 2), inhibiting receptor interaction and modulating processes
such as neural and limb development. Conversely, modulators like Twisted Gastrulation
(TWSG1) can either enhance or inhibit BMP signalling depending on the developmental
context. For instance, TWSG1 can enhance BMP signalling in the context of early neural
development, promoting neural crest cell formation, while it can inhibit BMP signalling
during limb formation to prevent excessive growth. USAG1 directly binds to BMPs to
antagonise BMP signalling and has been shown to be important for tooth and kidney
development [38,71–73]. Transmembrane anterior posterior transformation 1 (TAPT1),

92



Biomedicines 2024, 12, 2262

involved in axial skeletal patterning, causes proteasomal degradation of SMAD1/5, thereby
inhibiting BMP signalling [37]. R-spondin 2 and 3 (RSPO2 and RSPO3) act as BMP an-
tagonists by binding to the BMP receptor BMPR1A, resulting in their internalisation and
degradation [39,40]. Intracellular inhibitors such as SMAD6 and SMAD7 prevent R-SMAD
phosphorylation or promote receptor degradation, ensuring balanced BMP4 activity for
normal development [115,116]. BMP4 specifically promotes glial differentiation while in-
hibiting oligodendrocyte formation, but this can be overridden by Notch signalling, which
favours Schwann cell differentiation [117–119].

Figure 2. Overview of BMP signalling pathway and modulators during development of pre-placodal
ectoderm. BMPs such as BMP4 bind to their receptors BMPR1A, BMPR1B, and BMPR2 on the cell
surface, resulting in activation of SMADs which translocate to the nucleus to influence transcription
of genes directing cell fate towards non-neural ectoderm/pre-placodal and subsequent placodal fates,
and inhibiting differentiation towards neural fate. The presence of antagonists and modulators such
as Noggin, Follistatin, Chordin, Gremlin, and TWSG1 alter the level of BMP activity on the cell and
hence can also influence cell fate. (Generated using Biorender.com, accessed 6 September 2024).

4. Consequences of BMP Dysregulation

Because of their diverse roles in development and differentiation of many cell types,
dysregulation of BMPs, their receptors, and their endogenous modulators can have a
spectrum of effects on nearly every tissue type involving all three germ layers. Indeed,
BMPs are essential for development, with embryonic lethality reported in mice lacking
expression of either BMP2 or BMP4 [120,121], while mice deficient in BMP7 experience eye,
kidney, and skeletal patterning defects and die shortly after birth [122,123]. Expression
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of BMP4 is found to be strong in mouse caudal tissues, and loss of BMP4 in this region
resulted in hindlimb fusion and lethality [124].

The effects of dysregulation of BMP signalling and its links to various diseases have
been extensively reviewed elsewhere [125–129], highlighting the need for improved under-
standing of the roles of BMPs, their receptors, and their modulators in development and
disease. Considering the importance of BMP signalling for development and differentiation
of tissues, studying the effects of BMPs in whole model organisms is challenging, due to
the lack of viability and early arrest of growth and development of embryos following
perturbation of BMP signalling. Moreover, many different tissues and organs may be
affected, which further complicates interpretation of the effects of loss, mutation, or forced
expression of BMP and/or its receptors and modulators in the whole organism. Some of
these effects are likely to be secondary, arising from gross defects caused by dysregulation
of BMP signalling, rather than as a direct consequence of BMP signalling itself. Condi-
tional knockouts (and other similar targeting of specific tissues) might overcome some of
these limitations. For instance, while loss of BMP4 results in embryonic lethality, Suzuki
et al. [124] were able to use a conditional knockout Isl1-Cre mouse line in which BMP4
expression was reduced in the caudal body region only, allowing their mice to survive to a
developmental stage late enough to investigate the caudalising effects of BMP4. Likewise,
Chang et al. [130] conditionally deleted BMP4 expression in the mouse inner ear and were
able to demonstrate the importance of BMP4 for the formation of the vestibular cristae and
canals. They also succeeded in electroporating expression vectors to inhibit BMP signalling
directly into the otocyst of the developing chick, and observed that downregulation of
BMPs resulted in patterning defects in the crista, although they cautioned that some of the
effects could also be due to electroporation rather than reduced BMP signalling.

Using pluripotent stem cells to investigate BMP signalling could also be used to
overcome some of the limitations mentioned above, although care must be taken to ensure
that perturbations of BMP signalling do not affect their overall survival, maintenance, and
differentiation potential. Indeed, the ability of cells to differentiate towards the desired
lineage is likely to be affected in conditions of abnormal BMP signalling or if cells are
unable to respond to exogenous BMP. The maintenance of murine ES cell pluripotency has
been shown to require BMP4, which induces the expression of Klf2 [131], although direct
BMP signalling is unlikely to be involved in the maintenance of human ES and iPS cell
pluripotency, as these cells are primed, unlike mouse ES, and require Activin A for their
maintenance [132–134].

Generation of pluripotent stem cells may also be affected by perturbation of BMP
activity. For instance, fibroblasts from fibrodysplasia ossificans progressiva patients car-
rying a mutation in the ACVR1 gene, which resulted in hyperactivation of BMP-SMAD
signalling, were found to have increased iPSC reprogramming efficiency [135]. The addi-
tion of exogenous BMP4 to cultures during the early stages of reprogramming was found
to have a similar effect. Recently, modulation of the stiffness of the hydrogels on which
fibroblasts were cultured during reprogramming to iPSCs was found to upregulate BMP2
and several genes involved in BMP signalling, as well as improve reprogramming of the
cells. Increased hydrogel stiffness upregulated Phactr3, which then resulted in increased
BMP2 and improved reprogramming efficiency [136]. How Phactr3 causes an increase in
BMP2 is not known, although Phactr3 is known to associate with nuclear nonchromatin
structure [137], where it might influence expression of genes involved in reprogramming.
Alternatively, Phactr3 may exert its effects by inhibiting polymerisation of actin within the
cell, resulting in increased cell spreading [138]. Recent studies have shown that changes in
cell shape can affect the distribution of BMP receptors on the cell membrane [139].

5. Uses of Pluripotent Stem Cells to Investigate the Role of BMP in Development

5.1. Advantages and Limitations of Human PSCs

Stem cells, particularly human-derived stem cells, are invaluable tools for studying de-
velopment and disease mechanisms without the need for fetal samples, which are difficult
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to acquire. They provide the opportunity to study aspects of development that are specific
to humans. Indeed, previous studies have demonstrated differences in development and
disease mechanisms between humans and animal models [140,141]. For instance, in the
case of the inner ear, development and maturation are nearly complete by approximately
36 weeks of gestation in humans [142,143], whereas in mice, the cells of the cochlea of
the inner ear continue to develop and mature after birth until about the third post-natal
week [144,145]. This highlights the need for human-specific models to study development.
Moreover, patient-derived stem cells can be used to study development in a patient-specific
or disease context, without the need for generating mutant cell lines that might not behave
in the same manner or may fail to recapitulate some aspects of the disease. Gene correction
of such patient-derived stem cells can also be used to correct mutations to investigate
whether proper functioning of the gene is regained, opening the way for gene therapy treat-
ments. For instance, patient-derived hiPSCs have recently been used to model mutations in
TMC1, which are associated with a type of progressive hearing loss termed DFNA36 [146].
While differentiation of pluripotent stem cells to sensory hair cells was not affected by
the TMC1 mutation, the morphology and electrophysiological properties of the derived
hair cells were altered. Additionally, using CRISPR/Cas9 genome editing technique to
generate an isogenic cell line, in which the mutated gene was corrected, resulted in the re-
covery of hair cell morphology and electrophysiology. Similar works have been done using
patient-derived lines carrying mutations for several genes associated with hearing loss,
including USH2A [147,148], TRMU [149], ELMOD3 [150], MYO7A [151], and AIFM1 [152],
highlighting the potential strength of this approach for therapeutic genome editing.

In spite of recent developments and advances in stem cell technologies, numerous
barriers must still be overcome before stem cells can reach their optimal potential in
research and clinical applications. Many stem cell differentiation protocols result in batch-
to-batch variability and also variation between labs, necessitating further refinements to
produce more uniform and homogenous populations of the desired cell and tissue types
being investigated. Furthermore, unlike studying development in animal models, such
in vitro differentiation often occurs in isolation from other cell types, which might provide
trophic and supportive factors beneficial to generating the cells under investigation. For
instance, differentiation and development of inner ear hair cells require the support of the
surrounding connective tissue and mesenchymal cells [153–155]. Indeed, otic mesenchyme
cells comprise a diverse array of cell types that make up several important cell types in
the inner ear, including spiral limbus fibrocytes and modiolar osteoblasts [156]. Since
hair cells rely on neurons to transmit auditory signals to the brain, co-culturing stem cell-
derived hair cells with spiral ganglion neurons should be considered to establish functional
circuits. Additionally, the generation of vascularised organoids would be beneficial to
enable the growth of larger and healthier organoids. Incorporation of such tissues in the
form of co-cultures and assembloids can lead to the development of more robust and
mature models, which have already shown promising results [157,158]. However, this
may also complicate the system, especially if looking for populations of pure and mature
cells with the intention of being able to transplant the generated cells into patients. Finally,
different biomaterials should also be tested to investigate their roles and potential benefits
in constructing more physiologically relevant 3D culture systems that better recapitulate
the tissue microenvironment (reviewed in [159]), as remodelling of the extracellular matrix
plays an important role during maturation of the cochlea (reviewed in [160]).

5.2. Otic Neurosensory Specification as a Model to Study BMP4 Signalling

Because BMPs are involved in many steps of inner ear development and are required
at specific concentrations over precise durations [161], otic lineages provide an interesting
model system to investigate the effects of BMP signalling during development. Human
PSCs can be differentiated under either 2D or 3D culture systems to give rise to otic
progenitors that express several of the markers and components of activation pathways
found during early otic development, and eventually hair cells, supporting cells, and
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neurons in inner ear otic organoids that have been allowed to mature in long-term cul-
ture [17,18,20,22,24,162]. Recent advances in 3D-otic organoids have additionally been able
to generate both cochlear and vestibular type hair cells [20], demonstrating the ability to
finely control the generation of inner ear hair cells in such 3D-cell culture systems.

Mutations in some genes involved in BMP signalling are associated with hearing
loss (Table 1). Nager syndrome is associated with hearing loss as a result of mutations
in the SF3B4 gene, which codes for a spliceosome that affects expression of Noggin and
BMPs and may be directly involved in neural crest and otic development [163]. Mutations
in chondroitin synthase 1 (CHSY1), involved in the synthesis of chondroitin sulfate, are
characterised by limb malformations, short stature, and hearing loss [164], and studies in
the inner ears of zebrafish larvae have found that Chsy1 expression is similar to that of
the BMP inhibitor dan and complementary to Bmp2b expression, suggesting a role for this
gene in BMP signalling and otic development [165]. In cultures of mouse chondrocytes,
knockdown of Chsy1 resulted in increased BMP signalling, while overexpression of Chsy1
reduced BMP signalling [166]. Whether similar effects of Sf3b4, Chsy1, and other genes
potentially involved in BMP signalling (Table 1) can be observed in cultures of PSC-derived
otic progenitors remains to be investigated.

Table 1. Genes involved in BMP signalling that are associated with hearing loss in humans.

Gene Role in BMP Signalling Inner Ear Deficits Additional Symptoms References

ACVR1 (Activin A
receptor type 1) Type 1 BMP receptor Sensorineural hearing loss;

conductive hearing loss Bone and skeletal disorders [167–170]

BMP2 BMP ligand Conductive hearing loss
(otosclerosis)

Craniofacial, cardiac, and
skeletal anomalies [171–175]

BMP4 BMP ligand
Sensorineural hearing loss;

conductive hearing loss
(otosclerosis)

Eye, joint, and craniofacial
disorders, renal dysplasia [171,172,174,176]

BMP7 BMP ligand Sensorineural hearing loss Eye anomalies, developmental
delay, scoliosis, cleft palate [177]

CHD7
Promotes Col2a1

expression; regulation of
BMPR1B expression

Sensorineural hearing loss;
some conductive hearing loss

due to enlargement of
vestibular aqueduct

Vestibular dysfunctions,
hypogonadotropic

hypogonadism
[178–180]

CHSY1 (Chondroitin
synthase 1) BMP inhibition Sensorineural hearing loss

Facial dysmorphism, dental
anomalies, digital anomalies,
delayed motor development,
delayed mental development,

growth retardation

[164]

COL2A1 Binds BMPs Sensorineural hearing loss Short stature, bone and joint
dysplasias, ocular problems [181–183]

GDF6 (Growth and
differentiation

factor 6)

Forms heterodimers with
BMPs

Conductive hearing loss
(otosclerosis); cochlear aplasia

Wrist and ankle deformities,
tarsal–carpal fusion, vertebral

fusion, speech impairment
[184–187]

NOG (Noggin) BMP antagonist
Conductive hearing loss

(stapes ankylosis and incus
short process fixation)

Bone and joint disorders,
digital and eye anomalies [188–197]

SF3B4 (Splicing factor
3B subunit 4)

Spliceosome that affects
Noggin and BMP

expression

Conductive, sensorineural,
and mixed hearing loss

Craniofacial defects,
limb defects [163]

SMAD4 Downstream effector of
BMP signalling

Conductive, sensorineural,
and mixed hearing loss

Short stature, facial
dysmorphism, muscular

hypertrophy, cognitive delay
[198–204]

TMEM53
(Transmembrane

protein 53)

Inhibits BMP/SMAD
signalling Sensorineural hearing loss Bone and eye disorders [205,206]
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One of the consequences of suboptimal BMP4 signalling during the early specifica-
tion of otic progenitors under these pluripotent cell culture systems is the generation of
off-target cell types, such as neurons and surface epidermis [8,20,24,171]. Current methods
for detecting subtle differences in off-target differentiation are mostly restricted to immuno-
labelling and qPCR analyses for off-target genes, most of which are transcription factors. It
has also been reported that the epithelial thickness of organoids after just 3 days in vitro can
be used as a proxy to optimise BMP4 concentration in such cultures [24]. However, the link
between BMP4 concentration and epidermal thickness is not clear, and this method requires
the production and screening of many otic organoids. New methods that can allow for the
rapid detection of off-target differentiation using fewer samples would enable researchers
to detect such off-target effects more efficiently and gain a better understanding of the
variations between different lineages, beyond the expression of transcription factors, for
example, in the biochemical and metabolic properties of such in vitro differentiated cells.

Pluripotent stem cells also offer the opportunity to study the effects of BMP signalling
at later stages of development. Several studies have reported conductive hearing loss in
patients with mutations in the NOG gene, which encodes for the BMP antagonist Noggin,
resulting from auditory-ossicle fusion [188–197]. As these patients exhibit additional
symptoms, including bone and joint disorders and digital anomalies, patient-derived stem
cells may facilitate the study of these mutations specifically in inner ear development. This
approach could help determine at which stages in development these symptoms begin to
appear, as well as follow disease progression and test the effects of potential therapeutics.
PSC-derived otic organoids could also be used to investigate the role of different BMPs
in cochlear and vestibular development in humans, as these organs have been shown to
require differential BMP signalling in chick embryos [114].

6. Conclusions and Future Perspectives

Advances in stem cell research have greatly expanded our knowledge and understand-
ing of development and the signalling pathways involved in developmental processes,
while also prompting new questions and lines of investigation. Nevertheless, as the role of
BMP signalling in the development of the inner ear and other tissues has demonstrated,
further work is needed to better understand general human-specific developmental and
disease pathways and mechanisms, rather than potentially batch or cell line-specific fea-
tures. As signalling pathways other than BMP are likely to differ among cell types and
perhaps among culture conditions, the starting state of stem cell cultures should be deter-
mined before initiating any cell differentiation protocol, in order to ensure that the optimal
conditions for differentiation of the desired tissues are being met. New technologies could
help to simplify the determination of endogenous levels of signalling molecules and sig-
nalling activity in cell lines, allowing for more robust and homogeneous cultures that better
recapitulate in vivo conditions.
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Abbreviations

ACVR1 Activin A receptor type 1
BMP Bone morphogenetic protein
CHSY1 Chondroitin synthase 1
ES Embryonic stem cell
FGF Fibroblast growth factor
hiPSC Human induced pluripotent stem cell
OEPD Otic-epibranchial progenitor domain
MSC Mesenchymal stem cell
NNE Non-neural ectoderm
PPE Pre-placodal ectoderm
PSC Pluripotent stem cell
SHH Sonic hedgehog
TAPT1 Transmembrane anterior posterior transformation 1
TGFβ Transforming growth factor beta
TMEM53 Transmembrane protein 53
TWSG1 Twisted Gastrulation 1
USAG1 Uterine sensitization associated gene-1
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Abstract: Current chemical treatments for cerebrovascular disease and neurological disorders have
limited efficacy in tissue repair and functional restoration. Induced pluripotent stem cells (iPSCs)
present a promising avenue in regenerative medicine for addressing neurological conditions. iPSCs,
which are capable of reprogramming adult cells to regain pluripotency, offer the potential for patient-
specific, personalized therapies. The modulation of molecular mechanisms through specific growth
factor inhibition and signaling pathways can direct iPSCs’ differentiation into neural stem cells
(NSCs). These include employing bone morphogenetic protein-4 (BMP-4), transforming growth
factor-beta (TGFβ), and Sma-and Mad-related protein (SMAD) signaling. iPSC-derived NSCs can
subsequently differentiate into various neuron types, each performing distinct functions. Cell
transplantation underscores the potential of iPSC-derived NSCs to treat neurodegenerative diseases
such as Parkinson’s disease and points to future research directions for optimizing differentiation
protocols and enhancing clinical applications.

Keywords: BMP-4 protein; induced pluripotent stem cells; neural stem cells; SMAD proteins; trans-
forming growth factor beta; transplantation

1. Introduction

Neurological disorders, especially cerebrovascular diseases and strokes, are a signifi-
cant global issue [1]. These conditions lead to irreversible neural damage, and currently,
there are limited effective treatments available for repairing damaged tissue or restor-
ing function [2–4]. To overcome this, regenerative medicine has begun to focus on the
differentiation of neural cells from induced pluripotent stem cells (iPSCs) [5].

Stem cells inherently possess two key functions: the capacity for unlimited self-
renewal and the ability to differentiate into one or more specialized cell types [6]. These
characteristics play a fundamental role in exploring tissue repair and disease treatment
methods through stem cells [7].

iPSCs are cells that have regained pluripotency through the reprogramming of already
differentiated mature cells and are created by manipulating the expression of specific
genes [8,9]. The technology of iPSCs, which restores pluripotency from mature cells, of-
fers innovative potential for generating patient-specific disease models and developing
personalized treatments [10]. Neural cells generated from iPSCs can be used to replace
or repair damaged neural tissue [11]. Moreover, using neural cells differentiated from
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patient-derived iPSCs allows for effective testing of new drugs’ efficacy or toxicity [12].
Transplanting these iPSC-derived neural cells could lead to functional recovery in neurode-
generative diseases such as Alzheimer’s or Parkinson’s disease.

Against this background, it is expected that the process of neuronal differentiation
of iPSCs will be examined, and the mechanisms of neuronal differentiation will be elu-
cidated, providing an important step in the development of regenerative medicine and
disease therapies.

2. Inhibiting the SMAD Pathway in iPSCs for Neural Differentiation

The process of differentiating iPSCs into various cells includes several complex sig-
naling pathways and molecular mechanisms. iPSCs have important advantages over
embryonic stem cells (ESCs). iPSCs are derived from adult cells; they bypass the ethical
issues of destroying embryos to derive ESCs [13,14]. iPSCs can be self-derived from the
patient, allowing for the creation of patient-specific cell lines [12,15]. They can differentiate
into multiple cell types, allowing drug testing to assess effectiveness and identify side ef-
fects safely and efficiently [16]. Furthermore, iPSCs retain the same pluripotency as that of
ESCs [17]. Both iPSCs and ESCs exhibited equivalent neuronal differentiation potential, and
both cells showed similar cholinergic motor neuron differentiation potential and the ability
to induce the contraction of myotubes [18]. In another study, while iPSC-derived neural
stem cells (NSCs) had decreased ATP production compared to that of ESC-derived NSCs,
iPSC-derived astrocytes had increased ATP production compared to that of ESC-derived
astrocytes [19].

Specifically, the differentiation of neuronal cells is induced by the dual inhibition of
the Sma- and Mad-related protein (SMAD) pathway (Figure 1). Before understanding the
SMAD pathway, it is necessary to understand the transforming growth factor-beta (TGFβ)
signaling pathway, which includes SMAD.

Figure 1. Adding reprogramming factors to PBMCs to induce their reverse differentiation into iPSCs.
Reverse-differentiated iPSCs can be induced to undergo mesoderm or endoderm differentiation
through the activation of the SMAD pathway. Inhibition of the SMAD pathway induces the neural
stem cell differentiation of iPSCs. BMP: bone morphogenetic protein, TGFβ: transforming growth
factor-beta, NSC: neural stem cell, iPSC: induced pluripotent stem cell, PBMC: peripheral blood
mononuclear cell, OSKM: Oct4/Sox2/Klf4/c-Myc, SMAD: Sma- and Mad-related protein.
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2.1. SMAD Pathway Inhibition

Inhibition of the SMAD pathway directs the fate of iPSCs towards the neuroectoderm
and induces neural cell differentiation through the inhibition of TGFβ and BMP-4 signaling,
as mentioned above [20]. For the dual inhibition of the SMAD pathway, SB431542 is used
to inhibit the TGFβ pathway and Noggin is used to inhibit the BMP pathway.

SB431542 inhibits the Lefty/Activin/TGFβ pathway by blocking the phosphorylation
of ALK4, ALK5, and ALK7 receptors. SB431542 also inhibits differentiation to the mesoderm
by inhibiting Activin/Nodal signaling. Noggin inhibits differentiation to the ectoderm by
inhibiting the BMP pathway. A combined treatment of SB431542 and Noggin induced
the neural differentiation of stem cells with high efficiency [20]. The mechanisms by
which Noggin and SB431542 induced neural cell differentiation include Activin- and Nanog-
mediated network destabilization [21], BMP-induced inhibition of differentiation [22],
and the inhibition of mesodermal and endodermal differentiation through the inhibition
of endogenous Activin and BMP signaling [23,24]. Treatment with SB431542 decreases
Nanog expression and significantly increases CDX2 expression. The inhibition of CDX2
in the presence of Noggin or SB431542 demonstrates that one of the key roles of Noggin
is the inhibition of endogenous BMP signaling, which induces trophoblast fate during
differentiation.

2.2. TGFβ Signaling Pathway

The TGFβ signaling pathway is a pathway that regulates cell growth, differentiation,
migration, death, and homeostasis [25]. The superfamily of TGFβ includes bone mor-
phogenetic protein (BMP), Activin, Nodal, and TGFβ. Signal transduction in this pathway
begins with the binding of superfamily ligands of TGFβ to TGFβ receptor type II and TGFβ
receptor type I [26]. Activated TGFβ receptors recruit Smad2/3 for TGFβ and activation
signaling [27] and form complexes of CoSmad and R-smad, such as Smad4, for BMP sig-
naling [28]. Smad complexes accumulate in the nucleus and are directly involved in the
transcriptional regulation of target genes [29].

2.3. BMP Signaling Pathway

BMPs are cytokines that belong to a group of growth factors [30]. BMPs have a role
in early skeletal formation during embryonic development and were originally known to
act as bone growth factors [31]. BMPs bind to a heteromeric receptor complex composed
of type I and type II serine/threonine kinase receptors, which are received by different
activin receptors and BMP receptors [32]. The two receptors are highly homologous and
can activate both Smad and non-Smad signaling.

BMP-4 is a member of the BMP superfamily, which induces the ventral mesoderm
to establish dorsal–ventral morphogenesis. BMP4 signaling is found in the formation of
early mesoderm and germ cells, and the development of the lungs and liver is attributed
to BMP4 signaling [33]. Inhibition of this BMP-4 signaling induces neurogenesis and the
formation of the neural plate. Indeed, the knockout of BMP-4 in mice resulted in little
mesodermal differentiation [34].

2.4. RA Pathway

Retinoic acid (RA) is a molecule that contributes to the development and homeostasis
of the nervous system [35]. The RA signaling depends on cells having the ability to
metabolize retinol. Transcription is regulated by the binding of RA to its receptor, RA
receptor (RAR), which forms a complex with the retinoid X receptor (RXR) [36]. The RA is
involved in the differentiation of NSCs into neurons, astrocytes, or oligodendrocytes [37].
RA activates the Hox gene, which is required for hindbrain development and regulates the
head–trunk transition [38]. RA is required for the formation of primary neurons [39]. In an
embryonal carcinoma cell line in vitro, RA promoted neurite outgrowth and stimulated the
expression of neural differentiation markers [40].
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Furthermore, RA is essential in embryonic development and is essential for the de-
velopment of many organs, including the hindbrain, spinal cord, skeleton, heart, and
brain [41].

2.5. BDNF, GDNF, and NGF Pathway Regulation

Brain-derived neurotrophic factor (BDNF) is a neurotrophic factor found primarily
in the brain and central nervous system that regulates nerve cell survival, growth, and
neurotransmission [42]. BDNF promotes neuronal survival and growth in dorsal root
ganglion cells and in hippocampal and cortical neurons [43,44]. In in vitro experiments in
which neural differentiation was induced in a variety of stem cells, neural differentiation
was confirmed after treatment with BDNF [45,46].

Glial-cell-line-derived neurotrophic factor (GDNF) is a protein that promotes the
survival of many different neurons [47]. GDNF can be secreted by neurons and peripheral
cells during development, including astrocytes, and interacts with GDNF family receptor
alpha 1 and 2 [48]. In particular, it has a protective effect on dopamine-producing nerve
cells, making it an important target in neurodegenerative diseases such as Parkinson’s
disease [49].

Nerve growth factor (NGF) is a neuropeptide involved in regulating the growth,
proliferation, and survival of neurons [50]. In in vivo and in vitro studies, NGF has been
shown to have an important role in the differentiation and survival of neurons, as well as
in the protection of degenerating neurons.

3. Differentiation of Various Neural Cells from iPSCs

Through various mechanisms, neural cell differentiation from iPSCs can develop a
diverse array of neurons (Figure 2, Table 1). It is possible to consider prior studies that
successfully differentiated various neurons from iPSCs and the application of protocols
used for the differentiation of human ESCs (hESCs) into iPSCs.

Figure 2. Different neural cells that can differentiate from neural stem cells. Cells induced to become
neural stem cells due to the inhibition of the dual SMAD pathway with SB431542 and Noggin can be
combined to add cytokines specific to each differentiation target. The cytokines described next to
the black arrows indicate the fate of each neuron. Differentiated neurons are identified through the
detection of the proteins listed under each neuron.
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Table 1. Strategies for iPSCs differentiated into neural progenitor cells to become multifunctional
neurons.

References Type of Neuron Differentiation Inducers Specific Markers

[51,52] Cortical Neurons
Cyclopamine, DKK-1, DMH-1,
BDNF, GDNF, cAMP, Ascorbic

acid, Laminin

Tbr1, CTIP2, Satb2,
Brn2, Cux1

[53,54] Dopaminergic
Neurons FGF8, SHH TH, TUJ-1, LMX1A,

FOXA2, NURR1

[55] Motor Neurons GDNF, CTNF, BDNF, SHH, RA BIII-tubulin, ChAT,
Islet1

[56] Astrocytes B27, BMP, CTNF, bFGF GFAP, GalC,
BIII-tubulin

[57] Oligodendrocytes PDGF, RA, SAG OLIG2, MAP2, SOX10

[58] Hippocampal
Neurons CHIR, BDNF, Cyclopamine, XAV PROX1, MAP2

[59] Serotonergic Neurons Purmophamine, BDNF, RA 5-HT, MAP2

3.1. Differentiation into Cortical Neurons

iPSCs can differentiate into cortex neurons. The study by Kaveena Autar [51] induced
an initial neural lineage in iPSCs using two small molecule inhibitors of the SMAD pathway,
LDN193189 and SB431542, promoting neuroepithelial differentiation. Following the early
neural induction, the neural epithelium was induced using DKK-1, a Wnt/B antagonist, and
DMH-1, a BMP inhibitor, enhancing the development of rostral neuroepithelial cells. Finally,
the application of cyclopamine, an SHH inhibitor, designated the cortex fate, while BDNF,
GDNF, cAMP, ascorbic acid, and laminin improved the generation of cortical neurons.

In the research by Yichen Shi, cortical development was induced in both hESCs and
iPSCs using dorsomorphin, an inhibitor of the SMAD pathway [52].

Cortical differentiation can be confirmed by the reduced expression of the pluripotency
gene Oct4 and the increased expression of the genes Tbr1, CTIP2, Satb2, Brn2, and Cux1.

3.2. Differentiation into Dopaminergic Neurons

Human iPSCs are capable of differentiating into midbrain dopaminergic neurons.
In a study by Lixiang Ma, dopaminergic neurons were generated from iPSCs [53]. After
inducing iPSCs into neural epithelial cells, applying FGF8 and SHH efficiently produced
dopaminergic neurons from midbrain precursors without the need for co-culture. Dopamin-
ergic neurons can be identified by detecting markers such as TH, TUJ-1, LMX1A, FOXA2,
and NURR1.

It is also possible to induce the dopaminergic neuronal differentiation of iPSCs without
the use of pharmacological compounds for the inhibition of SMAD mechanisms [54].
Adeno-associated viral vectors were designed to upregulate Lmx1a through SHH and Wnt
and then transfected into iPSCs. The iPSCs not only successfully generated dopaminergic
neurons but also showed a consistent number of them.

3.3. Differentiation into Motor Neurons

iPSCs can differentiate into motor neurons [55]. After inducing iPSCs into embryonic
bodies, treatment with RA and purmorphamine, an activator of the sonic hedgehog path-
way, resulted in the expression of neural precursor markers. Cells forming neural rosettes
were mechanically separated, plated in media containing RA and Shh, and cultured for a
week. Following further culture with BDNF, CTNF, GDNF, and Shh, after 3–5 weeks, cells
displayed motor neuron characteristics, and BIII-tubulin, ChAT, and Islet1 were detected.
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3.4. Differentiation into Astrocytes

iPSCs can differentiate into astrocytes [56]. iPSCs induced into NSCs were cultured
in NSC media containing B27, BMP, CTNF, and bFGF. The differentiated astrocytes were
co-cultured with the neuron layer. Throughout the culture, neurons were distinguished by
their distinct cell bodies and measured along axons using fluorescence imaging. Neurons
and astrocytes, as well as oligodendrocytes, were differentiated by expressing markers
such as BIII-tubulin, GFAP, and GalC.

3.5. Differentiation into Oligodendrocytes

iPSCs can differentiate into oligodendrocytes [57]. Neural differentiation was induced
through dual SMAD inhibition. After differentiation, adding SAG and RA promoted sphere
aggregation, and using PDGF media encouraged OPC formation. The development of
oligodendrocytes was confirmed through the detection of OLIG2, MAP2, and SOX10.

3.6. Differentiation into Hippocampal Neurons

NSCs derived from iPSCs can differentiate into the hippocampus [58]. Neural in-
duction media composed of B27, N2, and NEAA were supplemented with LDN-193189,
Cyclopamine, SB431542, and XAV-939 to induce differentiation, and CHIR-99021 and BDNF
were added to promote hippocampal neuron development. The generation of hippocampal
neurons was confirmed through the detection of PROX1.

3.7. Differentiation into Serotonergic Neurons

NSCs derived from iPSCs can differentiate into serotonergic neurons [59]. Human
pluripotent stem cells (hPSCs) were cultured in an N2 medium combined with a knockout
serum replacement medium and treated with SB431542, LDN193189, purmorphamine,
and RA. After 11 days, the medium was switched to NB/B27 medium, and BDNF was
added. Following differentiation, the presence of serotonergic neurons was confirmed
through immunofluorescence staining for 5-HT, MAP2, TUJ1, FEV, and TPH2 expression.
Subsequent 3D culture also successfully yielded organoids, and the release of 5-HT and its
metabolites was observed.

4. Therapeutic Research Using Neural Cells Derived from iPSCs

Researchers are hopeful that the transplantation of neural cells derived from iPSCs
can overcome neurodegenerative diseases. To treat Parkinson’s disease, which has been
identified as a disorder of dopaminergic neurons, the transplantation of iPSC-derived
dopaminergic neurons is considered. If these transplanted neurons function normally, they
could potentially cure Parkinson’s disease. This anticipation has led to the execution of cell
transplantation therapies targeting either cells or animals, and in some cases, applications
have extended to clinical trials.

4.1. Dopaminergic Neuron Therapy in a Model of Parkinson’s Disease

Dopaminergic neurons from PSCs may be a candidate for the treatment of Parkinson’s
disease. When dopaminergic neurons were transplanted into the nigrostriatal lesions of
rats with Parkinson’s disease, the neurons survived and interacted in the rats’ brains for a
long period of time [60]. After cell transplantation, the rats’ motor function was restored.

4.2. In Vivo Transplantation and Survival of Astrocytes

Astrocytes derived from PSCs were transplanted into the striatum of mice to investi-
gate their survival and function [56]. In the brains of mice obtained 2 weeks after astrocyte
transplantation, GFAP-positive cells were still observed.

Furthermore, when iPSC-derived astrocyte progenitors were transplanted into the
brain of an Alzheimer’s disease model in mice and examined through immunostaining,
they interacted and functionally integrated with other cells in vivo [61].
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4.3. Survival of Oligodendrocytes after Transplantation in Mice

To investigate the function of iPSC-derived oligodendrocytes, cells were injected
into the forebrain of immunocompromised mice. At 12 weeks after cell injection, the
oligodendrocytes were detected through immunofluorescence staining of hNA+ and OLIG2
protein in the corpus callosum.

4.4. Clinical Trials with iPSC Transplantation

There are very few studies in which iPSCs have been transplanted into humans.
This is because questions about the safety, stability, and efficacy of iPSCs are constantly
being raised. The first thing that researchers worry about is the ability to form tumors,
which is a common concern in stem cell research [62]. iPSCs also have a theoretical risk
of forming tumors, so safety considerations follow. In addition, treatments using iPSC
technology may result in modifications to the human genome, which requires discussion
of the long-term ethical implications. For example, concerns include human cloning or
human–animal chimeras.

On the other side of the spectrum, there are also concerns related to the immune
response. Even though iPSCs are self-derived cells, the immune system may recognize
them as foreign and attack them [63,64]. This can happen mainly due to mismatches in
human leukocyte antigens (HLAs), which is why it is important to select cells based on
HLA matching. If iPSCs are generated from a donor with a specific HLA type, it is possible
to use iPSCs from other people [63]. If an HLA is incompatible, one can also modulate HLA
expression or use gene editing [64].

Finally, because iPSCs must undergo reverse differentiation from human-derived cells,
it takes a significant amount of time just to generate the cells. This can make it difficult to
use autologous cells to treat acute illnesses.

In 2020, a transplantation study of iPSC-derived dopamine progenitor cells for the
treatment of Parkinson’s disease patients was conducted [65]. After harvesting fibroblasts
by skin biopsy, dopamine progenitor cells were characterized in vitro with dopamine-
neuron-specific and other neuronal markers. Characterized dopamine progenitor cells
were transplanted into patients with Parkinson’s disease, and Parkinson’s-disease-related
measures were assessed at 1, 3, 6, 9, and 12 months and every 6 months thereafter. Trans-
planted cells survived for 2 years without side effects. F-DOPA PET-CT imaging from 0 to
24 months showed a modest increase in dopamine uptake in the posterior cingulate near
the implantation site. They also showed improved quality of life in clinical assessments
of motor signs in Parkinson’s disease, although interpretation should be carried out with
caution due to the lack of a control group comparison.

In 2021, there was a planned clinical study of the transplantation of iPSC-derived neu-
ral progenitor cells for the treatment of subacute complete spinal cord injury [66]. However,
this was postponed due to the sudden onset of the COVID-19 pandemic. A clinical-grade
iPSC line (YZWJs513) prepared at the GMP facility of Osaka National Hospital was induced
to differentiate into neural progenitor cells (NPCs), and preclinical studies using mouse
models confirmed its promotion of motor function recovery after spinal cord injury.

5. Conclusions

iPSCs can differentiate into a variety of neuronal cell types, including dopaminergic
neurons, astrocytes, and microglia, which could be a revolutionary way to treat a variety of
neurodegenerative diseases. Inhibition of TGFβ and the SMAD pathway induces neural
progenitor cell differentiation of cells with restored pluripotency. The differentiated cells
still survive and function in the body.

The chemical drugs used to treat neurodegenerative diseases have different suscepti-
bilities in different patients and have short half-lives, meaning that they are quickly used
up by the body. Drugs for neurodegenerative diseases such as Parkinson’s disease and
Alzheimer’s disease can slow their progression by increasing the release of neurotrans-
mitters, but they cannot reverse the course of the disease. In addition, unlike a body part
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such as an arm, it is very difficult to accurately deliver chemical drugs to the brain. Cell
transplantation treatments using patient-derived iPSCs are entirely patient-derived, have
a high degree of tolerance, and may be able to survive and function in the long term to
reverse the progression of neurodegenerative diseases.

However, clinical experimental studies of iPSCs and neural progenitor cells differ-
entiated from them are extremely rare and require careful handling. The response in
experimental animals and humans may be different, and we do not yet fully understand
the differentiation of iPSCs.

Future research should focus on optimizing protocols for iPSC-derived neural cell
differentiation, ensuring long-term viability and the functional integration of transplanted
cells in vivo and paving the way for clinical applications.

Author Contributions: Conceptualization: J.S.O.; Data curation: D.-H.L., E.C.L., J.y.L. and M.R.L.;
Funding acquisition: J.S.O.; Project administration: J.S.O.; Visualization: D.-H.L.; Writing—original
draft: D.-H.L., J.-w.S. and J.S.O.; Writing—review and editing: D.-H.L., J.-w.S. and J.S.O. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was supported by the Bio and Medical Technology Development Program
of the National Research Foundation funded by the Korean government (2023RA1A2C100531), by
a grant from the Patient-Centered Clinical Research Coordinating Center (PACEN) funded by the
Ministry of Health and Welfare, Republic of Korea (HC22C0043), and by a grant from the Korean
Fund for Regenerative Medicine (KFRM) funded by the Korean government (KFRM-2022-00070557).
The authors wish to acknowledge the financial support of the Catholic University of Korea Uijeongbu
and the St. Mary’s Hospital Clinical Research Laboratory Foundation.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

BDNF Brain-derived neurotrophic factor
BMP Bone morphogenetic protein
ESC Embryonic stem cell
GDNF Glial-cell-line-derived neurotrophic factor
HLA Human leukocyte antigen
iPSC Induced pluripotent stem cell
NPC Neural progenitor cell
NSC Neural stem cell
PSC Pluripotent stem cell
RA Retinoic acid
RAR Retinoic acid receptor
RXR Retinoid X receptor
SMAD Sma- and Mad-related protein
TGFβ Transforming growth factor-beta

References

1. Tsao, C.W.; Aday, A.W.; Almarzooq, Z.I.; Anderson, C.A.M.; Arora, P.; Avery, C.L.; Baker-Smith, C.M.; Beaton, A.Z.; Boehme, A.K.;
Buxton, A.E.; et al. Heart Disease and Stroke Statistics-2023 Update: A Report From the American Heart Association. Circulation
2023, 147, e93–e621. [CrossRef] [PubMed]

2. Zhang, X.; Shu, B.; Zhang, D.; Huang, L.; Fu, Q.; Du, G. The Efficacy and Safety of Pharmacological Treatments for Post-stroke
Aphasia. CNS Neurol. Disord. Drug Targets 2018, 17, 509–521. [CrossRef] [PubMed]

3. Czlonkowska, A.; Lesniak, M. Pharmacotherapy in stroke rehabilitation. Expert Opin. Pharmacother. 2009, 10, 1249–1259.
[CrossRef] [PubMed]

4. Chollet, F.; Cramer, S.C.; Stinear, C.; Kappelle, L.J.; Baron, J.C.; Weiller, C.; Azouvi, P.; Hommel, M.; Sabatini, U.; Moulin, T.; et al.
Pharmacological therapies in post stroke recovery: Recommendations for future clinical trials. J. Neurol. 2014, 261, 1461–1468.
[CrossRef]

114



Biomedicines 2024, 12, 1350

5. Neaverson, A.; Andersson, M.H.L.; Arshad, O.A.; Foulser, L.; Goodwin-Trotman, M.; Hunter, A.; Newman, B.; Patel, M.; Roth, C.;
Thwaites, T.; et al. Differentiation of human induced pluripotent stem cells into cortical neural stem cells. Front. Cell Dev. Biol.
2022, 10, 1023340. [CrossRef] [PubMed]

6. He, S.; Nakada, D.; Morrison, S.J. Mechanisms of stem cell self-renewal. Annu. Rev. Cell Dev. Biol. 2009, 25, 377–406. [CrossRef]
[PubMed]

7. Biehl, J.K.; Russell, B. Introduction to stem cell therapy. J. Cardiovasc. Nurs. 2009, 24, 98–103. [CrossRef] [PubMed]
8. Zakrzewski, W.; Dobrzynski, M.; Szymonowicz, M.; Rybak, Z. Stem cells: Past, present, and future. Stem Cell Res. Ther. 2019, 10,

68. [CrossRef] [PubMed]
9. Chehelgerdi, M.; Behdarvand Dehkordi, F.; Chehelgerdi, M.; Kabiri, H.; Salehian-Dehkordi, H.; Abdolvand, M.; Salmanizadeh,

S.; Rashidi, M.; Niazmand, A.; Ahmadi, S.; et al. Exploring the promising potential of induced pluripotent stem cells in cancer
research and therapy. Mol. Cancer 2023, 22, 189. [CrossRef]

10. Adhya, D.; Swarup, V.; Nagy, R.; Dutan, L.; Shum, C.; Valencia-Alarcon, E.P.; Jozwik, K.M.; Mendez, M.A.; Horder, J.; Loth, E.;
et al. Atypical Neurogenesis in Induced Pluripotent Stem Cells From Autistic Individuals. Biol. Psychiatry 2021, 89, 486–496.
[CrossRef]

11. Liou, R.H.; Edwards, T.L.; Martin, K.R.; Wong, R.C. Neuronal Reprogramming for Tissue Repair and Neuroregeneration. Int. J.
Mol. Sci. 2020, 21, 4273. [CrossRef] [PubMed]

12. Paik, D.T.; Chandy, M.; Wu, J.C. Patient and Disease-Specific Induced Pluripotent Stem Cells for Discovery of Personalized
Cardiovascular Drugs and Therapeutics. Pharmacol. Rev. 2020, 72, 320–342. [CrossRef] [PubMed]

13. Thomson, J.A.; Itskovitz-Eldor, J.; Shapiro, S.S.; Waknitz, M.A.; Swiergiel, J.J.; Marshall, V.S.; Jones, J.M. Embryonic stem cell lines
derived from human blastocysts. Science 1998, 282, 1145–1147. [CrossRef] [PubMed]

14. Baldwin, T. Morality and human embryo research. Introduction to the Talking Point on morality and human embryo research.
EMBO Rep. 2009, 10, 299–300. [CrossRef] [PubMed]

15. Jang, J.; Yoo, J.E.; Lee, J.A.; Lee, D.R.; Kim, J.Y.; Huh, Y.J.; Kim, D.S.; Park, C.Y.; Hwang, D.Y.; Kim, H.S.; et al. Disease-specific
induced pluripotent stem cells: A platform for human disease modeling and drug discovery. Exp. Mol. Med. 2012, 44, 202–213.
[CrossRef] [PubMed]

16. Elitt, M.S.; Barbar, L.; Tesar, P.J. Drug screening for human genetic diseases using iPSC models. Hum. Mol. Genet. 2018, 27,
R89–R98. [CrossRef] [PubMed]

17. Choi, J.; Lee, S.; Mallard, W.; Clement, K.; Tagliazucchi, G.M.; Lim, H.; Choi, I.Y.; Ferrari, F.; Tsankov, A.M.; Pop, R.; et al.
A comparison of genetically matched cell lines reveals the equivalence of human iPSCs and ESCs. Nat. Biotechnol. 2015, 33,
1173–1181. [CrossRef]

18. Marei, H.E.; Althani, A.; Lashen, S.; Cenciarelli, C.; Hasan, A. Genetically unmatched human iPSC and ESC exhibit equivalent
gene expression and neuronal differentiation potential. Sci. Rep. 2017, 7, 17504. [CrossRef]

19. Kristiansen, C.K.; Chen, A.; Hoyland, L.E.; Ziegler, M.; Sullivan, G.J.; Bindoff, L.A.; Liang, K.X. Comparing the mitochondrial
signatures in ESCs and iPSCs and their neural derivations. Cell Cycle 2022, 21, 2206–2221. [CrossRef]

20. Chambers, S.M.; Fasano, C.A.; Papapetrou, E.P.; Tomishima, M.; Sadelain, M.; Studer, L. Highly efficient neural conversion of
human ES and iPS cells by dual inhibition of SMAD signaling. Nat. Biotechnol. 2009, 27, 275–280. [CrossRef]

21. Xu, R.H.; Sampsell-Barron, T.L.; Gu, F.; Root, S.; Peck, R.M.; Pan, G.; Yu, J.; Antosiewicz-Bourget, J.; Tian, S.; Stewart, R.;
et al. NANOG is a direct target of TGFbeta/activin-mediated SMAD signaling in human ESCs. Cell Stem Cell 2008, 3, 196–206.
[CrossRef] [PubMed]

22. Xu, R.H.; Chen, X.; Li, D.S.; Li, R.; Addicks, G.C.; Glennon, C.; Zwaka, T.P.; Thomson, J.A. BMP4 initiates human embryonic stem
cell differentiation to trophoblast. Nat. Biotechnol. 2002, 20, 1261–1264. [CrossRef]

23. D’Amour, K.A.; Agulnick, A.D.; Eliazer, S.; Kelly, O.G.; Kroon, E.; Baetge, E.E. Efficient differentiation of human embryonic stem
cells to definitive endoderm. Nat. Biotechnol. 2005, 23, 1534–1541. [CrossRef]

24. Laflamme, M.A.; Chen, K.Y.; Naumova, A.V.; Muskheli, V.; Fugate, J.A.; Dupras, S.K.; Reinecke, H.; Xu, C.; Hassanipour, M.;
Police, S.; et al. Cardiomyocytes derived from human embryonic stem cells in pro-survival factors enhance function of infarcted
rat hearts. Nat. Biotechnol. 2007, 25, 1015–1024. [CrossRef]

25. Massague, J. The transforming growth factor-beta family. Annu. Rev. Cell Biol. 1990, 6, 597–641. [CrossRef] [PubMed]
26. Massague, J.; Chen, Y.G. Controlling TGF-beta signaling. Genes Dev. 2000, 14, 627–644. [CrossRef] [PubMed]
27. Chen, X.; Xu, L. Mechanism and regulation of nucleocytoplasmic trafficking of smad. Cell Biosci. 2011, 1, 40. [CrossRef]
28. Tang, L.Y.; Zhang, Y.E. Non-degradative ubiquitination in Smad-dependent TGF-beta signaling. Cell Biosci. 2011, 1, 43. [CrossRef]
29. Schmierer, B.; Hill, C.S. TGFbeta-SMAD signal transduction: Molecular specificity and functional flexibility. Nat. Rev. Mol. Cell

Biol. 2007, 8, 970–982. [CrossRef]
30. Reddi, A.H.; Reddi, A. Bone morphogenetic proteins (BMPs): From morphogens to metabologens. Cytokine Growth Factor Rev.

2009, 20, 341–342. [CrossRef]
31. Sieber, C.; Kopf, J.; Hiepen, C.; Knaus, P. Recent advances in BMP receptor signaling. Cytokine Growth Factor Rev. 2009, 20, 343–355.

[CrossRef]
32. Miyazono, K.; Maeda, S.; Imamura, T. Coordinate regulation of cell growth and differentiation by TGF-beta superfamily and

Runx proteins. Oncogene 2004, 23, 4232–4237. [CrossRef] [PubMed]

115



Biomedicines 2024, 12, 1350

33. Nilsson, E.E.; Skinner, M.K. Bone morphogenetic protein-4 acts as an ovarian follicle survival factor and promotes primordial
follicle development. Biol. Reprod. 2003, 69, 1265–1272. [CrossRef]

34. Winnier, G.; Blessing, M.; Labosky, P.A.; Hogan, B.L. Bone morphogenetic protein-4 is required for mesoderm formation and
patterning in the mouse. Genes Dev. 1995, 9, 2105–2116. [CrossRef]

35. Tan, B.T.; Wang, L.; Li, S.; Long, Z.Y.; Wu, Y.M.; Liu, Y. Retinoic acid induced the differentiation of neural stem cells from
embryonic spinal cord into functional neurons in vitro. Int. J. Clin. Exp. Pathol. 2015, 8, 8129–8135.

36. Kurokawa, R.; Soderstrom, M.; Horlein, A.; Halachmi, S.; Brown, M.; Rosenfeld, M.G.; Glass, C.K. Polarity-specific activities of
retinoic acid receptors determined by a co-repressor. Nature 1995, 377, 451–454. [CrossRef]

37. Mosher, K.I.; Schaffer, D.V. Proliferation versus Differentiation: Redefining Retinoic Acid’s Role. Stem Cell Rep. 2018, 10, 1673–1675.
[CrossRef] [PubMed]

38. Lee, K.; Skromne, I. Retinoic acid regulates size, pattern and alignment of tissues at the head-trunk transition. Development 2014,
141, 4375–4384. [CrossRef] [PubMed]

39. Sharpe, C.; Goldstone, K. The control of Xenopus embryonic primary neurogenesis is mediated by retinoid signalling in the
neurectoderm. Mech. Dev. 2000, 91, 69–80. [CrossRef]

40. Maden, M.; Holder, N. Retinoic acid and development of the central nervous system. Bioessays 1992, 14, 431–438. [CrossRef]
41. Clagett-Dame, M.; DeLuca, H.F. The role of vitamin A in mammalian reproduction and embryonic development. Annu. Rev. Nutr.

2002, 22, 347–381. [CrossRef] [PubMed]
42. Binder, D.K.; Scharfman, H.E. Brain-derived neurotrophic factor. Growth Factors 2004, 22, 123–131. [CrossRef] [PubMed]
43. Acheson, A.; Conover, J.C.; Fandl, J.P.; DeChiara, T.M.; Russell, M.; Thadani, A.; Squinto, S.P.; Yancopoulos, G.D.; Lindsay, R.M. A

BDNF autocrine loop in adult sensory neurons prevents cell death. Nature 1995, 374, 450–453. [CrossRef] [PubMed]
44. Huang, E.J.; Reichardt, L.F. Neurotrophins: Roles in neuronal development and function. Annu. Rev. Neurosci. 2001, 24, 677–736.

[CrossRef] [PubMed]
45. Ahmed, S.; Reynolds, B.A.; Weiss, S. BDNF enhances the differentiation but not the survival of CNS stem cell-derived neuronal

precursors. J. Neurosci. 1995, 15, 5765–5778. [CrossRef]
46. Lim, J.Y.; Park, S.I.; Oh, J.H.; Kim, S.M.; Jeong, C.H.; Jun, J.A.; Lee, K.S.; Oh, W.; Lee, J.K.; Jeun, S.S. Brain-derived neurotrophic

factor stimulates the neural differentiation of human umbilical cord blood-derived mesenchymal stem cells and survival of
differentiated cells through MAPK/ERK and PI3K/Akt-dependent signaling pathways. J. Neurosci. Res. 2008, 86, 2168–2178.
[CrossRef]

47. Airaksinen, M.S.; Saarma, M. The GDNF family: Signalling, biological functions and therapeutic value. Nat. Rev. Neurosci. 2002,
3, 383–394. [CrossRef] [PubMed]

48. Cik, M.; Masure, S.; Lesage, A.S.; Van Der Linden, I.; Van Gompel, P.; Pangalos, M.N.; Gordon, R.D.; Leysen, J.E. Binding of
GDNF and neurturin to human GDNF family receptor alpha 1 and 2. Influence of cRET and cooperative interactions. J. Biol.
Chem. 2000, 275, 27505–27512. [CrossRef] [PubMed]

49. Matlik, K.; Garton, D.R.; Montano-Rodriguez, A.R.; Olfat, S.; Eren, F.; Casserly, L.; Damdimopoulos, A.; Panhelainen, A.;
Porokuokka, L.L.; Kopra, J.J.; et al. Elevated endogenous GDNF induces altered dopamine signalling in mice and correlates with
clinical severity in schizophrenia. Mol. Psychiatry 2022, 27, 3247–3261. [CrossRef]

50. Aloe, L.; Rocco, M.L.; Balzamino, B.O.; Micera, A. Nerve Growth Factor: A Focus on Neuroscience and Therapy. Curr.
Neuropharmacol. 2015, 13, 294–303. [CrossRef]

51. Autar, K.; Guo, X.; Rumsey, J.W.; Long, C.J.; Akanda, N.; Jackson, M.; Narasimhan, N.S.; Caneus, J.; Morgan, D.; Hickman, J.J. A
functional hiPSC-cortical neuron differentiation and maturation model and its application to neurological disorders. Stem Cell
Rep. 2022, 17, 96–109. [CrossRef]

52. Shi, Y.; Kirwan, P.; Livesey, F.J. Directed differentiation of human pluripotent stem cells to cerebral cortex neurons and neural
networks. Nat. Protoc. 2012, 7, 1836–1846. [CrossRef]

53. Ma, L.; Liu, Y.; Zhang, S.C. Directed differentiation of dopamine neurons from human pluripotent stem cells. Methods Mol. Biol.
2011, 767, 411–418. [CrossRef] [PubMed]

54. Mahajani, S.; Raina, A.; Fokken, C.; Kugler, S.; Bahr, M. Homogenous generation of dopaminergic neurons from multiple hiPSC
lines by transient expression of transcription factors. Cell Death Dis. 2019, 10, 898. [CrossRef] [PubMed]

55. Karumbayaram, S.; Novitch, B.G.; Patterson, M.; Umbach, J.A.; Richter, L.; Lindgren, A.; Conway, A.E.; Clark, A.T.; Goldman,
S.A.; Plath, K.; et al. Directed differentiation of human-induced pluripotent stem cells generates active motor neurons. Stem Cells
2009, 27, 806–811. [CrossRef] [PubMed]

56. Shaltouki, A.; Peng, J.; Liu, Q.; Rao, M.S.; Zeng, X. Efficient generation of astrocytes from human pluripotent stem cells in defined
conditions. Stem Cells 2013, 31, 941–952. [CrossRef]

57. Douvaras, P.; Wang, J.; Zimmer, M.; Hanchuk, S.; O’Bara, M.A.; Sadiq, S.; Sim, F.J.; Goldman, J.; Fossati, V. Efficient generation of
myelinating oligodendrocytes from primary progressive multiple sclerosis patients by induced pluripotent stem cells. Stem Cell
Rep. 2014, 3, 250–259. [CrossRef]

58. Pomeshchik, Y.; Klementieva, O.; Gil, J.; Martinsson, I.; Hansen, M.G.; de Vries, T.; Sancho-Balsells, A.; Russ, K.; Savchenko,
E.; Collin, A.; et al. Human iPSC-Derived Hippocampal Spheroids: An Innovative Tool for Stratifying Alzheimer Disease
Patient-Specific Cellular Phenotypes and Developing Therapies. Stem Cell Rep. 2020, 15, 256–273. [CrossRef]

116



Biomedicines 2024, 12, 1350

59. Valiulahi, P.; Vidyawan, V.; Puspita, L.; Oh, Y.; Juwono, V.B.; Sittipo, P.; Friedlander, G.; Yahalomi, D.; Sohn, J.W.; Lee, Y.K.; et al.
Generation of caudal-type serotonin neurons and hindbrain-fate organoids from hPSCs. Stem Cell Rep. 2021, 16, 1938–1952.
[CrossRef]

60. Yang, D.; Zhang, Z.J.; Oldenburg, M.; Ayala, M.; Zhang, S.C. Human embryonic stem cell-derived dopaminergic neurons reverse
functional deficit in parkinsonian rats. Stem Cells 2008, 26, 55–63. [CrossRef]

61. Preman, P.; Tcw, J.; Calafate, S.; Snellinx, A.; Alfonso-Triguero, M.; Corthout, N.; Munck, S.; Thal, D.R.; Goate, A.M.; De Strooper,
B.; et al. Human iPSC-derived astrocytes transplanted into the mouse brain undergo morphological changes in response to
amyloid-beta plaques. Mol. Neurodegener. 2021, 16, 68. [CrossRef]

62. Moradi, S.; Mahdizadeh, H.; Saric, T.; Kim, J.; Harati, J.; Shahsavarani, H.; Greber, B.; Moore, J.B.t. Research and therapy with
induced pluripotent stem cells (iPSCs): Social, legal, and ethical considerations. Stem Cell Res. Ther. 2019, 10, 341. [CrossRef]
[PubMed]

63. Flahou, C.; Morishima, T.; Takizawa, H.; Sugimoto, N. Fit-For-All iPSC-Derived Cell Therapies and Their Evaluation in
Humanized Mice with NK Cell Immunity. Front. Immunol. 2021, 12, 662360. [CrossRef] [PubMed]

64. Otsuka, R.; Wada, H.; Murata, T.; Seino, K.I. Immune reaction and regulation in transplantation based on pluripotent stem cell
technology. Inflamm. Regen. 2020, 40, 12. [CrossRef] [PubMed]

65. Schweitzer, J.S.; Song, B.; Herrington, T.M.; Park, T.Y.; Lee, N.; Ko, S.; Jeon, J.; Cha, Y.; Kim, K.; Li, Q.; et al. Personalized
iPSC-Derived Dopamine Progenitor Cells for Parkinson’s Disease. N. Engl. J. Med. 2020, 382, 1926–1932. [CrossRef]

66. Sugai, K.; Sumida, M.; Shofuda, T.; Yamaguchi, R.; Tamura, T.; Kohzuki, T.; Abe, T.; Shibata, R.; Kamata, Y.; Ito, S.; et al.
First-in-human clinical trial of transplantation of iPSC-derived NS/PCs in subacute complete spinal cord injury: Study protocol.
Regen. Ther. 2021, 18, 321–333. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

117



Citation: Jin, Y.; Zhao, W.; Yang, M.;

Fang, W.; Gao, G.; Wang, Y.; Fu, Q.

Cell-Based Therapy for Urethral

Regeneration: A Narrative Review

and Future Perspectives. Biomedicines

2023, 11, 2366. https://doi.org/

10.3390/biomedicines11092366

Academic Editors: Aline Yen Ling

Wang and Shaker A. Mousa

Received: 4 June 2023

Revised: 29 July 2023

Accepted: 16 August 2023

Published: 24 August 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

biomedicines

Review

Cell-Based Therapy for Urethral Regeneration: A Narrative
Review and Future Perspectives

Yangwang Jin 1, Weixin Zhao 2, Ming Yang 1, Wenzhuo Fang 1, Guo Gao 3, Ying Wang 1,* and Qiang Fu 1,*

1 Department of Urology, Shanghai Sixth People’s Hospital Affiliated to Shanghai Jiao Tong University
School of Medicine, Shanghai Eastern Institute of Urologic Reconstruction, Shanghai Jiao Tong University,
Shanghai 200233, China; jinyw_med@163.com (Y.J.)

2 Wake Forest Institute for Regenerative Medicine, Winston Salem, NC 27157, USA
3 Key Laboratory for Thin Film and Micro Fabrication of the Ministry of Education, School of Sensing Science

and Engineering, School of Electronic Information and Electrical Engineering, Shanghai Jiao Tong University,
Shanghai 200240, China

* Correspondence: sdzbbswangying@alumni.sjtu.edu.cn (Y.W.); jamesqfu@aliyun.com (Q.F.)

Abstract: Urethral stricture is a common urological disease that seriously affects quality of life.
Urethroplasty with grafts is the primary treatment, but the autografts used in clinical practice
have unavoidable disadvantages, which have contributed to the development of urethral tissue
engineering. Using various types of seed cells in combination with biomaterials to construct a tissue-
engineered urethra provides a new treatment method to repair long-segment urethral strictures. To
date, various cell types have been explored and applied in the field of urethral regeneration. However,
no optimal strategy for the source, selection, and application conditions of the cells is available. This
review systematically summarizes the use of various cell types in urethral regeneration and their
characteristics in recent years and discusses possible future directions of cell-based therapies.

Keywords: cell therapy; stem cell; urethral regeneration; tissue engineering

1. Introduction

Urethral stricture is a pathological narrowing of the urethral lumen associated with
excessive fibrosis of the epithelium and surrounding tissues [1]. As a common urological
disease, urethral stricture can be caused by various factors such as trauma, inflammation,
congenital malformation, and medically induced injury [2]. Urethral stricture can lead to
urinary retention, bladder stones, fistula formation, urinary tract infection, hydronephrosis,
and, in severe cases, renal failure, thus affecting quality of life, while treatment of urethral
stricture also puts considerable pressure on the healthcare system [3,4]. Treatment of
urethral strictures usually employs different repair strategies depending on the length,
location, and cause of the injury [5]. Currently, urethroplasty is usually performed clinically
using a graft in patients with long-segment urethral strictures/defects, recurrent strictures,
or penile urethral strictures [6]. Grafts are usually autologous tissues, such as buccal mucosa,
penile flap, and bladder mucosa, but they are limited in number and difficult to obtain. This
treatment mode of sacrificing healthy tissues to repair lesions is also controversial because
of the numerous complications associated with the donor site [7]. Therefore, reconstructive
repair of the injured urethra remains challenging for urologists.

Tissue engineering is a derivative of regenerative medicine, which aims to create
organs using cells, biomaterials, and engineering techniques [8]. Tissue-engineered grafts
avoid the complications of autologous tissue collection and reduce patient pain. Over
the past 30 years, using tissue engineering techniques to construct a tissue-engineered
urethra has made great strides and is gradually being incorporated into urological practice.
Single biomaterial scaffolds were first applied to urethral reconstruction, which provide
good mechanical support and spatial structure for the migration of host cells and facilitate
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remodeling of the urethral tissue structure, achieving a certain degree of success in urethral
repair. Some classical tissue engineering materials, such as small intestinal submucosa
(SIS), bladder acellular matrix (BAM), and acellular dermal matrix, have been evaluated in
several clinical trials. However, successful repair with a single scaffold is very dependent
on a healthy urethral bed at the injury, adequate vascular distribution, and the absence
of spongy fibrosis, which otherwise predisposes to chronic immune reactions, fibrosis
formation and calcification, and graft shrinkage or restriction, for which a single scaffold is
often inadequate to treat long defects [9]. A research shows that the maximum distance to
repair the urethra using tubular acellular matrix grafts appears to be only 0.5 cm [10].

The natural healing process of the urethra involves interactions between multiple
factors, such as intercellular contacts, secretions from resident and migrating cells, growth
factors, cytokines, and various signaling pathways [11]. Therefore, many investigators
have begun to explore cell-based regeneration strategies for long-segment urethral repair.
A systematic evaluation showed that the long-term success rate of cell–scaffold material
complex grafts inoculated with cells was 5.67 times higher than that of the scaffold material
alone [12]. Transplanted cells promote rapid vascularization and re-epithelialization of the
scaffold material at the graft repair site, reducing local inflammation and scar formation
for better repair results [13–15]. Therefore, the involvement of cells is indispensable for
urethral regeneration, particularly the repair of long-segment urethral defects.

To date, various cell types have been explored and applied in the field of urethral
regeneration. However, no optimal strategy for the source, selection, and application
conditions of the cells is available. This review systematically summarizes the use of
various cell types in urethral regeneration and their characteristics in recent years and
discusses possible future directions of cell-based therapies.

2. Non-Stem Cell-Based Regenerative Therapy

In most cases, the use of differentiated cells in urethral regeneration has been well
established and includes mainly epithelial cells, smooth muscle cells, and endothelial cells.

2.1. Epithelial Cells

Epithelial cells are the key cells in urethra regeneration. A continuous layer of epithelial
cells provides a barrier against corrosion effects and urinary fistula, thereby reducing
inflammation and fibrous tissue deposition during the healing process [16].

Transitional epithelial cells of the bladder mucosa, mainly obtained by bladder biopsy,
are considered the best candidates to reconstruct the epithelial cell layer of the urethra.
Although structurally different from the compound columnar epithelium in the urethra,
both the transitional epithelium in the bladder and the urethral epithelium are formed by
p63+ cells from the urogenital sinus of the fetus [17], and both function as a barrier to urine
in the urinary tract. In one study, the bladder mucosa was isolated and digested, and the
obtained epithelial cells were cultured in supplemented CnT-07 for proliferation or CnT-02
with 1.07 mM/L CaCl2 for stratification [16]. The expanded autologous bladder epithelial
cells were subsequently seeded on a type I collagen-based cell carrier, cultured in layers for
8 days, and labeled with PKH26. The collagen-based cell carrier grafts were then used to
repair urethral strictures in minipigs. Immunofluorescence analysis confirmed the epithelial
cell phenotype, junction formation, and differentiation at 2 weeks, and that the grafted cells
were present at the repair site 6 months after surgery. No recurrence of the stricture was
observed in the experimental animals at the final 6-month transplantation [16]. Another
study using a rabbit model showed that scaffolds implanted with bladder epithelial cells
supported epithelial integrity, stratification, and continuity with the normal urothelium [18].
Wang et al. [19] implanted bladder epithelial cells into human amniotic scaffolds to reduce
rejection and improve the biocompatibility of the graft material. The results showed milder
inflammatory cell infiltration, i.e., less accumulation of CD4 and CD8 cells, neutrophils,
and other types of immune cells, in cell-seeded human amniotic scaffold grafts compared
with the epithelial cell-free group.
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The number of cells obtained by biopsy is limited, and the procedure requires general
anesthesia and is invasive. Bladder washing is a feasible alternative to harvesting viable
autologous bladder epithelial cells in a non-invasive manner [20]. Amesty et al. [21]
obtained autologous epithelial cells by bladder washing and seeded the submucosal matrix
of acellular porcine small intestines to construct a tissue-engineered urethra. They found
that the epithelial cell seeding group formed multilayered urothelial cells and successfully
repaired urethral defects in rabbits. Epithelial cells collected by the bladder washing
procedure have the same effect as biopsy acquisition, and it avoids donor site damage
caused by biopsy, providing the possibility of obtaining cells several times for repeat
procedures if needed [20].

Autologous urethral epithelial cells cannot, however, be obtained from patients with
chronic inflammation of the urinary tract [22]. Oral mucosal cells exist in a humid physi-
ological environment similar to the urinary tract and are resistant to a wet environment
and infection because of the expression of beta-defensins and interleukin-8 in their mem-
branes [23]. The differences between oral and urethral mucosae are minimal [24], and the
collection of oral mucosal epithelial cells can be performed under local anesthesia in a
simple and well-tolerated procedure. Therefore, autologous oral-derived epithelial cells
are also an effective cell source for urethral regeneration. Huang et al. [25] used lingual
keratinocytes seeded in a bacterial cellulose (BC) scaffold to treat rabbit urethral injuries.
The cell–scaffold material composite group exhibited faster and more complete epithelial
regeneration compared with the BC alone group. Lv et al. [26] cultured autologous lingual
keratinocytes and seeded them on a novel three-dimensional (3D) scaffold composed of a
combination of silk fibroin (SF) and BC and observed good regeneration of the urothelial
cells in a dog urethral repair model. Oral mucosal epithelial cells have been developed to
construct a tissue-engineered buccal mucosa for urethral repair and reconstruction, with
encouraging results [2,27]. However, a potential limitation of oral mucosal epithelial cells
is their low proliferative capacity and clonogenicity, hindering their large-scale expansion
in vitro, which is required for clinical use.

Epidermal cells can also be isolated and expanded by minimally invasive methods
from hairless skin, such as foreskin, and cultured to form a thick barrier that isolates
urine. A study has demonstrated successful repair of rabbit urethral defects using a
tubular acellular collagen matrix seeded with foreskin epithelial cells [28]. However,
because of complications and malformations at the harvest site associated with a foreskin
biopsy, recent studies have begun to explore the use of epidermal cells from other sites
for urethral repair procedures. Rogovaya et al. [29] collected rabbit ear epithelial cells
and cultured them to prepare cell sheets for rabbit urethral repair. The rabbits regained
voluntary urinary function at 4–7 days postoperatively with no scarring or abnormal fistula
formation in the urethra. Complete recovery of rabbit urothelial cells was observed at
45 days postoperatively in the grafted area, and the presence of a multilayered migrating
epithelium was observed. In another study, Zhang et al. [30] obtained skin epidermal
cells (SEC) from rabbit abdominal skin and constructed cryopreserved SEC-AM (amniotic
membrane) urethral scaffolds for rabbit urethra repair, which also achieved good results.

2.2. Mesothelial Cells

Epithelial cells have a low proliferative capacity and often require long culture cycles.
Additionally, epithelial cells are unavailable under malignant conditions, a history of lichen
sclerosis, or oral disease. Mesothelial cells have a higher proliferative capacity and plasticity
than urothelial cells [31]. Studies have reported the successful use of mesothelial cell-lined
grafts as urethral grafts, including peritoneal [32] and vaginal endografts [33]. Thus,
mesothelial cells may be a suitable alternative to epithelial cells. Jiang et al. [34] seeded
mesothelial cells onto autogenous granulation tissue to construct a mesothelium-lined com-
pound graft for tubularized urethroplasty in male rabbits. Histologically, urothelial layers
surrounded by increasingly organized smooth muscles were observed in seeded grafts.
Conversely, myofibroblast accumulation and extensive scarring occurred in unseeded
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grafts. Although mesothelial cells of large omentum origin may have some advantages,
long-term culture of mesothelial cells appears to be difficult because of early senescence.
Thus, further studies on mesothelial cells are needed.

2.3. Smooth Muscle Cells

The well-developed smooth muscle layer enhances the mechanical properties of the
urethra and maintains structural stability during stretching and urination, to some extent
avoiding the occurrence of urethral strictures. Therefore, seeding smooth muscle cells
(SMCs) for remuscularization of a tissue-engineered urethra is an effective method to
possibly repair urethral injury while avoiding strictures. A bladder biopsy is the most
common source of SMCs in urethral repair and reconstruction. In one study, bladder
muscle tissue was clipped and digested, and a composite SMC scaffold was used to repair
urethral defects in rabbits [35]. After 3 months, immunohistochemical examination showed
a higher and well-arranged smooth muscle content in the SMC group compared with that
in the control group, which resulted in a significantly lower rate of tubular obstruction and
complications, including stone formation, urinary fistula, and urethral stricture incidence,
in the SMC group. In a report by Lv et al. [36], earlier muscle regeneration was observed
in the SMC-seeded scaffold group compared with the unseeded cell group. In another
preclinical study, Niu et al. [37] seeded SMCs into a synthetic scaffold for rabbit urethral
repair reconstruction and found that it promoted the regeneration of multilayered smooth
muscle tissue, obtaining grafting results similar to those of autologous tissue. Similar
success was subsequently achieved by their group in a dog model [38]. Ultimately, SMC
composite scaffolds result in earlier, more mature muscle regeneration, thereby facilitating
the avoidance of urethral strictures.

SMCs may also help support epithelial–mesenchymal interactions required for normal
maturation of the urothelium [22,39]. In a preclinical study [14], autologous epithelial and
smooth muscle cells were seeded in a tubular collagen scaffold and used for urethroplasty
in 15 dogs. After up to 12 months of follow-up, computed tomography urethrograms
showed a wide urethral caliber in animals treated with seeded cell grafts. Conversely,
six control animals treated with unseeded scaffolds had blocked urethras. The seeded
group showed superior epithelial tissue and muscle fiber formation, whereas the unseeded
group showed fibrosis and few muscle fibers. In another study, autologous bladder ep-
ithelial and smooth muscle cells from nine male rabbits were expanded and seeded onto
preconfigured tubular matrices constructed from acellular bladder matrices obtained from
the lamina propria. Urethroplasties were performed with tubularized matrices seeded
with cells in nine animals and matrices without cells in six animals. The urethrograms
showed that animals implanted with cell-seeded matrices maintained a wide urethral
caliber without strictures. Conversely, urethras with unseeded scaffolds collapsed and
developed strictures [40]. Similarly, Lv et al. [26] successfully repaired urethral defects in
dogs using a composite bilayer scaffold of lingual keratinocytes and lingual muscle cells.
However, the low proliferative potential of smooth muscle cells and the relatively high
trauma during primary cell collection make it difficult to obtain sufficient seeded smooth
muscle cells.

2.4. Endothelial Cells

Blood vessels provide oxygen and nutrients to tissues and are necessary for tissue
regeneration; therefore, vascularization of urethral grafts is an important step in the recon-
struction of the urethra. Vascular endothelial cells have become a cell type of great interest.
In one study, Heller and colleagues isolated human dermal microvascular endothelial cells
from the foreskin to develop a pre-vascularized buccal mucosal substitute to repair urethral
defects [41]. Their results showed successful pre-vascularization and the formation of dense
capillary-like structures in the substitutes, which became functional vessels by anastomosis
with host vessels after implantation into nude mice. Although endothelial cells have been
shown to play a crucial role in promoting angiogenesis, harvesting primary endothelial
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cells remains challenging. Table 1 summarized the functions performed by differentiated
cells in urethral regeneration.

Table 1. Summary of the functions performed by differentiated cells in urethral regeneration.

Cell Type Source Function in Urethral Regeneration References

Mucosal epithelial cells

Bladder mucosa

Support epithelial integrity, stratification,
and continuity with normal urothelium;
reduce potential rejection reactions; and

improve the biocompatibility of the
graft material.

[16,18,19,21]

Oral mucosa

Promotion of urethral epithelial
regeneration; participation in the

construction of tissue-engineered buccal
mucosa (TEBM).

[2,25–27]

Skin/foreskin Form a thick barrier to isolate urine. [19,30]

Mesothelial cells Peritoneal/vaginal endothelial Act as a substitute for epithelial cells. [34]

Smooth muscle cells Bladder

Promote earlier, more mature regeneration
of urethral smooth muscle; enhance the

mechanical properties of grafts; and
support the epithelial–mesenchymal

interactions required for normal
maturation of the urothelium.

[14,22,26,35–40]

Endothelial cells Foreskin Promote tissue angiogenesis and
graft vascularization. [41]

3. Stem Cell-Based Regenerative Therapy

Stem cells are self-renewing and pluripotent, allowing them to differentiate into
various cell types in the urothelial tissue in a specific microenvironment, and their paracrine
secretion of various growth factors and bioactive cytokines stimulates the growth of nearby
cells and has been shown to enhance angiogenesis and reduce fibrosis [42–44]. Therefore,
stem cell therapy has great potential and has been a hot research topic in recent years [45,46].
Stem cells used for urethral regeneration mainly include bone marrow-derived stem cells
(BMDSC), adipose-derived stem cells (ADSCs), and urine-derived stem cells (UDSC).

3.1. Pluripotent Stem Cells

Pluripotent stem cells include embryonic stem cells (ESCs) and induced pluripotent
stem cells (iPSCs). ESCs are isolated from the inner cell mass of an embryonic blastocyst and
have great clinical potential because they form cells of ectodermal, endodermal, and meso-
dermal origins. Blank et al. [47] established the first in vitro system to induce differentiation
of mouse ESCs into SMCs by retinoic acid in 1995. Ottamasanthien et al. [48] described the
differentiation of pluripotent stem cells towards the uroepithelium in a mouse model when
ESCs were directed to the uroepithelial lineage through tissue reconstitution experiments
with mouse embryonic bladder mesenchyme. However, ESCs have ethical restrictions
because of embryo destruction for collection. iPSCs have similar regenerative and differen-
tiation abilities to ESCs without the associated ethical controversies. Suzuki et al. [49] used
a combination of PPAR (peroxisome proliferator-activated receptor)-γ agonists and EGFR
(epidermal growth factor receptor) inhibitors, as well as FGF10 and transwell cultures, to
demonstrate directed differentiation of iPSCs into mature stratified bladder epithelium.
However, iPSCs have some concerns, including low reprogramming and differentiation
efficiencies and potential tumorigenicity [22].

3.2. Bone Marrow-Derived Stem Cells

Mesenchymal stem cells differentiate into various cell and tissue types. As a type
of mesenchymal stem cell, BMDSCs can differentiate into urothelial cells and bladder
SMCs in vitro and in vivo, and initial success in urethral regeneration has been achieved.
Demirel et al. [50] evaluated the effects of BMDSC injection in a rat model of posterior
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urethral injury and demonstrated that BMDSC treatment significantly reduced the de-
velopment of fibrosis in a uroepithelial injury model. In addition to BMDSC injection
alone, a composite scaffold may promote their further differentiation and improve pro-
regenerative and tissue fusion effects. Zhang et al. [51] compared bladder regeneration of
BMDSC-seeded and bladder SMC-seeded SIS scaffolds. Histological evaluation showed
that SIS grafts implanted with BMDSCs showed solid smooth muscle bundle formation
throughout the graft at 10 weeks after surgery, which was similar to the results achieved
in the bladder SMC cell-seeded SIS group. Another study compared the therapeutic ef-
fects of a BMDSC composite scaffold and an autologous oral mucosa graft for urethral
reconstruction [52]. To track BMDSCs in vivo, they were labeled with superparamagnetic
iron oxide nanoparticles. Twelve weeks of follow-up revealed that the BMDSC composite
scaffold formed good fusion with the surrounding urethral tissue, and histology showed
less fibrosis and inflammatory cell infiltration of lymphocytes, histiocytes, and plasma cells
in the experimental group compared with those in the autologous oral mucosa graft group.
Interestingly, nanoparticle-labeled BMDSCs were detected in the urethral epithelium and
muscle layer, which colocalized with uroepithelial cytokeratin markers AE1 and AE3,
suggesting differentiation of inter-BMDSCs into new urethral epithelium.

Interactions of BMDSCs with other cells may further promote tissue regeneration. A
study evaluated the effect of a cell/scaffold composite graft consisting of human BMDSCs
with CD34+ hematopoietic stem/progenitor cells on modulating inflammation and wound
healing in a rodent model of substitution urethroplasty [53]. The urethra of cell-seeded
animals showed 1.3- and 1.7-fold reductions in levels of the inflammatory cytokine TNF (tu-
mor necrosis factor)-α and neutrophil migration, respectively, within 2 days after surgery
compared with unseeded animals. This early difference in the inflammatory response
between seeded and unseeded animals became more pronounced over time, eventually
leading to 4.6- and 8.8-fold reductions in the levels of TNF-α and neutrophil migration,
respectively, at 4 weeks. Histologically, changes in vascular profiles were evident, with
initially small and numerous vessels developing into larger, more mature vessels during
the healing process in the seeded group. Conversely, the control group showed no such pro-
gression. On the basis of AM, Chen et al. [54] seeded BMDSCs and endothelial progenitor
cells (EPCs) to successfully repair long-segment circumferential urethral defects in a canine
model. The presence of BMDSCs promoted EC survival, proliferation, and migration and
contributed to EPC recruitment for angiogenesis.

Despite these positive results, BMDSC acquisition requires bone marrow aspiration,
and this highly invasive method of acquisition limits their use.

3.3. Adipose-Derived Stem Cells

ADSCs that are widely distributed and abundant in the human body are readily avail-
able because >400,000 liposuction surgeries are performed annually for cosmetic or medical
purposes, with up to 3 L of liposuction fluid discarded after each procedure [55]. Addition-
ally, their proliferation efficiency and potential for multidirectional differentiation have been
extensively studied. In an epithelial-specific microenvironment, ADSCs display a stratified
epithelial-like morphology with increased expression of epithelial-specific proteins and
eventually differentiate into uroepithelial-like cells [56–58]. Urethral reconstruction using
post-epithelial induction ADSC composite BAM showed that post-induction ADSC com-
posite BAM replantation formed epithelial-like structures at the replacement site in vivo
and reduced scar contracture and stricture formation in the reconstructed urethral segment
to some extent [59]. ADSCs can also differentiate towards smooth muscle in response to
mechanical or specific microenvironmental stimuli [60,61]. Fu et al. [60] used mechanical
stimulation to differentiate ADSCs towards smooth muscle cells and subsequently seeded
the cells in a PGA (polyglycolic acid) scaffold that was applied with good results in a dog
urethral repair model. The differentiated ADSCs constituted an engineered urethra that
adapted to the mechanical extension generated by the urinary stream and helped to reduce
the incidence of urethral strictures.
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Prevention of fibrosis and reduction of scarring play a crucial role in urethral repair,
and the anti-fibrotic effects of ADSCs have been widely explored in recent years. One study
evaluated the anti-urethral fibrosis effect of ADSCs [62]. The urethral walls of rats were
incised and injected with the fibrosis inducer transforming growth factor-β1. One day later,
ADSCs were injected into the urethral walls of rats in the ADSCs group. After 4 weeks,
the rats were evaluated histologically and functionally. Compared with the control group,
the ADSCs-treated group showed a significant increase in single-void volume, urine flow
rate, bladder compliance, and bladder volume with prolonged voiding intervals. Moreover,
the overall structure of the spongious urethra, and the collagen and elastin contents of
the penile shafts approximated the normal urethra. Because of the complex histopatho-
logical microenvironmental changes at the injury site, cell transplantation alone may not
be sufficient. MiR-21 has been proven to assist stem cell differentiation and paracrine
secretion. Recent studies have shown that miR-21 also plays a major role in skin fibro-
sis [63,64]. Feng et al. [65] explored whether miR-21 modification improved the efficacy of
ADSCs against urethral fibrosis and thus limited the recurrence of urethral strictures. They
established miR-21-modified ADSCs by lentivirus-mediated transfer of pre-miR-21 and
GFP reporter genes. In vitro results showed that miR-21 modification increased angiogenic
gene expression in ADSCs and enhanced their antioxidant effects against reactive oxygen
species damage. In vivo results demonstrated that the miR-21 modification contributed
to improved urodynamic parameters and better formation of epithelial and muscle layers
compared with the group injected with ADSCs alone. This study validated the potential
of miR-21 to improve the anti-urethral fibrosis of ADSCs, but further studies are needed
to determine long-term efficacy. A recent study showed that human mesenchymal stem
cells inhibit fibroblast activation and the associated inflammatory responses via miR-146a
in exosomes, which may also contribute to the mechanism of ADSC-mediated inhibition of
urethral fibrotic strictures [66]. Notably, however, because most human urethral fibrosis
is in advanced and chronic stages, further evaluation of the effect of stem cell injection
therapy on established and recurrent urethral fibroses is important to translate this therapy
into the clinic.

ADSC composite scaffolds have also undergone significant improvements. In one
study, autologous ADSCs from dogs were grown and seeded onto a premade acellular arte-
rial matrix [67]. Seeded scaffolds were used to repair surgically produced urethral defects
in six male dogs, and the results were compared with those of six control animals treated
with the acellular arterial matrix. Serial urethrography was performed postoperatively
at 1 and 3 months. All six animals in the experimental group had a wide urethral caliber
without any signs of stricture. Conversely, three animals in the control group showed
urethral strictures. Similar success was achieved in a rabbit urethroplasty model using an
ADSC-seeded SF scaffold [68]. Compared with the application of SF alone, the composite
group showed a milder inflammatory response and more vascular and smooth muscle
tissue formation. Yang et al. [69] constructed a composite hydrogel patch accommodating
ADSCs for rabbit urethral repair by multilayer 3D bioprinting. Compared with the un-
seeded ADSC control group, the seeded ADSC group showed reductions in bulk scarring
and the urographic obstruction rate, and pathology showed that the introduction of ADSCs
significantly reduced the collagen fiber content. Notably, evidence that the therapeutic ad-
vantage of ADSCs lies not only in their multipotency but also in their trophic and paracrine
functions is growing [70]. Therefore, exploring methods to increase the paracrine activity of
ADSCs may further promote tissue regeneration. Under hypoxic preconditioning, ADCSs
have enhanced paracrine activity, proliferation, and survival [71,72]. Modulation of ADSC
paracrine factors is also an effective method to enhance the pro-regenerative effect of AD-
SCs. As a protein that broadly affects the FGF signaling pathway, FGFR2 (Fibroblast growth
factor receptors 2) is closely associated with the development and repair of the urinary
tract. Therefore, targeted modification of ADSCs to overexpress FGFR2 may contribute
to their secretory function and reparative effects. Zhu et al. [73] constructed a composite
scaffold of ADSCs overexpressing FGFR2 (Figure 1a). The ADSC modification promoted
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the secretion of angiogenic factors and enhanced their proliferation and migration abilities,
which promoted tissue angiogenesis and regeneration, resulting in excellent reparative
effects in a rabbit urethral injury model. TIMP-1, which is highly expressed in urethral scar
tissue, plays a crucial role in the urethra stricture [74–76]. Sa et al. [77] performed the first
miRNA modification of epithelial differentiated adipose-derived stem cells (E-ADSCs) to
reduce expression of the profibrotic factor TIMP-1 and evaluated their effectiveness for
urethral repair. The modified E-ADSCs seeded in BAM inhibited fibrosis in urethral tissue,
leading to a wider urethral caliber. In another study, hypoxia-treated ADSCs were seeded
in porous nanofiber scaffolds and used to repair rabbit urethral defects (Figure 1b–d).
The in vivo results showed that hypoxia-preconditioned ADSCs combined with scaffolds
led to a larger urethral lumen diameter, preserved urethral morphology, and enhanced
angiogenesis compared with normoxia-preconditioned ADSCs [78].

The extracellular matrix (ECM) of ADSCs retains its secreted biological factors, which
facilitate tissue regeneration, and is a good alternative source of decellularized matrix [79].
In urethral repair and reconstruction, decellularized tissue matrices such as SIS and BAM
have been used with some degree of success in preclinical and clinical studies. However,
the limited amount of autologous tissue-derived ECM is prone to surgical complications at
the donor site, and there is a risk of disease transmission and ethical issues [80,81]. Zhou
et al. [82] fabricated an ADSC-ECM using a repeated freeze–thaw cycle, Triton X-100, and
SDS decellularization. Oral mucosal epithelial cells had a higher survival rate on ADSC-
ECM compared with SF and formed a continuous layer of epidermal cells. Compared
with SIS, mononuclear macrophage infiltration was less in ADSC-ECM when implanted
subcutaneously into rats. Additionally, mRNA expression of cytokines, such as IL-4 and
IL-10, was significantly higher in ADSC-ECM than in SIS at 3 weeks post-implantation.

3.4. Urine-Derived Stem Cells

UDSCs are a subpopulation of stem cells isolated from human urine that differentiate
into various cell types, including SMCs, epithelial cells, and endothelial cells [83–85]. UD-
SCs express smooth muscle-specific proteins, including α-smooth muscle action, desmin,
and myosin when cultured under PDGF (platelet-derived growth factor)-BB and TGF (trans-
forming growth factor)-β1 induction, and uroepithelial-specific proteins AE1, AE3, and
E-cadherin when cultured under epidermal growth factor induction (Figure 1e,f) [86]. They
share many biological properties with mesenchymal stem cells, such as potent paracrine
effects and immunomodulatory capacity. However, compared with other stem cells, au-
tologous UDSCs can be harvested by a simple, safe, low-cost, and non-invasive proce-
dure [84,87]. Additionally, up to 75% of fresh UDSCs can be safely persevered in urine for
24 h and retain their original stem cell properties [88]. Interest in UDSCs has increased over
the past decade because of their great potential for regenerative medicine applications.

In one study [89], human UDSCs were extracted, and five induction methods were
used to optimize their differentiation towards the uroepithelium. Induced cells were
assessed for expression of gene and protein markers of urothelial cells by RT-PCR, Western
blotting, and immunofluorescence staining. The barrier function and ultrastructure of
tight junctions were assessed by permeability assays and transmission electron microscopy.
Phenotypic and functional characteristics similar to those of native urothelial cells were
observed in induced UDSCs. Additionally, multilayered urothelial tissue had formed
2 weeks after the inoculation of induced UDSCs on the intestinal submucosal matrix.
Liu et al. [87] obtained rabbit autologous UDSCs from urine and bladder washings and
seeded them on SIS to repair urethral defects in a rabbit model. It was found that autologous
UDSCs differentiated into urothelial cells and SMCs in the natural urethral environment
and performed corresponding functions. Compared with the unseeded cell group, the
urethral caliber, urethral regeneration rate, smooth muscle content, and vascular density
were significantly improved in the autologous UDSC-seeded SIS group.
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UDSCs are innate to the urinary tract and thus have better histocompatibility and
can survive in urine similarly to healthy urothelial cells. Therefore, UDSCs have great
application potential and are a good source of tissue-engineered urothelial seed cells.
However, the current literature concerning UDSC applications is limited, and further
studies are needed.

3.5. Other Stem Cell Types

EPCs participate in vascular remodeling and angiogenesis by migrating to sites where
blood vessels are needed [90]. Chen et al. [54] isolated EPCs from bone marrow, seeded
them into AM, and successfully repaired a 3 cm long segmental circumferential urethral
defect in a canine model. Complete vasculature development was observed in animals that
received scaffolds seeded with EPCs, in contrast to those that received unseeded scaffolds
or a sham operation [54]. In another preclinical study, more pronounced angiogenesis was
observed in the EPC-seeded group compared with the control group [91].

Human amniotic fluid stem cells (HAFSCs) are multipotent stem cells of mesenchy-
mal origin extracted from amniotic fluid [92]. HAFSCs can differentiate into various
tissue types, such as skin, cartilage, and kidneys. Because stem cell extraction does
not require the destruction of human embryos, the use of HAFSCs is less controver-
sial. Kang et al. [93] demonstrated that microenvironmental changes induced by bladder-
specific culture medium were sufficient to induce differentiation of HAFSCs into urothelial
cells. Therefore, HAFSCs may be an effective alternative source of urothelial cells. However,
further in vivo studies are needed to verify their effectiveness in urethral regeneration.

Recently, human amniotic mesenchymal stem cells (hAMSCs) derived from the am-
niotic membrane have attracted attention [94]. Similar to BMSCs and ADSCs, hAMSCs
are multipotent, highly proliferative, and immunotolerant [95,96]. A major advantage
of hAMSCs is that they are readily available, which eliminates the invasive procedures
and ethical issues of cell harvesting [94]. Lv et al. [97] used hAMSC composite scaffolds
to repair urethral defects in rabbits. The results showed a significantly lower incidence
of urethral stricture, urinary fistula, and complications compared with the unseeded cell
group. The seeded cell group formed a multilayered mucosa similar to normal urethral
tissue after 12 weeks. Table 2 summarized the functions performed by stem cells in urethral
regeneration.

Table 2. Summary of the functions performed by stem cells in urethral regeneration.

Cell Type Source Function in Urethral Regeneration References

Pluripotent stem cells Human embryos Differentiate to any cell type in the urethra. [47–49]Reprogrammed cells from adult tissues

BMDSCs Bone marrow

Differentiate into urothelial cells and bladder
SMCs; reduce fibrosis and inflammation; and

interact with other cells to further promote
tissue regeneration.

[50–54]

ADSCs Adipose tissue

Differentiate into urothelial cells and SMCs;
prevent fibrosis and reduce scarring; promote
regeneration of vascular and smooth muscle

tissues; and reduce the inflammatory response.
Paracrine function promotes regeneration.

[56–73,77,78]

UDSCs Urine

Differentiate into urothelial cells, SMCs, and
endothelial cells; promote regeneration of

vascular and smooth muscle tissues; secrete
various growth factors; and

promote vascularization.

[83–89]

EPCs Venous blood and bone marrow Involved in vascular remodeling
and angiogenesis. [54,90,91]

hAFSCs Amniotic fluid Differentiate into urothelial cells. [92,93]

AMSCs Amniotic membrane Promotes regeneration of the
urethral epithelium. [97]
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4. Cell Sheet Technology

The cell sheet technique may be a promising novel approach in the field of urethral re-
generation. A cell sheet retains the extracellular matrix with active factors, which facilitates
local cell proliferation and regeneration [98]. It does not require enzymatic digestion and
has a higher cell viability rate. A study compared the effectiveness of the cell sheet technique
with the cellular perfusion technique for recellularization of the urethral decellularized
stroma and found that the cell sheet technique achieved more effective recellularization as
assessed by histopathology [99]. Alternatively, a cell sheet retains tight junctions between
cells, and its dense structure restores the smooth and watertight properties of the urethral
mucosa, ensuring unobstructed urination and preventing urine leakage, mimicking the
native urethral epithelium. Liang et al. [100] successfully repaired rabbit urethral mu-
cosal defects using autologous ADSC sheets (Figure 2a). The cell sheets were labeled
with indocyanine green, and second near-infrared fluorescence imaging was performed to
track ADSC sheets in vivo. Histological analysis showed that, in the ADSC sheet group,
continuous epithelial cells covered the urethra at the graft site, and a large number of
vascular endothelial cells were seen. In the cell sheet-free group, there was no continuous
epithelial cell coverage at the urethral repair site, and expression of the proinflammatory
factor TNF-α was increased. Similar success was achieved with transplanted skin epithelial
cell membranes in a rabbit urethral injury model [29]. Cell sheets are more manipulatable
and can be arranged and compounded in accordance with the tissue anatomy and cellular
composition to form a biomimetic material scaffold with a 3D structure. Mikami et al. [101]
collected oral tissues by biopsy, isolated mucosal and muscle cells, and cultured epithe-
lial and muscle cell sheets, respectively. After 2 weeks, the two cell sheets were ligated
and tubularized to construct two layers of tissue-engineered urethra and transplanted
into urethral defects in dogs (Figure 2b). Histological analysis at 12 weeks after grafting
demonstrated that urethras in the cell sheets group had formed stratified epithelia, and
a well-vascularized submucosa was observed under the epithelial layers with cells. The
urethrogram at 12 weeks revealed maintenance of a wide urethral caliber without stricture,
leakage, or dilatation in the cell sheet group. The urethral histological structure consists of
mucosa, submucosa, and muscles from the inside to the outside. Guided by the histological
features of the urethra, Zhou et al. [102] chose various seed cells (oral mucosal epithelial
cells, oral mucosal fibroblasts, and ADSCs) to construct the corresponding cell sheets and
labeled the cells with ultrasmall superparamagnetic iron oxide at optimized concentrations
(Figure 2b). Biomimetic urethral subcutaneous grafts significantly increased the urethral
vascular density after 3 weeks and were subsequently used to repair urethral defects in
dogs. After 3 months of urethral replacement, the biomimetic urethra maintained a three-
layer structure and functions in a manner similar to the natural urethra. In another study,
ADSC sheet self-assembled scaffolds supported the adhesion and growth of urothelial cells
and SMCs. Seeding with both cell types is expected to lead to the development of a fully
functional human urethra [103]. Notably, however, cell sheets tend to have long culture
cycles and poor mechanical properties. To overcome these limitations, Zhang et al. [30]
explored the possibility of using cryopreserved epithelial cell sheets combined with AM for
rabbit urethral repair. The addition of AM enhanced the mechanical properties of epithelial
cell sheets and reduced cell damage caused by cryopreservation. Histological examinations
after 1 month showed that the urethral epithelium had completely regenerated with slight
collagen deposition and adequate vascular regeneration under the mucosal layer.

The advantage of cell sheet technology is that it removes the influence of scaffold
material degradation [98]. Notably, however, the current cost required to produce patient-
derived cell sheets limits their widespread use.
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5. Clinical Studies

Urethroplasty is the standard treatment for long-segment urethral strictures [104],
which has a high success rate and long-term durability, but it is highly invasive, techni-
cally demanding, and has a steep learning curve [105,106]. Patients undergo endoscopic
treatment several times before urethroplasty. Therefore, researchers have tried to improve
endoscopic treatment to further improve the results of urethrotomy or dilation. Although
treatments by injection of various drugs have been proposed, no benefit has been shown
in clinical trials [107]. However, cell-based therapies offer promising directions that have
shown initial success. Vaddi et al. [108] reported BEES-HAUS (buccal epithelium expanded
and encapsulated in a scaffold-hybrid approach to urethral stricture). Autologous cultured
buccal epithelial cells that are expanded and encapsulated in TGP scaffolds are implanted
at the stricture site after a wide endoscopic urethrotomy to form an epithelial layer. The
procedure was successful in four of six patients, yielding more than a 3-year recurrence-free
interval. The subsequent use of this method in a rabbit model confirmed the success of buc-
cal mucosal epithelial cell transplantation [109,110]. Recently, Scott et al. [107] proposed a
novel method of urethral stricture treatment using liquid buccal mucosal grafts to augment
direct vision internal urethrotomy. The results showed a 67% transplantation rate in the
treatment group, but its treatment success rate was not statistically significant compared
with the control group. In another prospective human study, encouraging results were ob-
tained by buccal mucosal epithelial cell transplantation. Kulkarni et al. [111] evaluated the
safety and efficacy of AALBECs (autologous adult living cultured buccal epithelial cells) in
the treatment of male bulbar urethral strictures. Approximately 1 × 1.5 cm of oral mucosal
tissue was collected from the inner cheek under local anesthesia, from which the epithelial
layer was isolated and cultured, expanded in vitro, tested, and prepared as a suspension
of 2.5 million cells/0.4 mL DMEM (Dulbecco’s modified Eagle’s medium) per vial, which
was then injected into the stricture site after cystoscopic dissection of the stricture. After
AALBEC treatment, patients showed a decrease in voiding time and urinary flow time
(p < 0.05) and a 90.5% reduction in the mean AUA (American Urological Association) symp-
tom index, and no patient required surgery within 24 weeks after treatment. These results
demonstrate that buccal epithelial cell transplantation may be an effective alternative to
urethrotomy and dilatation and may be a novel treatment option for urethral reconstruction.
However, the results need to be further substantiated in large, well-designed studies.

Buccal mucosa is one of the most widely used grafts to repair urethral strictures.
However, it is limited in number and prone to donor site complications [112,113]. The
development of tissue-engineered buccal mucosa (TEBM) may overcome the limitations of
autologous oral mucosa grafts. In 2008, Bhargava et al. [114] first reported the results of
TEBM in a clinical trial. Keratinocytes and fibroblasts were isolated and cultured, seeded on
a sterilized donor’s de-epidermized dermis, and maintained at the air–liquid interface for
7–10 days to obtain TEBM grafts. Five patients with urethral strictures secondary to lichen
sclerosus underwent TEBM urethroplasty. At a mean follow-up of 33.6 months, three of the
five patients had a patent urethra, while the other two developed fibrosis and constriction.
This study demonstrated the potential of TEBM for the treatment of urethral strictures.
MukoCell is a commercial tissue-engineered graft containing autologous oral epithelial
cells on a collagen matrix [115]. Ram-Liebig et al. [27] reported the results of a multicenter,
prospective, observational trial using an industrial tissue-engineered oral mucosa graft with
market authorization in Germany (MukoCell) in 99 men. Using conservative Kaplan–Meier
assessment, no stricture recurrence was observed in 67.3% (95% CI 57.6–77.0) of men at
12 months after the operation or in 58.2% (95% CI 47.7–68.7) of men at 24 months. These
results were broadly similar to buccal mucosal urethroplasty [113]. In another retrospective
multicenter study, 38 patients with recurrent strictures (median stricture length of 5 cm)
underwent MukoCell urethroplasty with a median follow-up of 55 months, resulting in
32 (84.2%) successful treatments. No local or systemic adverse effects due to the engineered
material were observed [116]. TEBM offers a safe and effective treatment opportunity for
patients with urethral strictures, but it needs to be validated in long-term clinical trials
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with large samples. At present, regulatory, legal, and financial issues are major factors that
restrict and impede the widespread use of these technologies in many countries [117].

6. Future Perspectives

In the past decades, urethral tissue engineering has made great strides, and the devel-
opment of biomaterials has been gradually integrated into urological practice. However,
the use of biomaterials alone has many shortcomings in practical use, especially for long
segments of urethral strictures. Using various types of seed cells in combination with
biomaterials to construct a tissue-engineered urethra provides a new treatment method to
repair long-segment urethral strictures.

Differentiated cells were first explored for application in the field of urethral regenera-
tion, and many researchers have attempted to apply them in clinical studies. One of the
most popular is epithelial cells because the continuous epithelial layer plays an important
role in resisting urine, effectively avoiding wound erosion and urethral fistula. Clinical
studies have shown that buccal mucosal epithelial cell injection alone effectively prevents
urethral fibrosis, and TEBM constructed with buccal mucosal epithelial cells has also pro-
duced good results. In addition to epithelial cells, SMCs and endothelial cells also play an
important role in urethral wound healing, but these two cell types are more difficult to be
obtained and have low cell proliferation potential. Thus, they are unsuitable for clinical
research and practice until these issues are resolved.

Stem cells have been a hot research topic in recent years and, in many respects, have
advantages over differentiated cells. Stem cells expand in vitro and are highly plastic,
differentiating into specific cell types in urethral tissue in a specific microenvironment. In
addition to secreting paracrine growth factors to enhance angiogenesis and reduce fibrosis,
stem cells promote tissue regeneration by secreting active factors to recruit endogenous
cells [118,119]. More importantly, they possess immune escape properties while allowing
the use of allogeneic sources [120], which eliminates the need for autologous cell har-
vesting and expansion, thereby reducing the overall cost and duration of treatment [121].
Among them, pluripotent stem cells have received great attention in the field of regenera-
tive medicine, but moral and ethical issues have limited their application. Most current
studies have favored MSCs, especially ADSCs, which are a good cell source for urethral
regeneration because of their abundance, easy access, and high proliferation efficiency,
and promising results have been obtained in many studies. UDSCs of urinary tract origin
are also very attractive. Unlike other stem cells, UDSCs can be obtained non-invasively
(i.e., from urine). One study [122] has compared the stem cell properties and differentiated
abilities of UDSCs and ADSCs collected from the same patient. Population-doubling time
colony formation assays showed that UDSCs possessed a greater growth capacity. Addi-
tionally, analysis of multipotent differentiation (myogenic, neurogenic, and endothelial
cells) showed that UDSCs were better than ADSCs. However, the current conditions for
stem cell differentiation are stringent and need to be further optimized to achieve more
stable and mature differentiation. Moreover, because stem cells are affected by the mi-
croenvironment, the effects of microenvironmental stimuli, such as mechanical forces, pH,
signaling molecules, and oxygen levels, in the urethra on stem cells should be fully studied
and considered before proceeding to human trials.

In tissue engineering, the biological microenvironment affects cell survival, colo-
nization, and differentiation. Therefore, cell culture conditions, delivery methods, and
biomaterial types and structures are also very important factors that need to be further
explored. A reasonable combination of these factors may facilitate the full utilization of cells
to construct a structurally and functionally complete biomimetic urethra more precisely
and further improve the urethral reparative effect. An important direction in the field of
urethral regeneration in the future may be cell sheet technology. Cell sheet technology
achieves more effective recellularization of biological materials or damaged tissues. It
also preserves the tight connections between cells and is more conducive to constructing
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a biomimetic urethra. Notably, however, the fabrication time and cost of cell sheets are
obstacles that need to be overcome.

7. Conclusions

Cell-based therapies are promising in the field of urethral regeneration. To date,
several cell types have been explored and applied in the field of urethral regeneration, but
there is no optimal strategy for the source, selection, and application conditions of the cells.
In this review, we summarized the various cell types applied to urethral regeneration and
discussed their characteristics and conditions of application. We suggest that stem cells are
a promising option for the future and that ADSCs and urinary tract-derived UDSCs may
be the best cell sources for cell-based therapies. However, the differentiation conditions of
stem cells need to be further optimized. The key to successful urethral regeneration lies in
the construction of well-organized and functional biomimetic urethral grafts, which cannot
be achieved without a rational combination of cell and tissue engineering technologies,
including scaffolds and cell delivery techniques.
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Abstract: Low back pain is the leading cause of disability worldwide. Intervertebral disc degener-
ation (IDD) is the primary clinical risk factor for low back pain and the pathological cause of disc
herniation, spinal stenosis, and spinal deformity. A possible approach to improve the clinical practice
of IDD-related diseases is to incorporate biomarkers in diagnosis, therapeutic intervention, and
prognosis prediction. IDD pathology is still unclear. Regarding molecular mechanisms, cellular
signaling pathways constitute a complex network of signaling pathways that coordinate cell survival,
proliferation, differentiation, and metabolism. Recently, stem cells have shown great potential in
clinical applications for IDD. In this review, the roles of multiple signaling pathways and related stem
cell treatment in IDD are summarized and described. This review seeks to investigate the mechanisms
and potential therapeutic effects of stem cells in IDD and identify new therapeutic treatments for
IDD-related disorders.

Keywords: intervertebral disc; tissue degeneration; signaling pathway; stem cell treatment

1. Background

Low back pain is the leading global disability [1]. To date, intervertebral disc de-
generation (IDD) has become the primary clinical risk factor for low back pain and the
pathological basis for developing disc herniation, spinal stenosis, and spinal deformities [2].
It is reported that ordinary populations have a 10% lifetime prevalence of sciatica-related
low back pain [3]. While a number of approaches are used to treat symptomatic IDD-
related diseases, there are marked heterogeneities in therapeutic efficacies. For instance,
surgery is indicated for disc herniation patients who failed conservative treatments, but
back pain and leg pain remained in approximately a third of surgical cases two years
later [4]. Such heterogeneities in clinical outcomes reflect the need for early diagnosis and
precise prognostic judgment.

Anatomically, the intervertebral disc (IVD) connects vertebral bodies in the spine with
three compartments: nucleus pulposus (NP), annulus fibrosus (AF), and cartilaginous
endplate (CEP). IDD causes decreased water content of the NP and AF, loss of elasticity of
the NP, centripetal fissures, structural changes of collagen fibers in the AF, extensive damage
in the CEP, subchondral osteosclerosis, angiogenesis, neoinnervation, significant reduction
or even loss of IVD height, and IVD-related biomechanical changes. Degenerated IVD cells
have fewer active cells, aberrant extracellular matrix metabolism, and pro-inflammatory
chemicals [5].

To date, IDD pathology is unclear. Mechanical stress, trauma, infection, genetic vul-
nerability, and inflammation can increase IDD pathology [6]. Recent developments in gene
microarray technology have yielded fresh insights into the molecular pathogenesis of IDD-
related diseases. Using single-Cell RNA Sequencing technology, several cell types including
chondrocyte 1–5, endothelial, macrophage, neutrophil, and T cells were delineated in IVD.
Specifically, chondrocytes 5 expressing FN1, SESN2, and GDF15, and chondrocytes 4 ex-
pressing PTGES, TREM1, and TIMP1 may exacerbate IDD, while chondrocytes 2 expressing
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MGP, MT1G, and GPX3 may mitigate this degenerative process [7]. Regarding molecular
mechanisms, cellular signaling pathways such as Wnt/β-catenin, NF-κB, mitogen-activated
protein kinase (MAPK), lipoyl inositol-3 kinase (PI3K)/serine-threonine protein kinase
(Akt), and transforming growth factor β (TGF-β)/Smads constituted a complex network
of signaling pathways that coordinate the cell survival, proliferation, differentiation, and
metabolism. Studying the molecular pathogenesis of IDD and delaying or correcting its
pathological alterations is a key problem and research hotspot in orthopedics.

Stem cells are multipotent, self-renewing cells, and are implicated in various basic
processes, such as cellular differentiation, proliferation, angiogenesis, oxidative stress
response, inflammation, and extracellular matrix synthesis [8]. The potential of stem cell
therapy has been investigated in the treatment of degenerative musculoskeletal diseases [9].
Recently, stem cells derived from NP, CEP, bone marrow, and adipose tissue have shown
great potential in clinical applications for IDD by regulating signaling pathways in the
IDD process. The present review was made to investigate the mechanisms and potential
therapeutic effects of stem cells in IDD and identify new therapeutic treatments for IDD-
related disorders. Recent advances in IDD-related signaling pathways and related stem cell
treatment in IDD are summarized and described below.

2. Wnt/β-Catenin Signaling Pathway

The classical Wnt signaling pathway includes secreted Wnt family proteins, trans-
membrane receptor proteins of the Frizzled family (Dishevelled, GSK3, Axin, APC, and
β-catenin), and downstream transcriptional regulators of the TCF/LEF family. This route
involves embryonic development, stem cell proliferation, and degenerative disorder devel-
opment [10]. For the skeletal system, the Wnt signaling pathway was crucial for developing
craniofacial, limb, and joint structures, and mutations in members of this pathway would
lead to skeletal malformations in mice and humans [11].

The Wnt signaling pathway’s dynamic activity during IVD growth, maturation, and
degeneration has been studied (Table 1). Excessive activation of this pathway, for example,
may lead to severe structural malformations in IVD, as evidenced by disruption of the
growth plate, excessive cellular proliferation, disruption of the lamellar structure in the
AF, and reduction in proteoglycans in the NP. β-catenin deficiency also accelerates bone
formation between the CEP and growth plate [12]. Moreover, for the degenerative process,
the Wnt/β-catenin signaling pathway activation can accelerate this process by inducing
the inflammatory factors production [10], promoting cellular apoptosis and senescence [13],
and degradation of the extracellular matrix of IVD cells [14]. For example, conditional
activation of β-catenin in mice can lead to severe structural defects in IVD [15]. Furthermore,
the upregulation of β-catenin in the canine IVD can upregulate the Runx2 expression in
the IVD and promote degenerative calcification in the IVD [14]. Additionally, in IVD,
WNT/β-catenin pathway activation promotes cellular senescence, matrix disintegration,
and IDD [13].

Various active substances can promote IDD by upregulating the Wnt/β-catenin path-
way expression (Table 1). For example, lncRNA HOTAIR and circITCH can promote cellular
senescence, apoptosis, and matrix degradation in IVD by activating the Wnt/β-catenin
pathway [16]. In IVD cells, TNF-α and Wnt signaling can generate a positive feedback
loop [17]. IDD may be alleviated by inhibiting this mechanism. For example, RBMS3
RBMS3 (RNA binding motif, single-stranded interacting protein 3) is a member of the
c-myc single-strand binding protein family and encodes an RNA-binding protein [18]. In
addition, by inhibiting the Wnt/β-catenin signaling pathway, RBMS3 can enhance the
proliferative capacity of IVD cells and suppress apoptosis and inflammatory responses in
IVD [19].

139



Biomedicines 2023, 11, 2467

Table 1. Effects of signaling pathway activation for IDD and pathway activator.

Signaling Pathway
Wnt/β-Catenin

Signaling Pathway
NF-κB

Signaling Pathway
MAPK

Signaling Pathway
PI3K/Akt

Signaling Pathway
TGF-β1

Signaling Pathway

Effects of pathway
activation for IDD ↑[10,13–15] ↑[20–29] See details in Table 2 ↓[30–38] ↑[39–41]

↓[42–51]

Activator
LncRNA HOTAIR

[16], circRNA ITCH
[52], TNF-α [17]

TREM2 [53], CGRP
[28], Ca2+ [24], IL-1β

[25], HMGB1 [20],
N-Ac-PGP [21], ROS

[22], S100A9 [26],
ARG2 [27]

CHI3L1 [54], ROS
[22,55], MALAT1
[56], Resistin [57],
Syndecan-4 [58],

IL-17A [59], IAPP
[60], Glucose [61],

Visfatin [62]

17Beta-estradiol [34],
BMP2 [33],

Apelin-13/APJ [35],
Resveratrol [63]

Smad3 [43], ASIC3
[42], caveolin-1 [46],

Parathyroid hormone
[50]

↑: Deteriorating effect. ↓: Mitigating effect.

As mentioned, the Wnt/β-catenin signaling pathway plays a crucial role in IDD
and may function as a potential therapeutic target for stem-cell-related treatment. For
example, the aberrant apoptosis of NP cells is one of the most remarkable pathological
changes in IDD development. The compression leads to an increase in apoptosis and
Wnt-related gene expression, which can both be suppressed by the in vitro co-cultured
mesenchymal stem cell (MSC) [64]. Moreover, the age-related variation of Wnt signaling in
IVD cells may limit regeneration by depleting the progenitors and attenuating the expansion
of chondrocyte-like cells [65]. During IDD, CEP gradually calcified and the osteogenic
differentiation was increased [66]. Cartilage endplate stem cells (CESCs) are essential for
IDD by regulating chondrogenesis and osteogenesis in the CEP [67]. Downregulation of
WNT5A was proved to inhibit IDD via downregulating the osteogenic differentiation of
CESCs [68]. Exosomes derived from CESCs, however, can activate HIF-1α/Wnt signaling
via autocrine mechanisms to increase the expression of GATA4 and TGF-β1, thereby
promoting the migration of CESCs into the IVD and the transformation of CESCs into NP
cells and inhibiting IDD [69]. Therefore, the activation of the Wnt signaling pathway in
IVD stem cells may also reveal its alleviating effects in IDD. For example, the Wnt/-catenin
pathway in IVD can be activated by bone marrow mesenchymal stem cells (BMSCs)-derived
extracellular vesicles, leading to the suppression of cellular apoptosis, ECM degradation,
and IDD progression [70]. Notably, the overexpression of Wnt11 in adipose-derived stem
cells (ADSCs) induces the ADSCs cells differentiating to the NP cells, which may have a
potential utility for the treatment of IDD [71] (Figure 1).

Figure 1. Effects of stem cell treatment and roles of related signaling pathways on IDD progression.
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Red module: positive relations between the activations of signaling pathway and corresponding
biological processes. Blue module: negative relations between the activations of signaling pathway
and corresponding biological processes. Yellow module: relations between the activations of signaling
pathways and corresponding biological processes varied in different studies. Grey module: lack of
relevant evidence. (The figure was created with Figdraw and the OmicStudio tools at https://www.
omicstudio.cn on 25 August 2023).

3. NF-κB Signaling Pathway

NF-κB protein, initially found in B lymphocyte extracts, binds to enhancer regions
of immunoglobulin light chain genes [72]. In the classical NF-κB signaling pathway, IκB
kinase (IKK) regulated the IκB proteins’ phosphorylation [73]. For IVD, NF-κB nuclear
translocation upregulation accelerates IDD [29]. For example, HMGB1, a pro-inflammatory
factor, upregulates the NF-κB signaling pathway in IVD cells to induce inflammatory
cytokines and matrix metalloproteinases [20]. Additionally, in degenerative IVD, the neu-
ropeptide CGRP and its receptors are overexpressed, which inhibits cellular growth and
promotes apoptosis and inflammation by upregulating the NF-κB signaling pathway [28].
Notably, inflammatory mediators and chemokines produced by the NF-κB signaling path-
way activation formed a vicious cycle in the IDD process [23]. For example, the NF-κB
pathway activation by IL-1β would also promote the IL-1β precursors expression, accel-
erating IVD degeneration [24]. Another study showed that IL-1β could also regulate the
miR-133a-5p/FBXO6 axis expression through the NF-κB pathway, which would regulate
the proliferation of IVD cells and apoptosis [25].

Besides regulating the inflammatory responses [25], the NF-κB signaling pathway
upregulation can also deteriorate IDD by promoting matrix metalloproteinases and destruc-
ting the cellular matrix of IVD [20]. For instance, the inflammatory chemokine N-Ac-PGP
promotes NF-κB and MAPK signaling pathways in NP cells to generate pro-inflammatory
cytokines and matrix catabolic enzymes [21]. Moreover, the increase in neovascularization
in aging IVD would exacerbate the oxidative stress for this tissue. Upregulation of reactive
oxygen species (ROS) would induce catabolic and inflammatory expression in IVD cells
by stimulating the NF-κB pathway [22]. Moreover, the oxygen-sensing proteins would
induce apoptosis, matrix degradation, and the inflammatory response for NP cells by
NF-κB signaling pathway activation [26]. NF-κB can enhance oxidative stress, generating
another vicious cycle between IDD and the oxidative stress [27]. Thus, NF-κB signaling
pathway activation promotes IVD apoptosis, inflammatory response, matrix breakdown,
and oxidative stress, which worsens IDD.

Studies have revealed the use of BMSCs in tissue-engineering treatments to slow
or reverse IDD. The coculturing of BMSCs with disc-native NP cells promotes the ma-
trix production of NP cells and the differentiation of BMSCs into NP-like cells through
downregulating NF-κB pathway [74]. Moreover, TNF-α-stimulated gene 6 secreted by
BMSCs can attenuate inflammation factors production, matrix degeneration, and IDD
by inhibiting the NF-κB signaling pathway [75]. Interestingly, inflammation factors also
revealed positive roles for stem cells in recent degenerative disease studies. Tumor necrosis
factor-α (TNF-α) is critical for accelerating IDD. While with a relatively low concentration
(0.1–10 ng/mL), TNF-α promotes the proliferation and migration of NP mesenchymal stem
cells (NPMSCs) but inhibits their differentiation toward NP cells. Moreover, the NF-κB
signaling pathway is activated during the TNF-α-inhibited differentiation of NPMSCs,
and the NF-κB signal inhibitor can partially counteract the adverse effect of TNF-α on
the differentiation of NPMSCs [76]. Moreover, TGF-β1 is a strong immune suppressor,
whose increase would inhibit IκB phosphorylation and NF-κB activation. Co-culturing of
NP cells with BMSCs significantly increases TGF-β1 in NP, leading to anti-inflammatory
effects via the inhibition of NF-κB, and ameliorating IDD due to increased collagen II and
aggrecan in the degenerative disc [77]. Cellular senescence is another promotive factor
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for IDD. Upon TNF-α stimulation, NF-κB activation reveals pro-senescence effects in NP
cells, while co-culturing with BMSCs reduces senescence-associated β-galactosidase, ma-
trix metalloproteinase 9, and NF-κB signaling in senescent NP cells. Accordingly, Zinc
metallopeptidase STE24, whose dysfunction is related to premature cell senescence and
aging, is restored upon BMSC co-culture and inhibits the effects of NF-κB activation [78].
Moreover, ataxia-telangiectasia mutated kinase is a vital component for NF-κB-mediated
cellular senescence, stem cell dysfunction, and aging. Inhibition of this kinase also reduces
activation of NF-κB, improves the functions of muscle-derived stem/progenitor cells, and
thus alleviates IDD [79].

4. MAPK Signaling Pathway

The mitogen-activated protein kinase (MAPK) cascade signaling pathway has three
main sub-pathways: the extracellular signal-regulated kinase 1/2 (ERK1/2) pathway, the
p38 kinase pathway, and the c-Jun amino-terminal kinase (JNK1–3) pathway. All three
sub-pathways involved physiological and pathological processes such as cell proliferation,
differentiation, apoptosis, stress, and inflammatory responses (Table 2). As mentioned
in Figure 1, the promotion of inflammation, oxidative stress, senescence, and death pro-
cesses deteriorate IDD, while the activations of stem cell differentiation, proliferation of
physiological cells, phenotype maintenance, and matrix maintenance mitigate this patho-
logical process.

Table 2. Effects of the MAPK signaling pathway activation for cells in IVD.

Sub-Pathways in
MAPK Pathway

Inflammation
Oxidative

Stress
Senescence and

Death
Proliferation

Phenotype
Maintenance

Matrix
Maintenance

ERK1/2
signaling pathway ↑[80] ↑[22] ↓[81]↑[22] ↑[82–84] ↑[85–87]↓[88] ↑[84]↓[54,80]

p38-MAPK
signaling pathway ↑[57,89–94] ↑[94,95] ↑[56,93,96,97] ↓[92] ↓[92,98] ↓[57]

JNK signaling pathway ↑[59,62,99] ↑[100] ↑[55,60,61,101] ↑[102] ↓[58] ↓[60,62,99]

↑: Promoting effect. ↓: Inhibitory effect.

4.1. ERK1/2 Signaling Pathway

The MAPK/ERK pathway activation in AF and NP may have different or opposite
roles [103]. MAPK/ERK pathway activation in AF helps IVD maintain its physiological
phenotype, repair damage, and prevent tissue degeneration. For example, low-intensity
pulsed ultrasound would enhance cell proliferation and collagen synthesis processes by
activating the ERK pathway in AF, promoting the AF’s repair and alleviating IDD [84].
Additionally, the ERK pathway activation can significantly enhance the proliferation and
migration of AF cells, promoting IVD repair [82,83,104]. Moreover, ERK maintains IVD
function in acidic and hyperosmotic microenvironments [87] and the activation of this
pathway would also activate AF cell regeneration in 3D culture [81]. For phenotypic
maintenance in AF cells, however, the activated MAPK-ERK pathway revealed opposite
roles in studies [86,88]. In NP tissue, MAPK/ERK pathway activation was linked to
extracellular matrix breakdown, cellular senescence, apoptosis, inflammation, autophagy,
and oxidative stress, worsening IDD pathology [105]. For example, the M1-type [80]
and M2a-type [54] macrophages would promote the imbalance of extracellular matrix
metabolism in NP cells by activating the ERK signaling pathway. Additionally, elevated
oxygen tension-induced ROS in NP causes cell cycle arrest and senescence through ERK
signaling pathway activation [22].

Both NPMSC and ADSC are used as candidate cells for IDD treatment. The ERK
pathway is activated by the hyperosmolarity in the disc, which inhibits proliferation and
chondrogenic differentiation of NPMSCs [106]. In another study, however, the activation
of the MAPK/ERK signaling pathway leads to the enhancement of NPMSC viability,
differentiation towards NP cells, and extracellular matrix biosynthesis in the disc [107].
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Similarly, lithium, a common anti-depression drug, was found to promote ROS and ERK1/2
pathway, which enhances ADSC’s survival and ECM deposits in the degenerative disc [108].
Recently, scaffolds for IDD tissue engineering were designed for the maintenance of stem
cells in the acidic environment of the disc. For example, Sa12b-modified hydrogel enhances
the biological activity of NPMSCs by inhibiting acid-sensing ion channels by inhibiting the
ERK signaling pathway [109]. In addition, collagen type II hydrogel significantly promotes
extracellular matrix synthesis by activating the ERK pathway [110].

4.2. p38-MAPK Signaling Pathway

The p38-MAPK signaling pathway also regulated inflammation, cellular stress, growth
and development, and apoptosis in IVD. Growth factors, inflammatory cytokines, and
environmental stresses trigger IVD’s p38-MAPK signaling pathway, releasing inflammatory
substances, and degrading the cellular matrix, thus accelerating IDD [111]. For example,
non-physiological loading can stimulate apoptotic body production in AF cells by activating
the p38-MAPK pathway, ultimately leading to the apoptosis and degeneration of IVD [96].
For chondrocytes in CEP, the p38-MAPK signaling pathway would also induce cellular
apoptosis [56]. In recent years, the roles of resistin and endoplasmic reticulum stress have
been revealed in multiple degenerative diseases. In IVD, these two variables activated the
p38-MAPK pathway to produce pro-inflammatory effects [57,89].

Various research has proven the therapeutic effects of inhibiting the p38-MAPK path-
way on IDD in recent years. All of the pulsed electromagnetic fields [90], tyrosine kinase
inhibitors [91], and tanshinone IIA sulfonate [94] exert their anti-inflammatory activities for
IVD cells by downregulating the p38-MAPK signaling pathway. Moreover, blocking the p38-
MAPK pathway can greatly reduce the inflammatory consequences of non-physiological
stress on IVD cells [97]. Moreover, the p38-MAPK pathway inhibition would protect
NP cells against oxidative stress and mitochondrial dysfunction [95], prevent NP cells
apoptosis by inhibiting M1-type macrophage polarization and promoting the release of
anti-inflammatory factors from M2-type macrophages [93], and also increase the expression
of IVD protective factors [98]. Additionally, ERK5 is another member of the MAPK family
and regulates the maintenance of the extracellular matrix in IVD, and the suppression
of ERK5 resulted in decreased type II collagen and aggrecan in NP cells, indicating the
potential protective roles of MAPK family members in IDD [112].

In the disc, BMSC-derived extracellular vesicles have the potential to alleviate extra-
cellular matrix degradation, apoptosis, and cell cycle arrest in IDD via downregulating
phosphorylated p38 MAPK levels [93,113]. In addition, the suppression of p38 MAPK
signaling with specific inhibitors also promotes the anti-inflammatory impact of MSCs
and the alleviation of IDD [114]. The activation of the p38 signaling pathway, however,
has also revealed its therapeutic potential for IDD by stimulating the differentiation of
MSC in the disc. For example, TGF-β1 promotes the differentiation of MSC to NP-like
cells in the disc’s physiological hypoxia environment by activating ERK and p38 signaling
pathways [115]. Notably, the therapeutic effect of intervertebral fusion for IDD is still
unsatisfactory and the conditioned medium of BMSCs treated with electromagnetic fields
can promote osteogenic differentiation of BMSCs by activating the p38 signaling pathway,
which accelerates intervertebral fusion for IDD treatment [116,117].

4.3. JNK Signaling Pathway

In IVD, JNK activation causes inflammation and matrix breakdown [58]. For example,
aberrant expression of pancreatic amyloid polypeptide would increase the secretion of IL-1,
TNF-α, and matrix-degrading enzymes in IVD by activating this pathway [60]. Similarly,
IL-17A can exert a pro-inflammatory effect by stimulating the p38 and JNK pathways,
causing NP cells to produce more COX2/PGE2 [59]. Recently, the endocrine function of
adipose tissue was revealed. Visfatin, a protein secreted by adipose tissue, can induce IL-6
expression in NP cells by activating the JNK/ERK/p38-MAPK signaling pathway, thus
promoting the inflammatory response and extracellular matrix degradation in IVD [62].
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Increased JNK signaling pathway also upregulates IVD cell autophagy and apoptosis.
Under mechanical stress stimulation, elevated ROS in rat NP cells activates the JNK sig-
naling pathway and induces autophagy, thus accelerating IDD [55]. Moreover, IDD was
also more common among people with diabetes than non-diabetics [118]. High glucose
can lead to premature senescence of AF cells in young rats [101] and promote apoptosis
of AF cells in a glucose concentration-dependent manner through activation of the JNK
pathway [61]. Notably, JNK pathway suppression may also alleviate IDD. Crocin, the
bioactive component of saffron, can alleviate the inflammatory and catabolic processes
in IVD by JNK phosphorylation inhibition in NP cells [99]. Moreover, hinokitiol can also
maintain the function of iron transport proteins and alleviate oxidative stress in NP cells by
regulating the JNK pathway [100].

Inhibition of the JNK signaling pathway alleviates degeneration of stem cells derived
from CEP, NP, and bone marrow [119]. For example, oxidative stress during the trans-
plant of BMSC to degenerative discs may cause cell toxicity and poor survival of BMSCs.
Mitophagy can maintain cellular homeostasis and defend against oxidative stress by elimi-
nating dysfunctional or damaged mitochondria. Mechanically, oxidative stress facilitates
mitophagy through the JNK signaling pathway at an early stage of IDD but decreases mi-
tophagy and increases apoptosis at a late stage [120]. Moreover, excessive oxidative stress
also induces apoptosis and senescence of NP stem cells. Heat shock protein 70 (HSP70), a
cytoprotective and antioxidative protein, reveals its protective roles against apoptosis and
senescence of NP stem cells by downregulating the JNK signaling pathway [121].

5. PI3K/Akt Signaling Pathway

PI3K/Akt also regulates cell survival, metabolism, and proliferation in numerous
tissues [122]. IVD cells need PI3K/Akt pathway activation to survive hypoxic condi-
tions [123]. A possible explanation for this role was proposed as the PI3K/Akt path-
way activation would promote autophagy and inhibit apoptosis of NP-derived [38] and
endplate-derived [36] stem cells, which protected IVD from oxidative damage and facili-
tated the repair of degenerative injury.

Moreover, PI3K/AKT signaling protected matrix production in NP cells, while inhibit-
ing PI3K activity would decrease proteoglycans in the IVD matrix [30]. Specifically, the
PI3K/Akt/FOXO3 signaling pathway activation would downregulate the MMP-3 expres-
sion and upregulate type II collagen and ACAN in NP cells [34]. Activating PI3K/AKT sig-
naling reduces matrix breakdown and inflammation [32]. For example, PI3K/Akt signaling
pathway activation by BMP2 [33] and the Apelin-13/APJ system [35] can not only promote
the production of type II collagen, ACAN, SOX9, and downregulate matrix-degrading
enzymes in IVD, but also significantly inhibit the inflammatory response and apoptosis of
NP cells. As the key driver of the inflammatory cascade in IVD, IL-1β promotes NP cell
death, inflammatory responses, extracellular matrix remodeling, endoplasmic reticulum
stress responses, and mitochondrial dysfunction. The PI3K/Akt pathway inhibits these
IDD-related activities [31,37].

Recently, drugs and physiotherapeutic means to alleviate the IDD process by modulat-
ing PI3K/Akt pathway activity have also emerged. As mentioned, high oxidative stress in
NP cells would promote degenerative changes by increasing intracellular ROS production.
While resveratrol can inhibit oxidative stress-related effects by PI3K/Akt pathway activa-
tion in NP cells [63]. For physiotherapeutic aspects, circulating mechanical traction [124]
and low-intensity pulsed ultrasound [125] can also alleviate degenerative changes in the
NP extracellular matrix by activating the PI3K/Akt pathway. For AF cells, PI3K/AKT
signaling pathway activation would also alleviate the degenerative processes. For example,
the activation of this pathway inhibits AF cell cadmium-induced apoptosis [126]. However,
a recent study also revealed the promotive effects of the PI3K/AKT signaling pathway
for angiogenesis in IVD [127]. Thus, the data suggest that PI3K/AKT signaling pathway
activation may treat IDD.
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Based on stem cell studies, promising tools and insights for PI3K/AKT pathway-
related IDD therapeutics were offered in recent studies. Mechanically, disc-derived stem
cells regulate the function of the disc by delivering exosomes. The CESC-derived exosomes
inhibit apoptosis of NP cells and attenuated IDD in rats via activation of the PI3K/AKT
pathway. Additionally, exosomes from normal CESC inhibit NP apoptosis and alleviate
IDD more effectively than exosomes from degenerative CESC [38]. Moreover, CESCs
overexpressing Sphk2-engineered exosomes activates the PI3K/p-AKT pathway as well as
the intracellular autophagy of NP cells, which ultimately ameliorates IDD by balancing
autophagy/senescence [128]. In addition, for NP progenitor cells (NPPCs), exosomes se-
creted by NPPCs derived from degenerative discs would even exacerbate AF degeneration
by blocking the activation of the PI3K-Akt pathway [129]. Notably, NPPCs remain difficult
to maintain in culture. Fibroblast growth factor (FGF) 2 and chimeric FGF, however, were
reported to enhance the phenotype maintenance of NPPCs via PI3K/Akt and MEK/ERK
signals [130]. In addition, 1,25(OH)2D3 can also attenuate oxidative stress-induced apopto-
sis and mitochondrial dysfunction to NPPCs through PI3K/Akt pathway [131].

MSCs can also attenuate IDD by regulating cellular mechanical properties and apop-
tosis in the disc. For example, co-culture of degenerative NP cells with MSCs resulted in
significantly decreased mechanical moduli and increased biological activity in degenerative
NP by activating AKT signaling [132]. In addition, MSC-derived exosomes can prevent NP
cells from TNF-α induced apoptosis and alleviate IDD by targeting phosphatase and tensin
homolog by activating the PI3K-Akt pathway [133]. Through the AKT and ERK signaling
pathways, exosomes from urine-derived stem cells can significantly inhibit endoplasmic
reticulum (ER) stress-induced apoptosis and IDD under pressure conditions [134]. Similarly,
exosomes from BMSCs can attenuate ER stress-induced apoptosis in degenerative discs by
activating AKT and ERK signaling [135].

6. Hedgehog Signaling Pathway

Hedgehog signaling regulates skeletal development and repair [136]. Hedgehog
proteins regulate IVD maturation, degradation, and calcification [137]. Hedgehog is highly
expressed in young and healthy IVD cells, diminishes with notochord cell phenotypic loss,
and increases again in late IDD [138]. Hedgehog contains three homologous proteins: Sonic
hedgehog (Shh), Indian hedgehog (Ihh), and Desert hedgehog (Dhh). Among them, Shh
and Ihh are closely related to the IDD process as described as follows.

6.1. Shh Signaling Pathway

IVD development and function require an appropriate Shh signaling pathway expres-
sion [139] and the deficiency of this pathway has been proven to be related to the aging
phenotype of NP cells [140,141]. During the embryonic stage, the notochord eventually
undergoes segmentation and forms IVD, and a notochord sheath must wrap it to retain its
usual rod-shaped structure. The Shh signal loss in early embryonic stages would lead to
structural abnormalities in the notochord sheath, leading to aberrant development of IVD
and vertebrae [142,143].

Shh signaling influenced IVD growth and differentiation after birth. Without this
signaling pathway, NP cells would lose their reticular network and collapse into IVD’s core
region, while AF cells would lose their polar layered structure. Mechanistically, blocking
the Shh signal would lead to the downregulation of TGF-β signaling and the upregulation
of BMP and Wnt signaling expression [140]. The IVD between the sacral vertebrae collapses
and merges during childhood, forming a typical sacral structure. In addition, the collapse
of the sacral IVD has been associated with the downregulation of Shh signaling in the NP
cells. Conversely, Shh signaling activation in NP cells would reactivate dormant NP cells
and initiate IVD regeneration [144].

The activation of the Shh signaling pathway was proved to facilitate the differentiation
of pluripotent stem cells to notochordal cells [145]. As mentioned, ADSC-based therapy is a
promising treatment for IDD, while the difficulty in inducing NP-like differentiation limits
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its applications. Collagen type II promotes ADSC proliferation and differentiation toward
an NP-like phenotype through the activation of the Shh signaling pathway [146] while
the Shh signaling pathway inhibitor reduces the NP-like differentiation from ADSCs [147].
Similarly, the histone demethylase KDM4B also promotes the osmolarity-induced NP-like
differentiation of ADSC by activating Shh signaling [148].

6.2. Ihh Signaling Pathway

The Ihh gene was first expressed in mesenchymal cells and chondrocytes of limbs.
Ihh expression is confined to hypertrophic chondrocytes during skeletal growth plate
development. Ihh inhibits chondrocyte maturation during long bone growth, and its
dysregulation prevents proliferating chondrocytes from hypertrophic differentiation [149].
For example, mice carrying null mutations of the Ihh gene exhibit severe destruction
of the growth plate at the embryonic stage with abnormalities in the proliferation and
maturation of chondrocytes [150]. Additionally, conditional knockout of Ihh leads to
reduced proliferation of chondroprogenitor cells and chondrocytes and the pathological
processes in chondrocytes, including apoptosis, ectopic hypertrophy, and subchondral
bone degeneration [151].

Moreover, blood vessels’ premature infiltration, loss of normal columnar structure
in growth plates, and ectopic hypertrophic chondrocyte formation were also revealed in
neonatal Ihh-knockout mice. Then, after birth, Ihh knockout mice would exhibit disruption
of the articular surface of long bones and premature fusion of growth plates, leading to
dwarfism in the mice [152]. However, Ihh signaling also promotes chondrocyte devel-
opment, according to research. For instance, Ihh-regulated parathyroid hormone-related
protein (PTHrP) prevents premature growth plate cartilage hypertrophic differentiation.
Meanwhile, Ihh can also stimulate the differentiation of periarticular chondrocytes to
columnar chondrocytes through a PTHrP-independent pathway [153].

IVD research discovered that Ihh is significantly expressed in embryonic vertebrae
endplate cartilage and chondrocytes [154]. Ihh pathway overexpression decreased chon-
drocytes and alterations in IVD extracellular matrix proteins. For example, upregulation of
this pathway would promote the calcification in endplate cartilage and the degradation
in the extracellular matrix, and inhibiting this pathway would reverse these degenerative
processes [155]. In the NP, ROS would enhance Ihh expression and induce cellular apop-
tosis, and inhibiting the p-eIF2α/ATF4/Ihh signaling cascade axis reduces antioxidant
enzyme degradation, ROS, and NP cell death [156]. Furthermore, microtubule-based cilia
were found to be involved in regulating the developmental and degenerative processes of
IVD. During IDD, the downregulation of intraflagellar transport protein 80 disrupts the
transduction of the Ihh signaling pathway, resulting in apoptosis and disordered cellular
proliferation and differentiation in IVD cells [157].

7. TGF-β Signaling Pathway

TGF-β1 is a ubiquitous growth factor that regulates various cells’ proliferation, mi-
gration, differentiation, and survival. In skeletal tissues, TGF-β1 was proven to regulate
osteochondral development and maintenance by affecting metabolism in cartilage and
bone [158]. Notably, the TGF-β signaling pathway is critical for IVD growth and preserves
IVD tissues by increasing matrix formation, limiting matrix disintegration, and reducing
inflammatory responses [51]. For example, morphological deformities, including spinal
kyphosis, the decreased height of endplate chondrocytes, and disordered arrangement,
were revealed in Smad3 knockout mice. At the molecular expression level, the IVD in these
mice exhibited a decrease in type II collagen, TGF-β1, and proteoglycan. These results also
suggested a positive role of TGF-β1 in alleviating IDD [43]. Furthermore, TGF-β signaling
also helps spine development during embryogenesis and IVD growth and maintenance
after birth [159].

By generating glycosaminoglycan, NP cells preserve the matrix’s water-binding capa-
bilities, and activating the TGF-β-Smad3 axis would increase the synthesis of glycosamino-
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glycan in NP cells, thus maintaining the water content and organizational structure of
IVD [45]. In inflammatory response regulation, TGF-β1 can act synergistically with the
inflammatory factor inhibitor ML264 to alleviate the IL-1β-induced inflammatory response
and matrix degradation in the NP tissue [49]. CCN2 is another matrix protein that has
anti-inflammatory and homeostatic properties. In addition, TGF-β1 can induce CCN2
expression by activating Smad3 and AP-1 signaling pathways in NP cells, thus alleviating
the IDD process [44]. TGF-β1 can also inhibit the pro-inflammatory factors expression, thus
providing matrix protection and altering the NP cells’ overall secretory phenotype [47].

For functional maintenance and damage repair, the TGF-β/SMAD signaling pathway
can regulate the miR-455-5p/RUNX2 axis to prevent mechanically induced endplate chon-
drocyte degeneration [48]. Moreover, inflammation or degenerative stimulation would
cause the increase in TGF-β1, which can down-regulate the expression of sodium channel
proteins and thus stabilize the Na+ flux and the proteoglycan metabolism of NP cells [42].
Similarly, scaffold protein caveolin-1 can promote IVD repair by enhancing TGF-β signal
transduction [46]. Moreover, the parathyroid hormone can also activate the TGF-β/CCN2
signaling pathway expression in NP cells and maintain the height and homeostasis of IVD
by enhancing the TGF-β1 activity and upregulating the ACAN level [50]. Contrarily, TGF-
β1 upregulation would deteriorate the process of IDD, and inhibition of overexpressed
TGF-β1 in degenerative IVD would promote the proliferation of NP cells and inhibit
cellular senescence and apoptosis [41]. Regarding the cellular matrix, TGF-β1 can exacer-
bate the inflammatory and fibrotic manifestations of degenerating IVD [40]. Furthermore,
the increased TGF-β1 activity can also increase the osmotic pressure of the extracellular
environment and lead to IDD advancement [39].

The activation of the TGF-β signaling pathway can also alleviate IDD by increasing the
differentiation of stem cells to NP-like cells [160]. For example, TGF-β pathway stimulation
is a vital step in a protocol for directed in vitro differentiation of human pluripotent stem
cells into notochord-like and NP-like cells of the disc [161]. TGF-β1 can also differentiate
human ADSCs into NP cells, providing a new mechanism for its IDD-relieving effects [162].
Moreover, TGF-β signaling is also related to the homeostasis of cellularity and cellular
matrix for the disc. For example, exosomal matrilin-3 from urine-derived stem cell ex-
osomes promotes NP cell proliferation and extracellular matrix synthesis by activating
TGF-β signaling [163]. Controlled release of TGF-β1 by pullulan microbeads can also lead
to an increase in NP cellularity, collagen type II and aggrecan staining intensities, and the
Tie2+ progenitor cell density in the disc [164]. Notably, the activation of the TGF-β signaling
pathway can promote the pro-fibrotic effect of bleomycin on AF cells and BMSCs, which
induces rapid fibrosis and height maintenance for IVD. Moreover, bleomycin-induced
fibrosis also improves the stress tolerance of the degenerative disc [165].

8. Conclusions and Outlook

As mentioned above, there is a complex network among cellular signaling pathways
for the IDD process. Stem cells, with regulatory roles in the signaling network, revealed
great potential for biological cell-based treatment of IDD. As mentioned above, activation
of PI3K/AKT, Shh, and TGF-β signaling pathways, and inhibition of NF-κB and JNK
signaling pathways induce IDD remission with stem cell treatment, and the roles of Wnt/β-
catenin, ERK1/2, and p38-MAPK pathways in stem-cell-treated IDD remain two-sided.
Notably, IVD signaling pathway markers generally precede morphological alterations. A
possible approach to improve the clinical practice of IDD-related diseases is to incorporate
biomarkers in diagnosis, therapeutic intervention, and prognosis prediction. However,
early IDD clinical markers were still lacking in practice. Thus, exploring biomarkers in
specific signaling pathways for IDD, as well as stem cells with regulatory effects for these
biomarkers, has a high potential value in clinical applications.
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Abstract: Background/Objectives: Human pancreatic islet transplantation shows promise
for long-term glycemic control in diabetes patients. A shortage of healthy donors and
the need for continuous immunosuppressive therapy complicates this. Enhancing our
understanding of the immune tolerance mechanisms related to graft rejection is crucial
to generate safer transplantation strategies. This review will examine advancements in
immune protection strategies for stem cell-derived islet therapy and discuss key clinical
trials involving stem cell-derived β-cells and their protective strategies against the host
immune system. Methods: A comprehensive literature search was performed on peer-
reviewed publications on Google Scholar, Pubmed, and Scopus up to September 2024 to
extract relevant studies on the various strategies of immune evasion of stem cell-derived
β-cells in humans. The literature search was extended to assimilate all relevant clinical
studies wherein stem cell-derived β-cells are transplanted to treat diabetes. Results: Our
analysis highlighted the importance of human pluripotent stem cells (hPSCs) as a poten-
tially unlimited source of insulin-producing β-cells. These cells can be transplanted as an
effective source of insulin in diabetes patients if they can be protected against the host im-
mune system. Various strategies of immune protection, such as encapsulation and genetic
manipulation, are currently being studied and clinically tested. Conclusions: Investigating
immune tolerance in hPSC-derived islets may help achieve a cure for diabetes without
relying on exogenous insulin. Although reports of clinical trials show promise in reducing
insulin dependency in patients, their safety and efficacy needs to be further studied to
promote their use as a long-term solution to cure diabetes.

Keywords: β-cells; diabetes; immune evasion; stem cells; transplantation

1. Introduction

Diabetes mellitus constitutes a group of chronic and metabolic disorders characterized
by prolonged elevated blood glucose levels. The primary mechanism attributed to the onset
and impact of the disease is insulin deficiency, resulting in impaired glucose metabolism.
The International Diabetes Federation (IDF) reported that, as of 2021, 537 million adults are
living with diabetes, a number that is projected to rise to 783 million by 2045. Additionally,
6.7 million deaths were attributed to diabetes-related comorbidities (www.idf.org). The
American Diabetes Association (ADA) classifies diabetes into two main categories: Type 1
diabetes (T1DM) and Type 2 diabetes (T2DM) [1]. T1DM stems from the immune-mediated
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destruction of pancreatic β-cells, causing a near-complete deficiency in insulin production.
While T1DM constitutes only 5–10% of diabetes cases, it represents 80–90% of cases in
children and adolescents [2–4]. Conversely, T2DM occurs when individuals experience
insulin resistance and a relative insulin deficiency due to β-cell dysfunction, accounting
for 90–95% of all diabetes cases [5]. Other diabetes types encompass gestational diabetes
mellitus (GDM), neonatal diabetes, and maturity-onset diabetes of the young (MODY) [6].
It is widely recognized that all forms of diabetes share a commonality in dysfunctional pan-
creatic β cells negatively affecting insulin secretion. Diabetes is associated with additional
health burdens, manifesting in macrovascular complications such as stroke, peripheral
artery disease, coronary heart diseases, and myocardial infarctions, as well as microvascular
complications like neuropathy, retinopathy, and nephropathy. These complications lead
to a reduced quality of life and premature death [7]. The treatment and management of
T2DM involves a multifaceted approach combining lifestyle adjustments such as dietary
habits, physical activity, sufficient sleep, and pharmacological interventions [8–12]. The
current approach to treating T1DM involves managing glycemia through daily insulin
supplementation, administered either via insulin injections or insulin pumps equipped
with integrated glucose monitors [13,14]. Despite being lifesaving, these invasive treat-
ment methods have limitations, often leading to acute hypoglycemia, which, in turn, can
contribute to heart and kidney failures. An alternative treatment for T1DM is cadaveric
islet transplantation using the Edmonton protocol. This approach offers the potential for
temporary exogenous insulin independence [15]. However, its feasibility is increasingly
hindered for the growing T1DM patient population due to factors such as a shortage of
donors, and, importantly, the potential risk of graft rejection, necessitating lifelong use of
immunosuppressive drugs [16,17].

1.1. Graft Rejection/Immune Protection in Islet Transplantation

Graft rejection or progressive loss of islet function in transplanted pancreatic islets
occurs due to autoimmune and alloimmune reactions. Graft rejection occurs primarily
through “direct” and “indirect” pathways in the host system. The direct pathway is me-
diated by the host (recipient) T cells, as T cells are activated via T cell receptor (TCR)
recognition of antigenic peptides presented by major histocompatibility complexes (MHCs)
expressed on the donor cells. This results in a direct attack by recipient T cells on the
transplanted cells, leading to graft destruction. In the indirect pathway of graft rejection,
donor specific MHCs are recognized by recipient antigen presenting cells (APC), such
as B cells, macrophages, and dendritic cells, and broken down into fragments which are
then presented on the recipient APCs, thus triggering the recipient T cells. The rejection
of transplanted cells can be due to either direct or indirect pathways and could work in
cohorts to effect graft rejection [18–22]. Treatment strategies designed to circumvent graft
rejection generally involve an immunosuppression program. In transplantation attempts,
notably in the 1990s, graft rejection was prevented by treating the patients with an induc-
tion of immunosuppressive agent targeting T lymphocytes, followed by a three-pronged
immunosuppression strategy consisting of a calcineurin inhibitor, a DNA antimetabolite,
and steroids. However, all these agents demonstrated, in varying degrees, β-cell toxicity or
diabetogenicity [23]. The pioneering work of the Edmonton protocol introduced a steroid-
free regimen that improved graft survival and insulin independence in T1DM patients. The
treatment consisted of the anti-interleukin-2 receptor antibody ‘daclizumab’ to inhibit in-
flammation, the mammalian target of rapamycin inhibitor ‘sirolimus’ to deplete T cells, and
the calcineurin inhibitor ‘tacrolimus’ to block T cell proliferation [15]. Although patients
were able to sustain insulin independence for half a decade, immunosuppression-mediated
side effects were prominent [24]. Multiple combinations of immunosuppressive treatment
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strategies were developed subsequently, with varying degrees of success. A study used
an antibody-based approach where anti-thymocyte globulin, daclizumab, and etanercept
were used for the induction phase; followed by mycophenolate mofetil to inhibit T cell
proliferation; and lymphocyte adhesion molecules, sirolimus, and either no or low-dose
tacrolimus for maintenance. Patients administered with this treatment regimen managed
to retain insulin independence for over a year [25]. Other strategies of immunosuppression
involved using hOKT3γ, an anti-CD3 antibody, to reduce T cell expression for the induction
phase, followed by sirolimus- and tacrolimus-based immunosuppression [26]. Studies have
also highlighted the success of an effective calcineurin inhibitor-free immunosuppression
protocol using the co-stimulation blocker belatacept, and patients were able to achieve
long-term insulin independence [27]. The major pitfalls in most immunosuppressive regi-
mens include β-cell endoplasmic reticulum (ER) stress, faulty revascularization of grafts,
impaired β-cell replication, impaired glucose-stimulated insulin secretion (GSIS), and re-
duced insulin sensitivity [28–31]. Moreover, patients are at risk of developing infections
and tumors as immunosuppression compromises their immune system [22].

1.2. The Promise of Stem Cells in Regenerative Cell Therapy in Diabetic Patients

Advancements in regenerative medicine have recently highlighted the development
of transplantable functional pancreatic β-cells derived from human pluripotent stem cells
(hPSCs), both human embryonic stem cells (hESCs) and induced pluripotent stem cells
(hiPSCs), as a potential diabetes treatment. These patient-specific-derived β-cells, also
referred to as autologous PSC-derived β-cells, offer a promising solution to address chal-
lenges like insufficient islet availability by serving as an unlimited source of β-cells for
diabetes therapy and graft rejection by using patient-specific stem cell lines. Additionally,
patient-specific stem cell-derived β-cells in vitro are being used to study diabetes-related
mutations, including inherited monogenic diabetes, and explore disease progression [32,33].
Efforts are underway across the world to differentiate hPSCs efficiently and reproducibly
into insulin-producing β-cells using multistage directed differentiated protocols (Figure 1).
Directed differentiation of stem cells attempts to mimic the embryonic development of
pancreatic β-cells by emulating growth stages through the sequential addition of small
molecules and growth factors. The success of these protocols is typically gauged by how
closely the resulting cells resemble their in vivo counterparts in terms of maturity and func-
tional efficiency. Over the years, numerous research laboratories have established protocols
featuring optimized culture conditions, differentiation media, and small molecules, and
these protocols are applicable to multiple hPSC cell lines, leading to an improved efficiency
in differentiation and an enhanced functionality of β-cells [34–36]. The transplantation of
hPSC-derived β-cell islet-like clusters into mice has been shown to improve maturation
and functionality, thereby providing evidence for the possibility of using them for human
transplantation [37].

In this review, we briefly present various strategies devised to overcome immune
rejection following transplantation, with particular emphasis on the promise and progress
of using hPSCs to achieve this goal. An insight is provided into various clinical trials that
employ stem cell-derived pancreatic progenitors/beta-like cells for transplantation and
their outcome.
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Figure 1. Schematic of the generation of stem cell-derived pancreatic β-cell islets. (A) hESCs are
extracted from the inner cell mass of blastocyst stage of developing embryo and cultured to proliferate
indefinitely. hiPSCs are generated through direct reprogramming of somatic cells from a donor to
pluripotent stem cells. (B) A general protocol outlining the differentiation stages of the generation
of pancreatic β-cell islets from hPSCs. The resulting cell stages are labelled in black and the quality
control markers to track the efficiency (by flow cytometry or immunocytochemistry) of differentiation
at each stage are labelled in red. This illustration was created with “BioRender.com”.

2. Immune Protection Using Encapsulation

Cell encapsulation has been considered an attractive addendum to the current trans-
plantation techniques to avoid graft rejection post-transplantation by bypassing the need for
an immunosuppressive drugs regimen. Transplanted cells are encased by semi-permeable
biomaterials that block immune cells’ entry while being permeable to oxygen, nutrients,
and the diffusion of metabolites. The two types of encapsulation strategies are microen-
capsulation, wherein a few cells are encased by microspheres of less than 1000 μm, and
macroencapsulation, wherein millions of cells are encased in macroscopic polymeric de-
vices [38]. The ideal islet encapsulation device design requires several considerations such
as the capsule size, mode of surgery, and implantation site, among others [39].

2.1. Microencapsulation

The most used material for microencapsulation is alginate, a naturally occurring
polysaccharide found in brown algae. The main components of alginate are the liner
β-D-mannuronate and α-L-guluronate. Microcapsules are generated by crosslinking the
polymer with divalent cations (e.g.,: calcium and barium). This forms a gel matrix suitable
for encapsulating cells. The smaller size of the microcapsules as compared to macrocapsules
provides them with a high surface-to-volume ratio that improves the diffusion of oxygen
and other agents that are essential for β-cell survival [38,40]. Key alginate microcapsule
factors, such as stability, pore size, immunogenicity, and cell-binding domains, can be ma-
nipulated by combining alginate with various compounds such as collagen, poly-L-lysine,
pluronic F127, and immunomodulators such as dexamethasone and stromal cell-derived
factor 1α (CXCL12) [41–44]. Studies have experimented with microencapsulation of β-cells
followed by their transplantation. A 2016 study implanted hPSC-derived β-cells encased in
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barium–triazole–thiomorpholine dioxide alginate microcapsules into STZ-induced diabetic
mice without immunosuppression. The implanted β-cells showed glucose responsiveness
for 174 days, after which the retrieved implant still contained viable insulin producing
cells [45]. Another study used an innovative technique which involved incorporating
CXCL12 into sodium alginate microcapsules. hESC-derived β-cells encapsulated in these
microcapsules showed enhanced insulin secretion in diabetic mice. Additionally, these
cells were able to evade the foreign body response of cells wherein implanted materials are
affected by fibroblast recruitment followed by collagen deposition around the implants,
thereby affecting cell survival [46]. The cells were able to regulate hyperglycemia and main-
tain functionality for over 150 days without immunosuppression [47]. Microencapsulation
isolates the cells from the host system with thick barriers that hinder the efficient diffusion
of oxygen and essential metabolites, and could lead to delayed GSIS and islet necrosis due
to a lack of oxygen supply [48,49]. A strategy devised to alleviate this issue is the encapsu-
lation of cells in a conformal coating which has a much-reduced thickness in the order of
tens of micrometers. Enhanced diffusion can be permitted in this setup while maintaining a
barrier to the host immune system. A study created a polyethyleneglycol-based conformal
coating to encapsulate human stem cells-derived islets which were then transplanted into
diabetic non-obese diabetic/severe combined immunodeficiency (NOD-SCID) mice. The
transplanted cells were able to reverse diabetes and maintain normal euglycemia for more
than 80 days [50].

2.2. Macroencapsulation

In macroencapsulation, a large number of cells are generally encased in a perfo-
rated pouch or a large hydrogel over 1 mm long. Macroencapsulation devices provide
good chemical and mechanical stability, in addition to the advantage of being retriev-
able post-transplantation in case of failure or malignant alteration of transplanted cells.
Macroencapsulation techniques consist of hydrogel scaffold-based devices, membrane-
controlled release systems, or microneedle array patches [51,52]. Several studies over the
past decade have attempted to generate potential therapeutic applications of macroencap-
sulation devices combined with stem cell-derived β-cells. Earlier studies used a planar
pouch-like encapsulation device using a bilaminar polytetrafluoroethylene membrane
system (TheraCyte) which showed promising immunoprotection in transplanted cells in
mice and primates [53–55]. The technology was later applied to hESC-derived pancreatic
progenitors which were transplanted into mice. The cells achieved maturation within the
macroencapsulation device and promoted insulin production with no change in biomass
within the capsule for up to 150 days, suggesting high immunoprotection [55]. A 2017 study
created a flexible and durable polycaprolactone-based 10 μm thick nanoporous thin-film
cell-encapsulation device capable of neovascularization formation with minimal foreign
body response and teratoma confinement, which increased the safety of the use of stem
cell-derived β-cells. The membrane was also shown to exclude proinflammatory cytokines
while promoting glucose and insulin exchange. The transplantation of the device encasing
hESC-derived β-cells into immunocompetent mice showed long term biocompatibility as
glucose responsiveness and cell viability were seen 6 months post-transplantation [56]. A re-
cent study created a durable zwitterionically modified alginate hydrogel capable of evading
foreign body responses. Stem cell-derived β-cells were encased in these macrocapsules and
inserted into diabetic mice, which exhibited significantly better glucose clearance for over
230 days. Due to improved biocompatibility, mass transfer, and low fibrotic reactions, the
device was capable of long-term cell engraftment [57]. Conventional macroencapsulation
devices suffer from slow GSIS due to their reliance on diffusion of oxygen and metabolites.
A recent study designed a convection-enhanced macroencapsulation device that enabled
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improved nutrient transfer across the device membrane, enabling a near 10-fold higher
cell loading capacity. The polytetrafluoroethylene-based membrane chamber encased stem
cell-derived β-cells suspended in matrigel, which enabled a homogenous cell distribution,
prevention of aggregates, and lowered the shear stress during loading. Transplantation of
the device into immunocompetent hyperglycemic rats demonstrated early improvement
in hyperglycemia, improved GSIS, and reduced fibrosis [58]. An important consideration
for the creation of micro and macroencapsulation devices is their ability to overcome a
foreign body response. Various techniques have been adopted to manage a foreign body
response evoked by encapsulation devices. These generally involve altering the device’s
surface chemistry (e.g., charge, composition, hydrophobicity), coating the device to alter its
topography, and manipulating its shape and porosity [59]. Although advances have been
made in encapsulation technologies, efficient oxygenation still remains a challenge for the
long-term survival of the grafts due to the lack of vascularization of intraislet capillaries
as compared to native islets. Recent strategies devised the use of encapsulation materials
that promote graft revascularization. Encapsulation devices with direct vascularization
developed by ViaCyte Inc. and Sernova are undergoing clinical trials to evaluate their
safety and efficacy. The disadvantage of such devices is the loss of immunoprotection for
grafts and the requirement of a systemic immunosuppression regimen to prevent rejection.

Several clinical trials over the past decade have studied the transplantation of hPSC-
derived pancreatic progenitor/β-cells protected by various encapsulation devices. A
summary of relevant clinical trials and their outcomes is outlined in a later section of
this review.

3. Genetically Modified hiPSC-Derived β-Cells for Immune Evasion

hiPSC technology holds a great promise in precision medicine powered by personal-
ized treatment designed using one’s own somatic cells such as peripheral blood cells. The
key advantage of using this technology is the production of patient-specific cells designed
for autologous transplantation, thereby bypassing immune-driven organ rejection, and
improving cell survival after transplantation [60]. Currently, the cost and time required
to produce autologous hiPSC-derived β-cells hinder the effectiveness of this treatment
strategy, although inroads are being made to better streamline the technology. Recognition
of the cell surface markers MHC, also known as human leukocyte antigens (HLAs), by
T cells is one of the most important criteria of allogeneic transplant rejection in humans.
The genes encoding HLAs are classified into class I, comprising HLA-A, -B, -C, -D, -E, -F
and -G; class II, comprising HLA-DR, -DP, -DQ, -DM, -DN, and -DO; and class III, which
encodes for proteins of the complement system and the TNF family genes. HLA-A, -B,
-DR, -DP, and -DQ are believed to contribute the most to immune rejection. Attempts
have been made to generate HLA homozygous hiPSC lines which can potentially be used
to transplant into patients to prevent HLA-mediated allorejection. hiPSCs from donors
with homozygous HLA-A, -B, and -DR have been selectively generated and cryopreserved
for their potential future use to generate β-cells which could be less reactive to the host
immune system. However, a much larger scale study needs to be performed to account for
genetic diversity in the population to create universal hiPSC lines that can be used globally.
Also, this is not a complete solution to dealing with immune rejection, since the HLA hap-
lotypes HLA-DR4-DQ8 and HLA-DR3-DQ2 have been implicated in immune responses
wherein insulin is presented as antigens to activated T cells [61–63]. MHC expression in
stem cells is generally low and the cells are therefore protected from immune responses.
However, differentiation stimulates MHC expression and renders the cells vulnerable to
immune system [64]. Stem cell-derived β-cells generally express class I antigens which
are upregulated under inflammatory stress. A study reported that stem cell-derived β-
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cells largely express HLA-C, while native β-cells express all class I MHCs. The authors
suggested that the difference in the cell properties with respect to MHC expression might
be due to the immaturity of stem cell-derived β-cells as compared to native β-cells [65].
Another important candidate for immune response regulation is the immune checkpoint
inhibitor programmed death-ligand 1 (PD-L1), which is upregulated as a protection agent
in response to pro-inflammatory cytokines. Gene manipulation strategies to circumvent
immune responses in transplanted cells are discussed below.

Genome editing, a powerful tool to create gene knockouts and knock-ins, is finding
stronger footing in improving our understanding of the underlying genetic mechanisms
of diseases. Genome editing tools work under the premise where a nuclease identifies a
target sequence, induces a double-stranded DNA break (DSB), and activates endogenous
cellular DNA repair mechanisms such as homologous recombination or non-homologous
end-joining. In the field of diabetic research, genome editing has already been used to
create models of diabetes subtypes from hESCs and hiPSCs [66,67]. Commonly used gene
editing systems include zinc finger nucleases (ZFN), transcription activator-like effector
nuclease (TALEN), and the promising Clustered Regularly Interspaced-Short Palindromic
Repeats (CRISPR)/Cas9 technology. ZFNs are based on zinc finger proteins, a cohort of
transcription factors fused on a restriction endonuclease FokI that effects gene edits [68].
TALENs take advantage of the proteins ‘transcription activator-like effectors (TALEs)’ to
provide high specificity to gene editing, while maintaining a lower cytotoxicity and simpler
design structure as compared to ZFNs [67,69]. The CRISPR/Cas9 system utilizes short
noncoding guide RNAs (sgRNA) to identify specific target DNA sequences and is combined
with the enzyme CRISPR-associated protein 9 (Cas9) to effect gene cleavage [70].

Based on our current understanding of the immune responses on hPSC-derived β-
cells post-transplantation, strategies can be developed to genetically engineer functional
hPSC-derived β-cells which are immune evasive and thereby improve β-cell survival
and functionality in diabetes patients. One approach for genetically modifying hPSC-
derived β-cells is to prevent HLA expression and therefore avoid T cell responses. Beta-2
microglobulin (B2M) is responsible for the proper folding and cell surface expression of
HLA class I proteins and therefore its deletion would abolish HLA class I expression, as
demonstrated by a study. In this study, a B2M gene knockout (KO) cell line was generated
using CRISPR-Cas9 in hPSCs and showed that wildtype hPSC-derived β-cells induced
higher levels of T cell activation as compared to the B2M knockout model [65]. In another
study, CRISPR-Cas9 was used to disrupt B2M gene in hiPSCs-derived from T1DM patients.
A co-culture of PBMCs with wildtype beta-like cells and HLA class I deficient beta-like cells
showed a reduction in the expression of immune markers CD25 and CD69 in autologous
CD8+ T cells, providing further evidence that HLA expression disruption can decrease
immune responses [71]. Although preventing HLA class I antigens can prevent T cell-
mediated immune responses, according to the “missing self” hypothesis, in the absence of
all HLA-presenting antigens, natural killer cell-mediated lysis will be activated due to the
lack of inhibitory signals on the target cells [72]. This effect was reported in studies which
target-removed B2M in hPSCs, as cells became vulnerable in varying degrees to natural
killer cell-mediated immune responses [73,74]. However, the targeted inactivation of HLA-
A, -B, and -C genes while maintaining HLA-E expression alone, or in cohorts with HLA-G,
CD47, and PD-L1, has proven to protect hPSCs from natural killer cell responses [75–77].

Another avenue for genetically engineering stem cells to evade immune responses
is through PD-L1 overexpression. Cancer cells are known to evade T cell rejection by
expressing the immune checkpoint molecule PD-L1, related to the T cell inhibitory receptor
programmed death 1 (PD-1) [78]. Previous studies have shown that PD-L1 expression in
islets protects against immune responses in the transplantation of syngeneic islets into dia-
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betic recipients. PD-L1 also inhibited self-reactive CD4+ T cell-mediated tissue destruction
and effector cytokine production [79,80]. Another study highlighted the importance of
PD-L1 with respect to islet transplantation. The authors noticed that though a PD-L1 defi-
ciency in donor hearts does not evoke immune rejection, PD-L1-deficient islets heightened
allograft rejection, thereby emphasizing the importance of PD-L1 in islet function and im-
mune responses. The transplantation of islets from PD-L1-deficient mice into STZ-induced
diabetic mice induced graft rejection. They attributed the islet rejection to enhanced T cell
activation and inflammatory cell infiltration [81]. Studies have explored the idea of overex-
pression of PD-L1 in stem cells to protect stem cell-derived islets from immune rejection.
A study used CRISPR technology to overexpress PD-L1 stem cells and reported that stem
cell-derived functional beta-like cells were partially protected from T cell responses [82]. A
more recent study generated functional beta-like islets from hiPSCs, which were genetically
modified using a lentiviral system to overexpress PD-L1. The transplantation of these stem
cell-derived islet-like cells restored glycemic control in immune competent diabetic mice
and maintained glucose homeostasis for over 50 days when compared to islet-like cells
which did not overexpress PD-L1. Recovered grafts showed a decrease in T cell and NK
cells in PD-L1-overexpressed cells [83]. Another recent study used a TALEN-mediated
overexpression of PD-L1 on hiPSCs, which were then target-differentiated into beta-like
cells. The authors reported that the overexpression of PD-L1 reduced the activation of
β-cell destruction-inducing diabetogenic CD8 T cells, as observed through a significant
decrease in interleukin-2 secretion. When combined with a CRISPR-based mutation of
the B2M gene, there was a further reduction in interleukin-2 secretion, highlighting the
possible advantage of combining multiple gene targets to enhance immunoprotection [65].

An important consideration of gene editing of hPSCs is the precision and safety of
the gene editing process. In CRISPR-based gene editing, off-target editing could occur
when DNA cleavage and repair happens at sites containing similar sequences as the target
editing site. Though the chances of such inaccurate edits are relatively low, they could
lead to significant safety issues such as the inhibition of tumor suppressor genes or the
activation of oncogenes [84,85]. However, there are strategies designed to curb the chances
of inaccurate off-target edits, such as improving the specificity of gene targeting by using a
combination of sgRNA and high-fidelity Cas9 variants, or the use of multiple sgRNAs to
target the same gene [86,87]. A crucial factor in the use of genetically modified β-cells to
evade the immune system is the potential to be undetected by other immune mechanisms
in the event of infections or tumor formations. Careful consideration and further studies
need to be performed to validate the safety of these technologies as long-term solutions to
treat diabetes.

A comparison of the various immune evasion strategies and their relative strengths
and weaknesses are summarized in Table 1.

Table 1. A comparison of various immune evasion strategies, highlighting advantages and potential
safety concerns.

Immune Evasion
Strategy

Mechanism Advantages Safety Concerns References

Immunosuppressive
drug therapy

β-cells are protected
by inducing a

general suppression
of the immune

system (e.g.,
anti-rejection drugs)

- Broad suppression of
immune activity can
reduce both innate and
adaptive immune
responses.

- Readily available and
well-studied agents.

Risk of infection,
autoreactivity, cancer [25,88]
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Table 1. Cont.

Immune Evasion
Strategy

Mechanism Advantages Safety Concerns References

Encapsulation

β-cells are
encapsulated in
biocompatible
materials that

prevent immune
cells from attacking

them.

- Provides a physical
barrier against
immune cells and
antibodies.

- Reduces reliance on
systemic
immunosuppression.

Fibrotic responses,
hypoxia, graft

revascularization
issues

[54,89,90]

Genetically
engineered

hPSC-derived β-cells

Modifies beta cells to
express less

immunogenicity or
altered antigens (e.g.,

HLA knockout) to
reduce immune

recognition.

- Tailored to specific
immune pathways,
enabling precise
modulation.

- Can be combined with
other therapies for
synergistic effects.

Potential risks
related to off-target

effects or unintended
gene modifications,
which may lead to
tumorigenesis or

immune responses

[65,83]

4. Stem Cell-Based Clinical Trials for the Treatment of Diabetes

As a potentially unlimited source of β-cells of autogenic origin, stem cells can reduce
the dependence on organ donors and the associated complications for the treatment of
diabetes, and this aspect of stem cells has been explored in several clinical trials in recent
years. The source of stem cells that have been used in clinical trials is mesenchymal stem
cells (MSCs), or pluripotent stem cells including hESCs or hiPSCs.

MSCs are adult multipotent stem cells capable of differentiating into osteoblasts (bone
cells), chondrocytes (cartilage cells), myocytes (muscle cells), and adipocytes (fat cells).
They are found in bone marrow, umbilical cord, or adipose tissues [91,92]. MSCs pose
attractive qualities, such as an increased biosafety profile and a lower tumorgenicity risk,
that render them an interesting choice for a potential diabetes treatment [93]. Additionally,
they have regenerative properties, lack immunogenicity due to the absence of MHC class
II, and have also been shown to support damaged islets [94–96]. Clinical trials have ex-
plored using MSCs in different settings to understand the best therapeutic method for the
treatment of T1DM. The different hypotheses tested are (i) using undifferentiated MSCs
to improve islet health and survival without differentiating into pancreatic progenitors,
(ii) using MSC-derived pancreatic progenitors that differentiate into functional β-cells, and
(iii) transplanting undifferentiated MSCs with the goal of in vivo transdifferentiation into
functional β-cells [97,98]. One of the earliest clinical studies was developed to test the effect
of autologous bone marrow MSCs using intravenous transplantation in T1DM patients.
During the first year, an increased C-peptide response to mixed meal tolerance test (MMTT)
was noted, and no apparent side effects were observed (NCT01068951) [99]. Another study
assessed the long-term effects of an intravenous implantation of Wharton’s jelly-derived
MSCs in newly diagnosed T1DM patients who were followed up for 21 months. The study
concluded that patients with MSC treatment significantly improved HbA1c and C-peptide
values as compared to pretreatment or control patients [100]. A study focused on the
co-infusion of autologous adipose tissue-derived MSC-differentiated insulin-secreting cells
and hematopoietic stem cells. Over a follow up period of over 31 months, the treatment im-
proved mean C-peptide levels [101]. A recent pilot clinical study investigated the combined
immunomodulatory effects of using MSCs and vitamin D in T1DM patients (NCT03920397).
Patients were treated with intravenous MSC (allogenic) infusion, combined with oral chole-
calciferol (vitamin D), and followed up for six months. An increase in basal C-peptide levels,
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which were stable for six months, was observed [102]. Another recent phase I/II clinical
trial assessed the safety and efficacy of intravenous injection of MSCs in newly diagnosed
T1DM patients who were followed up for at least one year post-transplant (NCT04078308).
The study reported promising results where glycated hemoglobin (HbA1c) and C-peptide
levels improved and shifted pro-inflammatory cytokines into anti-inflammatory cytokines.
They suggested that an early transplantation of MSCs is favorable as compared to a late
transplantation [96]. Several other clinical trials using MSCs have been completed with
promising T1DM treatment observations [103–105].

Though MSC-based treatment strategies show promise in clinical settings, several
weaknesses in the studies have been observed. The limited sample size of patients enrolled
in most studies makes it difficult to draw concrete conclusions of the efficacy of MSC
in T1DM treatment. Another valid point is that several clinical studies enrolled only
patients who were recently diagnosed with T1DM. These studies reported high positive
outcomes for the treatment and one study recommended early-stage T1DM intervention as
compared to late-stage intervention. An interesting aspect of these clinical study designs
is that the patients would be in the “honeymoon phase of diabetes”, wherein the patient
would require only minimal insulin or have near-normal blood glucose levels without the
need for insulin treatment. Successful treatment at this condition is not representative of
the efficacy of the treatment on all T1DM patients. Clinical trials with a larger scope of
patient enrollment with an increased sample size, diverse populations, and recent- and
late-onset T1DM patients is necessary [96,106]. Although clinical studies of the use of MSC
in T1DM treatment were inconclusive, excellent results have been observed for its use
in T2DM treatment. A systematic review analyzing the results of 10 MSC-based clinical
trials reported its effectiveness in improving β-cell function in T2DM. A positive outcome
in stimulated C-peptide levels, HbA1c values, and the reduction in exogenous insulin
requirement showed promise for the use of MSCs in β-cell therapy [107].

Human pluripotent stem cells are another promising route for the use of stem cells
for the potential treatment of diabetes by utilizing hESCs and hiPSCs. The current clinical
trials using hPSCs consider two schools of thought as to at what stage of β-cell differen-
tiation cells can be transplanted. The first option is transplanting pancreatic progenitor
cells that co-express PDX1 and NKX6.1. The co-expression of these two factors is critical
in the generation of functional and monohormonal β-cells, as cells that do not co-express
these transcription factors generally follow an alternative differentiation path resulting
in non-functional, polyhormonal, or non-β-cells [108,109]. The first clinical trial using
hESCs was performed in 2014 on 19 candidates by combining pancreatic progenitor cells
[PEC-01] and an immunoprotective macroencapsulation device (PEC-Encap), produced
by the clinical-stage regenerative medicine company, ViaCyte. The purpose of this study
was to test whether the combination product, named VC-01, can be implanted subcu-
taneously in T1DM subjects and maintained safely for two years (NCT02239354). The
macroencapsulation device was designed to prevent allogeneic and autoimmune rejection
by protecting the pancreatic progenitor cells from the immune system, thereby excluding
a dependence on immunosuppressive drugs. This was achieved by having a semiperme-
able membrane which allowed the diffusion of molecules but restricted the movement of
cells. The study observed that the macroencapsulation device was affected by a foreign
body response that prevented vascularization, leading to inconsistent cell survival, and
no evidence of insulin secretion was found [97,110,111]. The findings from this study
necessitated the need for an updated design for the encapsulation device to overcome
immune response issues. ViaCyte initiated a second clinical trial in 2017 with an up-
dated macroencapsulation device which was not immunoprotective but was designed to
enable direct capillary vascular permeation into the encapsulation device. The system,
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named PEC-Direct, combined PEC-01 with the updated macroencapsulation device VC-02
(NCT03163511). In this study, 17 patients between the ages 22 and 57 with T1DM were
recruited. Following subcutaneous transplantation, 63% of candidates responded to the
treatment as presented by successful engraftment and increased insulin positive cells at
3–12 months post-transplantation. Approximately 35% of candidates showed the ability to
secrete C-peptide 6 months post-transplantation. The observed side-effects were related to
surgical implant/explant procedures or to immunosuppression [112]. A 1-year follow-up
study on the recipients showed the absence of teratoma formation or severe graft-rejection.
Patients showed increased fasting and glucose responsive C-peptide levels and developed
mixed meal-stimulated C-peptide secretion. Also, explanted grafts contained mature β-cell
phenotype and were immunoreactive for insulin, MAFA and islet amyloid polypeptide,
suggesting post-transplantation maturation of the pancreatic progenitors [110]. Recently,
an interim report was published for this clinical study which analyzed 1 year outcome for a
study group that received 2–3-fold higher cell doses with an enhanced perforation pattern
of the encapsulation device. It was observed that out of ten patients, three were able to
achieve improved C-peptide levels and reduced insulin dosing from six months onwards.
The authors attributed these positive changes to the formation of a larger β-cell mass due
to a higher initial dose of transplanted cells. They also suggested that design changes in the
encapsulation device might have improved capillary ingrowth in the implanted cell mass,
thereby improving β-cell maturation [113]. Further optimization of the PEC-Direct device
was done by ViaCyte in collaboration with CRISPR therapeutics to use genetically edited
cells to circumvent immune responses and rejection. This was achieved by modifying
several genes in pancreatic endoderm cells (PEC210A) using CRSIPR/Cas9 technology,
including the deletion of β2-microglobulin gene and transgenic expression of PD-L1. In a
2022 clinical trial (NCT05210530), the combination product VCTX210A was used, which
contained PEC210A cells encased in a durable and removable perforated encapsulation
device designed to deliver and retain PEC210A cells. Findings from the 1-year study have
yet to be published. In a 2019 clinical study, Viacyte revisited their PEC-encap technology
in collaboration the material science company Gore to create a modified PEC-encap device
which aims to eliminate the need for immunosuppression while promoting vascularization
(NCT04678557). The two-year study with 49 candidates has recently reached its conclusion,
and detailed results from this study are awaited [114].

The above clinical studies used pancreatic progenitors for transplantation as they are
less likely to be affected by inflammation due to transplantation and post-transplantation
maturation is expected to occur over time [55,97]. However, a second option of trans-
plantable cells considered are hPSC-derived islet-like organoids. These organoids consist of
fully differentiated and glucose responsive hPSC-derived β-cells and upon transplantation,
they are quicker to achieve glycemic control as compared to pancreatic progenitors, thereby,
making them an attractive source for the treatment of diabetes [115,116]. Currently, Vertex
Pharmaceuticals has entered phase I/II clinical trial with hPSC-derived β-cells (VX-880)
generated by Melton group (NCT04786262). The cells, which lack any encapsulation de-
vices, are transplanted into the patients via the hepatic portal vein. Although the lack of
encapsulation requires immune suppression of the patient, early reports of the treatment’s
efficacy have been remarkably positive. Data collected 90 days post-transplant showed a
91% decrease in insulin requirement, mixed meal test-responsive elevation in circulating C-
peptide and a reduction in HbA1c values [117]. Vertex is also actively recruiting candidates
for a new phase I/II clinical trial in which patients are transplanted with hPSC-derived
β-cells encapsulated in an immunoprotective device, thereby potentially bypassing im-
munosuppressive treatments (NCT05791201) [118]. Sigilon therapeutics, a subsidiary of
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the pharmaceutical company Eli Lilly and Company, has their encapsulated hiPSC-derived
insulin-producing β-cells approaching clinical trials in the near future [97,112].

An important aspect of the successful transplantation of hPSC-derived pancreatic
progenitors/β-cells is the cell delivery system employed. For a successful cell therapy treat-
ment, cells should be both immunoprotected and have sufficient oxygen supply. Some of
the hPSC-based clinical trials discussed above have used encapsulation devices to enhance
cell survival and function. More methods of cell delivery have been developed and used in
both preclinical and clinical trials using non-hPSC-based beta-cell transplantation. Alginate
microencapsulation was the first cell delivery system used to protect transplanted β-cells.
Clinical studies have used calcium/barium-alginate capsules to protect transplanted β-
cells. Even though this encapsulation method prevented immune rejection, it was unable to
significantly improve insulin release [119,120]. The biotech company Beta-02 Technologies
has developed the Beta-air device, a “bioartificial pancreas” in which cells are placed in a
slab of alginate and protected from the environment using a PTFE-based semipermeable
membrane. A clinical trial using a subcutaneously transplanted “Beta-air” device produced
small amounts of insulin, but not enough to reduce insulin dependency (NCT02064309).
The disadvantage of this system was the need to continuously provide oxygen from an
external source to maintain islet health and survival. An improved variant of the Beta-air
device is being generated for hPSC-derived β-cells [51,97]. Cell PouchTM, developed by
the biotech company Sernova, is another cell delivery device being used in clinical trials
for islet transplantation. Cell PouchTM is a polypropylene membrane-based rectangular
microporous pouch with multiple parallel chambers filled with PTFE. After transplantation,
the PTFE plugs are removed, and islets are introduced into the void. A 2018 clinical study
utilizing this technology reported promising results in terms of vascularization and β-cell
function (NCT03513939). Although this device currently does not prevent immunosuppres-
sion, Sernova is considering hydrogel capsules to protect the cells from the host immune
system [121]. The Shielded Living TherapeuticsTM sphere by Sigilon is another cell delivery
candidate that shows promise. The sphere contains an external coating of alginate modified
with the triazole–thiomorphaline dioxide and an internal core of modified alginate matrix
housing cell clusters. This design of the sphere provides it with immune protection that
is lacking in most other devices. Sigilon used this device in a clinical trial (NCT04541628)
for hemophilia patients, but the study was terminated following safety concerns [121]. In
addition to the devices mentioned above that have achieved clinical testing, a number of
other devices have been developed which are in the preclinical phase. TheraCyteTM pro-
duced by TheraCyte, ceMED produced by Harvard-MIT Health Sciences and Technology, a
bioengineered vascular bed by Technion, an oxygenation cell delivery device from Procyon
Technologies, and an electrospun nanofibrous encapsulation device from Novo Nordisk
are some examples of potential encapsulation devices that may reduce the dependency
on immunosuppressive treatments in the future [58,122–125]. These novel technologies
carry immense promise for the development of systems to transplant β-cells while holding
the deleterious host immune responses at bay. These devices can be combined with hPSC-
and MSC-based cell therapies for successful transplantation strategies to drive long-term
treatment options with minimal side effects. A summary of recent clinical trials using stem
cell derived pancreatic progenitors/β-cells is summarized in Table 2.
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5. Conclusions and Future Directions

In this review, we outlined the key challenges of β-cell islet transplantation with
respect to graft-mediated host immune responses and emphasized the prospects of using
hPSC-derived β-cells as a viable treatment strategy for diabetes. Immune-evasive hiPSC-
derived β-cells hold promise as an autologous renewable cell source that can eliminate
the necessity of cadaver islets for transplantation and can also reduce the dependence on
immunosuppression regimens that compromise the host’s immune system and make them
prone to infections and tumors. The advantages of combining stem cell technology with
material sciences to create efficient encapsulation devices and gene editing tools to create
immune evasive cells presents great excitement for the future of diabetes treatment. Great
strides are being made to achieve the goal of generating hPSC-derived β-cells that mimic
native β-cells. A summary of the different techniques explored to render immunoprotection
to transplanted beta cells is shown in Figure 2.

Figure 2. Schematic of the different approaches for the immunoprotection of hPSC-derived β-cell
islets for transplantation. Encapsulation strategies involve microencapsulation and macroencapsula-
tion, differentiated by the number of beta cells each method holds. Gene editing techniques include
HLA class 1 deactivation using B2M gene knockout, and PD-L1 overexpression. Immunosuppression
regimens follow several combinations of drugs to protect transplanted cells from host immune system.
This illustration was created with “BioRender.com”.

Acute stress immediately after transplantation is a cause for the loss of a large percent-
age of transplanted cells. Hypoxia, inflammatory cytokines, and hyperglycemia can lead
to apoptosis or dysfunction via ER stress responses [126]. Also, instant blood-mediated
inflammatory reaction (IBMIR), an inflammatory response to contact with blood leading to
platelet encapsulation of the transplanted cells, reduces the diffusion of nutrients into the
cells [127]. Research is ongoing to address these concerns while considering hPSC-derived
β-cell transplantation. A notable strategy to overcome these issues includes considering
alternative transplantation sites such as intramuscular space and omentum [128,129]. How-
ever, these techniques have yet to circumvent transplantation stress effectively and further
research needs to be performed to improve the safety of transplantation. Research to im-
prove the process of creating enhanced functional hPSC-derived islets that would improve
transplantation is also ongoing. Different hPSC differentiation protocols generate varying
efficiencies of β-cells and efficiencies also vary between different hPSC cell lines, making the
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adoption of an ideal differentiation protocol for clinical use difficult [34]. Also, making this
therapy accessible to a large number of patients would involve efficient methods to produce
transplantable cells at large scales, while keeping production and treatment costs affordable.
Current techniques for hPSC differentiation involve small-scale 2D plates or 3D bioreactors.
Although current differentiation techniques can produce relatively high-quality β-cells,
the same might not be possible to achieve at large-scale production. Further research is
imperative to bridge knowledge gaps in the field to seamlessly transfer lab technologies to
clinical scales. Consistent improvements are also being made to encapsulation devices to
better protect transplanted cells. Numerous trials are underway that closely monitor the
application of these technologies in a clinical setting. Although initial reports of these trials
show promise in reducing insulin dependency in patients, a closer look into their safety and
efficacy needs to be studied to promote their use as a long-term solution to cure diabetes.
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Abbreviations

The following abbreviations are used in this manuscript:

T1DM Type 1 diabetes mellitus
T2DM Type 2 diabetes mellitus
hPSC human pluripotent stem cells
IDF International Diabetes Federation
ADA American Diabetes Association
GDM gestational diabetes mellitus
MODY maturity-onset diabetes of the young
hESC human embryonic stem cells
ER Endoplasmic reticulum
hiPSC human induced pluripotent stem cells
TCR T cell receptor
MHC Major histocompatibility complexes
APC Antigen presenting cells
GSIS glucose-stimulated insulin secretion
NOD-scid non-obese diabeteic/severe combined immunodeficiency
HLA human leukocyte antigens
PD-L1 Programmed death-ligand 1
PD-1 Programmed death 1
DSB Double-stranded DNA break
ZFN Zinc finger nucleases
TALEN Transcription activator-like effector nuclease
CRISPR Clustered Regularly interspaced-Short Palindromic Repeats
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TALEs Transcription activator-like effectors
sgRNA short noncoding guide RNAs
Cas9 CRISPR-associated protein 9
B2M Beta 2 microglobulin
KO knockout
MSC mesenchymal stem cells
MMTT mixed meal tolerance test
IBMIR Instant blood-mediated inflammatory reaction
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Abstract: Human pluripotent stem cells have the potential for unlimited proliferation and controlled
differentiation into various somatic cells, making them a unique tool for regenerative and personalized
medicine. Determining the best clone selection is a challenging problem in this field and requires
new sensing instruments and methods able to automatically assess the state of a growing colony
(‘phenotype’) and make decisions about its destiny. One possible solution for such label-free, non-
invasive assessment is to make phase-contrast images and/or videos of growing stem cell colonies,
process the morphological parameters (‘morphological portrait’, or signal), link this information
to the colony phenotype, and initiate an automated protocol for the colony selection. As a step
in implementing this strategy, we used machine learning methods to find an effective model for
classifying the human pluripotent stem cell colonies of three lines according to their morphological
phenotype (‘good’ or ‘bad’), using morphological parameters from the previously published data
as predictors. We found that the model using cellular morphological parameters as predictors
and artificial neural networks as the classification method produced the best average accuracy of
phenotype prediction (67%). When morphological parameters of colonies were used as predictors,
logistic regression was the most effective classification method (75% average accuracy). Combining
the morphological parameters of cells and colonies resulted in the most effective model, with a
99% average accuracy of phenotype prediction. Random forest was the most efficient classification
method for the combined data. We applied feature selection methods and showed that different
morphological parameters were important for phenotype recognition via either cellular or colonial
parameters. Our results indicate a necessity for retaining both cellular and colonial morphological
information for predicting the phenotype and provide an optimal choice for the machine learning
method. The classification models reported in this study could be used as a basis for developing
and/or improving automated solutions to control the quality of human pluripotent stem cells for
medical purposes.

Keywords: human pluripotent stem cells; human embryonic stem cells; machine learning; best clone;
morphological phenotype

1. Introduction

Assessment of the cellular morphology of biological samples has a long history, as it
provides essential information on many underlying cellular processes and cellular states. In
cell cultures, morphology is usually employed as a measure of cell classification; in clinical
practice, morphological criteria are applied for diagnosis, prognosis, and treatment of
human diseases. In recent years, quantification of cell morphology has seen great advances
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due to the development of new techniques and software that allow classification of cellular
morphology from fluorescence or bright-field images at the single-cell level on both 2D and
3D cultures of cells on different substrates [1–4]. While fluorescent dyes may interfere with
cellular functions, the live cell imaging under phase-contrast offers a great opportunity
for label-free, non-invasive cell characterization and quantitative assessment of different
parameters of cell morphology.

Nowadays, morphology-based high-content analysis of cellular phenotypes is in-
creasingly recognized as a core methodology for the identification and analysis of cellular
heterogeneity [1,5]. This is supported by the emergence of new software packages for
high-dimensional image-based cell analysis with trained classifiers, such as CellProfiler
Analyst, Enhanced Cell Classifier, and similar [5–8].

It has now been more than 15 years since machine learning (ML) and deep learning
(DL) have granted us the computational power to understand questions in the field of
cellular biology, drug development, medicine, etc. Without a doubt, research in the area
of pluripotent stem cells, especially human embryonic stem cells (hESCs) and human
induced pluripotent stem cells (hiPSCs), comprising human pluripotent stem cells (hPSCs),
could benefit from the advances in ML and DL methods. These cells have the remarkable
capability to differentiate to all the cell types of the human body, and these cells serve as
a useful tool in regenerative medicine, disease modeling, drug testing, and the study of
embryonic development. Two main types of hPSCs are very close in their morphology but
have different origins. hESCs are derived from the inner cell mass of the preimplantation
blastocysts, while hiPSCs originate through somatic cell reprogramming by overexpressing
core pluripotency transcription factors [9,10]. Often, hPSCs are further differentiated into
cell types that are useful for the researchers by subjecting them to a certain differentiation
protocol. During this process, hPSCs undergo a global morphological transformation, in
which the highly compact hPSC colonies give rise to more loosely organized cells with
completely different morphological appearances and structures. Importantly, before the
colonies from a single clone of the hiPSCs can be selected for further propagation followed
by differentiation, these cells must be kept in culture in an undifferentiated state, without
any signs of spontaneous differentiation.

Our group has a long-standing interest in developing an ML model for the best clone
recognition based on the morphological parameters of the cells and colonies from hPSCs
with different morphological phenotypes [11–13]. Although morphological changes can be
quite evident to the trained human eye when colonies start to differentiate in an unwanted
direction, this is inherently subjective and, thus, not applicable for the efficient translation
of the laboratory methods to automated cell production for clinical purposes. Traditional
manual cell culture is variable and labor-intensive, posing challenges for high-throughput
applications. Moreover, the selection quality depends on the professional knowledge
and practical experience of an expert, which limits the application of the manual feature
selection method for cell culture assessment. In this regard, it is important to emphasize
that the effective definition of morphological parameters and the evaluation of the extent
of morphological heterogeneity within hPSC populations remain challenging.

Due to the huge expansion and wide use of hiPSCs in recent years [14], there is a
need for new technologies to not only standardize the evaluation of iPSCs to allow the
objective comparison of results across different groups, but also to ensure safe translation
of these cells towards clinical use. Nowadays, regenerative medicine products are at the
forefront of scientific research and clinical translation, but their reproducibility and large-
scale production are compromised by poor automation, monitoring, and standardization
issues, resulting in an increased batch-to-batch cell culture variability. To overcome these
limitations, new technologies have been proposed at both software and hardware levels.
Software solutions include algorithms and artificial intelligence models and are combined
with imaging software and ML techniques, whereas hardware is presented by automated
liquid handling devices, automated cell expansion bioreactor systems, automated colony-
forming units, counting and characterization units, and scalable cell culture plates.
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As an example of such technologies, we illustrate in Figure 1 a conceptual schema
for a device designed to select the best clone by controlling the quality of the hPSCs. The
experimental part (‘hardware’) contains a microscope making phase-contrast images or
videos of growing hPSC colonies on a substrate. The software consists of two parts. The
first part extracts informative morphological features of cells and colonies from the images
or videos, thus providing the morphological portrait of a colony. The second software part
processes this morphological signal by applying to it pretrained ML-based models, yielding
the assessment of the colony phenotype. Finally, using this information, a decision is made
about whether the colony should be kept in culture for further propagation or terminated.
Our work contributes to an important step in this schema related to the development of the
phenotype prediction models.

 

Figure 1. Schematic representation of a device designed for the automated best clone selection. Red
arrows indicate the direction of information processing within the device.

There have been many efforts to utilize ML and DL methods to predict a hPSC pheno-
type and, thus, to provide the selection of the best clone [13]. These studies can roughly be
split into two major classes. The first one comprises the phenotype classification models
based on two-stage processing of the imaging data, in which biologically interpretable
morphological features are first extracted from the hPSC images and then classification
methods are applied with the extracted features as predictors [11,15–18]. Studies from the
second class apply DL methods (e.g., convolutional neural networks) directly to the colony
images to infer the phenotype, or some less biologically interpretable features are auto-
matically extracted using image processing methods followed by ML-based classification
with these features as predictors [12,19–24]. Despite the fact that the second approach often
provides higher phenotype prediction accuracy, the first approach has an advantage in
a clear biological interpretation of valuable morphological parameters found during this
study, thus providing insights for possible new biological experiments. Various authors
used different ML methods for phenotype prediction models, and their performance varies.
Therefore, a search for a method that is optimal for a given datum is an important task.

The aim of our study was to identify the best classification method for predicting
the hPSC colony phenotype based on morphological parameters of cells and colonies
from three hPSC lines, given in the previously published data set [11,25]. As a further
step, we proposed a model based on the combination of cellular and colonial parameters
and showed that this model provided the best performance. Finally, we analyzed the
importance of the morphological parameters in the resulting classification models.
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2. Materials and Methods

2.1. Data

For model training, we used previously published data containing values of mor-
phological parameters of cells and colonies extracted from phase-contrast images of three
cell lines: human embryonic stem cell line H9 (WiCell, Madison, WI, USA), hiPSC line
AD3, and patient-specific hiPSC line HPCASRi002-A (CaSR) [11,25]. The morphological
parameters were as follows: area of the cell or colony (‘Area’), length of the cell or colony
boundary (‘Perimeter’), length of the minor axis of the ellipse fitted to the cell or colony in
the image (‘Minor axis’), largest distance between two points on the cell or colony boundary
(‘Feret’s diameter D’), smallest distance between two points on the cell or colony boundary
(‘Minimal Feret’s diameter D’), area divided by squared perimeter and multiplied by 4π
(‘Shape factor’, a measure of circularity and compactness), and total area of the free inter-
cellular space in the colony (‘Area of intercellular space’, a measure of compact cell packing
within a colony). These parameters could be considered as standard shape descriptors in
2D image analysis using ImageJ software, version 1.54g [26]. The parameter values were
obtained for 53 colonies and 1602 cells of hESC line H9, 49 colonies and 1569 cells of control
hiPSC line AD3, and 48 colonies and 1315 cells of patient-specific hiPSC line CaSR [11].

All colonies and cells in the data set contained binary phenotype score obtained via an
expert analysis, as previously described [11]. The binary phenotype score can take one of
two values, ‘good’ or ‘bad’, representing the pluripotency status of the colony. Colonies
with the good phenotype demonstrate a high potential for proliferation, while colonies
with the bad phenotype show signs of spontaneous differentiation.

2.2. Classification Models

We used the data set for training classification models to predict phenotype based
on the morphological parameters as predictors. The following classification methods
were tested: naïve Bayes classifier, k-nearest neighbors, logistic regression, random forest,
support vector machines, and artificial neural networks. We analyzed the classification
problem for the cellular and colonial data separately. In addition, we combined the cellular
and colonial morphological parameters and phenotypic information into a separate data
set, which we call a combined data set, and trained classification models on these data. The
predictors in the models for the combined data included morphological parameters of a
cell and morphological parameters of the colony containing that cell, and the phenotype
of the colony containing that cell was used as the target for classification. All models
were implemented using Python 3.8 (sklearn and keras libraries) and trained using the
nested cross-validation, with 5 folds in both inner and outer cross-validation loops [27]. In
each fold of the outer loop, data were split into training and test sets. Then, the selection
of hyperparameters occurred in the inner loop using cross-validation on the training set
from the outer loop. The classification accuracy of the best model from the inner loop was
estimated on the test set in the fold of the outer loop, which we called the nested cross-
validation accuracy. The mean nested cross-validation accuracy ± s.d. was recorded for
test sets of all outer loop folds. The neural network configuration was tuned manually, and
the hyperparameters of all other methods were selected using the grid search method [28].

In addition to the accuracy, we recorded the Area Under Curve (AUC) for the Receiver
Operating Characteristic (ROC-curve) as another effective measure of binary classification
for the best classification model of each classification method. This measure represents
the area under the curve on a plane with the true positive rate on the ordinate axis and
false positive rate on the abscissa axis, with AUC = 1 representing perfect classification and
AUC = 0.5 representing random classification.
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2.3. Feature Selection

We analyzed the importance of each feature as a predictor in the best classification
models by applying the SHAP method (SHapley Additive exPlanations) [29]. The SHAP
value for each feature represents the contribution of that feature to the prediction value
of the selected model. SHAP are theoretically well justified and unify several previously
suggested methods. This analysis was implemented using shap library in Python 3.8.

2.4. Statistical Methods

We compared the average nested accuracies of the classification models for differ-
ent classification methods using t-test (ttest_rel function, stats module, scipy library in
Python 3.8).

3. Results

3.1. Classification Models for Cellular and Colonial Data

To find out how various classification methods perform on the morphological data for
hPSCs and colonies, we estimated the cross-validation accuracy of phenotype prediction
for each method using the data containing all cell lines pooled together (Table 1).

Table 1. Classification model performance for cellular and colonial data and for various classification
methods. Nested cross-validation accuracy and area under the ROC-curve (ROC AUC) are shown as
measures of performance. Best performance values are highlighted in bold.

Method
Cellular Data Colonial Data

Accuracy ROC AUC Accuracy ROC AUC

Naïve Bayes 58 ± 2% 0.69 60 ± 14% 0.71
k-nearest neighbors 64 ± 3% 0.66 68 ± 12% 0.71
Logistic regression 59 ± 4% 0.63 75 ± 12% 0.90

Random forest 64 ± 2% 0.67 66 ± 10% 0.79
Support vector machines 64 ± 3% 0.68 68 ± 11% 0.86
Artificial neural networks 67 ± 4% 0.70 71 ± 12% 0.89

The results for cellular data showed a similar performance across various models, but
the neural networks outperformed all the methods except the support vector machines
(p < 0.05), with an average accuracy of 67%. Considering that the AUC measure was also
the highest for this method, we can conclude that the neural networks method was the best
model for predicting phenotype based on the morphological parameters of cells.

In the case of colonial data, the difference between methods was more pronounced,
but also showed higher method-specific variation. Based on the average accuracy and the
AUC value, logistic regression appeared to be the best classification method (75% accuracy)
for predicting phenotype from the morphological parameters of colonies. Overall, the
performance measures shown in Table 1 could be estimated as rather moderate, implying
that either combining different cell-line-specific data in one data set or consideration of
only cellular or colonial morphological parameters separately was possibly not an optimal
strategy.

As the unification of various cell lines into one data set might create irrelevant vari-
ability, impeding the classification by phenotype, we tested whether the performance could
be improved by considering each cell line separately. For this purpose, we trained classi-
fication models on the line-specific cellular and colonial data using the best classification
methods from the analysis of the unified data (Table 2). These models incorporated the
same morphological parameters as the models from Table 1 but were trained and analyzed
on data of each cell line separately. The results showed an average performance for H9
that was either comparable to or higher than that for the unified data, but the models
predicted the phenotype with less accuracy for other cell lines. Therefore, constraining the
classification problem to the line-specific data did not improve the performance. These
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results showed that combining morphological data from different cell lines was justified, as
it provided a larger data set without significantly degrading classification performance.

Table 2. Nested cross-validation accuracy in classification models trained on cell-line-specific data.

Accuracy
hESC H9 hiPSC AD3 hiPSC CaSR

Cellular data
(artificial neural networks) 73 ± 7% 60 ± 6% 64 ± 3%

Colonial data
(logistic regression) 75 ± 18% 62 ± 20% 67 ± 17%

3.2. Classification Models for Combined Cellular and Colonial Data

Another way to improve the performance of the classification models in Table 1 was
based on a biological hypothesis that colony phenotype could not be determined solely
based on cellular or colonial morphological parameters. Cells differentiate irregularly
within a colony, sometimes demonstrating a reverse behavior, so the phenotypic status is
rather a collective property, also expressed in a change in the colony morphology. Under
spontaneous differentiation, the morphological perturbations of both single cells and a
colony as a whole should be considered as necessary elements of the true morphological
portrait associated with the pluripotency potential.

Therefore, we tested the same classification methods but for the combined data set,
in which predictors included morphological parameters of cells complemented with the
parameters of the colony containing these cells. The results demonstrated a significant
increase in performance for all methods (Table 3, Figure 2). The discrepancy between
methods was also higher, with a more than 25% difference in the mean accuracy between
the best and worst methods. Random forest and artificial neural networks showed the
highest performance, which was clearly distinguishable from other methods (p < 0.05).

  

(a) (b) 

Figure 2. Performance of classification models trained on the combined cellular and colonial data:
(a) Box plots for the nested cross-validation accuracy. Orange lines show the median accuracy values,
boxes represent the interval between the lower and upper quartiles, whiskers mark the minimum
and maximum accuracy values, and circles are outliers; (b) ROC-curves. The dashed line represents a
random classifier, which assigns phenotypes randomly. NB: naïve Bayes; KNN: k-nearest neighbors;
LR: logistic regression; SVM: support vector machines; RF: random forest; NN: neural networks.

184



Biomedicines 2023, 11, 3005

Table 3. Classification model performance for combined cellular and colonial data and for various
classification methods. Nested cross-validation accuracy and area under the ROC-curve (ROC AUC)
are shown as measures of performance. Best performance values are highlighted in bold.

Method Accuracy ROC AUC

Naïve Bayes 72 ± 7% 0.815
k-nearest neighbors 88 ± 4% 0.818
Logistic regression 80 ± 6% 0.826

Random forest 99 ± 2% 0.997
Support vector machines 96 ± 2% 0.975
Artificial neural networks 98 ± 2% 0.956

3.3. Importance of Morphological Parameters in Classification Models

The classification models that we obtained can be used to understand which mor-
phological characteristics of individual hPSCs and colonies are the most informative in
representing the morphological signal as a manifestation of phenotype. We used the SHAP
method to find the features that were the most important in all types of classification models.
In the best cell-data-based model, two parameters clearly segregated from the others: Area
and Perimeter (Figure 3a). In the best model based on the colonial parameters, Area and
Area of intercellular space were the most important for phenotype prediction (Figure 3b).
For the combined data, the analysis showed that the colonial parameters appeared to be
more important in the best classification model than the cellular parameters (Figure 3c). The
colonial Feret’s D showed the highest impact on the classification, while other parameters
exhibited a rather shallow distribution of their importance score. In other words, colonial
Feret’s D can be considered as the most influential parameter in the classification models
on the combined data, but other parameters also contributed. The cellular area had the
highest importance score among the cellular parameters in this case (Figure 3c).

   
(a) (b) (c) 

Figure 3. Mean SHAP values representing the importance of the morphological features in the best
classification models based on (a) cell data, (b) colony data, and (c) combined data. Names of cellular
parameters start with ‘Cell’, and names of colonial ones start with ‘Col’. A: Area; P: Perimeter; MA:
Minor axis; FD: Feret’s diameter D; MFD: Minimal Feret’s diameter D; SF: Shape factor; AIS: Area of
intercellular space (only for colonies).

4. Discussion

For numerous cell types of the human body, their morphological appearance is mainly
known and often described in terms of the cell size, cell form, its granularity, cytoskeletal
architecture, etc. In many ways, these features of the cell morphology result from the
spatiotemporally regulated activity of signaling proteins. However, the components of
these signaling networks and the precise role they play in regulating the cell shape and
other morphological parameters remain largely unclear. How and which signaling cascades
govern the transition of the small pluripotent stem cell into a specialized and often much
bigger cell type is still in question. In this regard, morphological profiling and identification
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of genes and clusters of genes which are important for maintaining hPSC morphological
identity, as well as genes involved in the conversion of these cells into differentiated spe-
cialized cells, is undoubtedly important for both understanding hPSC biology and for the
development of efficient protocols for directed differentiation. In this way, morphological
data from our assay, together with novel computer-based assessment, can provide a further
step toward discovering new biological connections that determine a hPSC’s identity.

Our results showed that cellular and colonial data required different classification
methods, emphasizing the inherent data dependency of ML approaches. The classification
quality of artificial neural networks for the cellular data was comparable with a value
previously obtained by us for the same data using a similar method [11]. However, in
contrast to that study, we found that logistic regression was more efficient when the
morphology of hPSC colonies was considered. For the combined cellular and colonial data,
random forest appeared as a promising approach, and the resulting classification model
showed the best performance. This indicates that the true morphological portrait associated
directly with the hPSC pluripotency should be assembled from both the morphological
parameters of pluripotent cells forming the colony and the parameters of the colony as
a whole.

We demonstrated that parameters such as Area and Perimeter provided the most
important and informative input in the phenotype classification based on cellular morphol-
ogy. For classification based on the colonial data, we found that colonial Area and Area of
intercellular space were the most informative. When the cellular and colonial parameters
were combined, colonial Feret’s diameter, colonial Minimal Feret’s diameter, and colonial
Shape factor had the greatest impact on classification.

This information can be used in two ways. Firstly, new biological knowledge can
be obtained by focusing on the molecular mechanisms associated with the change in the
important features under spontaneous differentiation. Secondly, simplified classification
models can be trained to confine the predictors to only the important ones. This can be
especially useful when a much larger amount of data are involved, so that the computational
efficiency becomes a bottleneck.

The analysis of feature importance on the combined cellular and colonial data suggests
that the morphological properties of colonies play a major role in assessing the phenotype.
The shallow distribution of the importance score for cellular parameters in the best model
based on the combined data indicates that each cellular morphological feature adds some
information to the whole picture, but no single parameter can be singled out as drastically
more informative.

The high classification accuracy of 98–99% that we have obtained approaches and
sometimes exceeds the performance scores of previously reported classification models ap-
plied to pluripotent stem cells [11,12,15–24]. Morphological parameters of cells and colonies
used as predictors in our models are biologically interpretable but require methods for
their extraction from the images prior to classification. Other morphological characteristics,
including morphological features of intracellular objects, have previously been considered
and resulted in a classification accuracy of 80–89% [16,18]. Methods for automated feature
extraction from images and videos of hPSCs with the subsequent application of super-
vised ML algorithms constitute another approach, with the reported classification accuracy
values higher than 87% [19–21,24]. DL-based classification models applied directly to the
images of hPSCs have been reported to perform at about 90% accuracy [12,23].

Despite the good performance shown by the classification models on the combined
data, our approach has several limitations. We used data from three cell lines, and this
number should be increased to make the models more applicable. This requires further
studies on collecting morphological and phenotypic information for various hPSC lines,
since previous efforts in developing classification models involved similar numbers of cell
lines [13]. To make classification even more general, multiple hPSC growing conditions,
including various experimental matrices and media, should also be tested. Another limita-
tion concerns the necessity of extracting the morphological features prior to the application
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of our classification models, as this extraction is not a part of the models reported here.
As a possible alternative, DL-based image classification can be utilized, in which no prior
feature extraction is usually required [12,23].

Overall, our study confirms the utility of ML methods for the automated phenotype
prediction for various hPSC lines. We consider our research as the first step towards
developing software-guided analytical tools (Figure 1) that will automate the selection of
the best iPSC clone for further research, namely for targeted differentiation of a patient-
specific iPSC line towards the desired tissue-specific cell type. One of the bottlenecks in the
use of iPSCs is the fact that not all obtained patient-specific clones are able to differentiate
in the desired tissue-specific direction with equal efficiency. We previously showed the
relationship between the morphological parameters of clones with different morphological
phenotypes and the ability to differentiate along three germ layers [11]. In this study, we
further refined our models to improve the efficiency of selecting the best clone. Based on
these data, we are currently testing our model on clones that are unable to differentiate
efficiently into mesenchymal stem cells and cardiomyocytes to improve model sensitivity.
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